





Improving the Performance of Waste
Handling Cranes by Optimisation-based
Decision Rules

by

Nina D. Versluis

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended publicly on Thursday October 29, 2020 at 10:00 AM.

Student number: 4372379

Project duration:  January 2, 2020 — October 29, 2020

Thesis committee: Prof. dr. D. C. Gijswijt, TU Delft
Dr. ir. J. T. van Essen, TU Delft
Dr. E. Coplakova, TU Delft
M. L. Hutte, MSc, TBA Group

This thesis is confidential and cannot be made public until October 29, 2025.

An electronic version of this thesis is available at http://repository.tudelft.nl/.

Delft
e t University of
Technology


http://repository.tudelft.nl/




Abstract

Waste-to-energy is the process of generating energy from municipal waste. The most conven-
tional energy recovery method is incineration, which takes place at a waste-to-energy plant. The
incoming waste is collected in a bunker, where an overhead crane stacks and mixes the material
before feeding it to the furnaces. The more homogeneous the waste reaches the furnaces, the
more stable the incineration process. In automated mode, crane movements are controlled by
the generation and execution of crane orders.

The waste crane scheduling problem is formulated as a mixed integer linear program, de-
scribing the scheduling of crane orders based on order characteristics such as type, origin and
destination. The objective of the problem is to optimise the crane performance, which is in-
terpreted as the minimisation of the total crane driving time while performing as many mixing
orders as possible.

In the base model, simulated order schedules are resequenced. Given the type, origin and
destination of the orders, the starting times are reconsidered. The obtained reductions in total
driving time compared to the simulation model vary from 2% to 7%, depending on the crane
strategy, whether stacking or mixing is allowed, and the maximum time between the generation
and completion of feeding orders. Since the order types are given as input, the number of mixing
orders is fixed.

In the extended model, the determination of the order characteristics is included in the
scheduling process. Unfortunately, the size of the model increases so fast over time that 15
minutes proved to be the maximum length of a scheduling period for which a solution could
be obtained. With a rolling horizon approximation, a stacking period of 10 hours has been
scheduled.

Decision rules on the generation of orders are derived from the output of the optimisation
models. These decision rules are implemented in the simulation model. The obtained results
are assessed based on key performance indicators mainly related to the mix quality. The rules
resulted in up to 35% more mixing orders, which translates into material being mixed more

often, not necessarily in more material being mixed.
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Term

base model

bridge

buffer time
completion time
crane driving time
crane idle time
crane order

crane service area
crane strategy period
crane working area
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due date

extended model
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time crane is not driving

planned crane move
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end / drop location of order
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time by which an order or job needs be completed
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minimise driving time and maximise mixing

dropping material while moving
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location where waste is incinerated

other word for bridge

time it takes to perform a crane order, i.e. to move from the
origin to the destination of an order with loaded crane

part of crane moving vertically

location where mixed waste from the bunker is collected be-
fore incineration

waste-to-energy process involving the combustion of waste

relative difference between the upper and lower bounds on
objective value

piece of work consisting of one or more tasks to be executed
on one or more machines

mixing, except to drop zone, feeding and validating is al-
lowed, stacking is not
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mix—+feed strategy

mixed integer (linear) program

mixing
mixing zone

order characteristics

order generation
origin
processing time

quay crane scheduling problem

release date

scheduling problem
sequence-dependent setup times

setup time
stack+feed strategy
stacking

stacking zone
storage zone
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total driving time gain
travelling time

trolley
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waste bunker
waste crane

waste crane scheduling problem

waste-to-energy

yard crane scheduling problem

Abbreviation
ASRS

KPI

MI(L)P
(Q/W/Y)CSP
SDST

WTE

mixing, feeding and validating is allowed, stacking is not

mathematical model in which an optimisation problem can
be formulated (linearly)

moving waste around in the bunker
bunker area where it is allowed to mix to and/or from

type, origin, destination, start and completion time of an
order

creating crane order with its characteristics
start / pick-up location of order
time it takes to perform a job

problem in which container / quay crane operations are se-
quenced

time an order or job becomes available / is generated

general problem in scheduling theory in which jobs have to
be processed on machine(s)

setup times that not only depend on the job, but also on
preceding and/or succeeding job(s)

time it takes to setup a machine for a job

stacking, feeding and validating is allowed, mixing is not
moving waste from drop zone further into the bunker
bunker area where it is allowed to stack to

bunker area excluding drop zone

area next to bunker, from where trucks dump waste

reduction in crane driving time obtained in base model
instance

time it takes to move to the origin of a crane order (from
destination of preceding order) with unloaded crane

part of crane moving horizontally perpendicular to the rails
checking waste level in the bunker

location where waste is collected, stored and mixed
overhead crane mounted on rails at the bunker walls

problem in which waste crane performance is optimised
provided that waste-to-energy process continues

process of generating energy from municipal waste

problem in which container yard crane operations are se-
quenced

Description

automatic storage and retrieval system

key performance indicator
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Chapter 1

Introduction

Worldwide, population growth, urbanisation and rising living standards are the reality, with
an increase in consumption as a consequence. The corresponding increase in the production
of domestic and commercial waste puts a strain on waste management [1]. Specifically on
landfilling, the traditional treatment of (non-recyclable) waste. The requirement of land and
environmental issues such as the emission of methane gas contribute to the unsustainability of
landfilling [2].

An alternative approach is waste-to-energy (WTE), the process of generating energy from
municipal waste. WTE is considered to be a sustainable waste management method and the
best after the front-end strategies to reduce, reuse and recycle waste [3]. This is supported by
the vast reduction in waste volume (up to 90%) and the energy flow back to the municipality [4].

Throughout the world, several technologies to recover energy from waste are implemented.
The most conventional methods are incineration, gasification, pyrolosis and anaerobic digestion.
Each technology has its own field of application, e.g. incineration combusts dry waste, while
anaerobic digestion is a natural process mainly applied on wet waste [2, 5, 6].

Incineration is the most established energy recovery method and is therefore the WTE pro-
cess considered in this thesis. Therewith, the more general WTE is used interchangeably with
incineration, as is often the case in the field of waste management [5,6].

1.1 Waste-to-Energy

The waste incineration takes place in a WTE plant. The main parts of a WTE plant are the
waste bunker, the incinerator furnaces, the generators and the flue. These parts are related to the
four main stages of the WTE process, namely material process, combustion, power generation
and environmental controls. An overview of the process is given in Figure 1.1.

The waste is delivered by garbage trucks, which dump their load into the waste bunker.
Inside the bunker, the material is processed, i.e. collected, stored and mixed, before it is fed to
the hoppers that lead to the furnaces. With the combustion of the waste in the incinerators,
water is heated to generate steam. Subsequently, the steam is converted into electricity and heat
by steam turbines and power generators. As part of environmental controls, the released gas is
cleaned before emitted through the flue pipe. Also, metals are recovered and building materials,
such as cement and asphalt, are supplemented from the bottom and fly ashes.

Inside the waste bunker, the material is handled by waste cranes. These overhead cranes
consist of three parts: the bridge, the trolley and the hoist. The bridge (or gantry) is mounted
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Figure 1.1: Overview of waste-to-energy process [4].

to the wall on both sides and moves along rails, the trolley moves over the bridge and the
hoist, which includes the grab, hangs down from the trolley. Hence, each part moves in a
distinct direction (forward-backward, left-right and up-down, respectively), making it possible
to manoeuvre in three dimensions. In Figure 1.2, the crane parts with their moving direction
are indicated.

Herewith, waste handling cranes can perform the different types of movements that are
required in a waste bunker: feeding, stacking and mixing. During a feeding move, waste is
transferred from the bunker to a hopper. For stacking, waste is moved from the drop zone to
the storage zone further into the bunker. The waste is mixed by bringing waste from one spot
to another inside the bunker. Figure 1.3 shows the different areas in and around the bunker.

Figure 1.2: Waste handling crane with Figure 1.3: Waste bunker with tipping bays

bridge (1), trolley (2) and hoist (3) with (1), drop zone (2), storage zone (3) and
hoppers (4) (adjusted from [8]).

their moving direction (adjusted from [7]).



1.2 Scope and Outline

This thesis focuses on the performance of the waste handling crane within the WTE process. To
answer the question ‘In what way can optimisation-based decision rules improve waste crane per-
formance?’, an optimisation model describing the waste crane operations is formulated. From
the outcomes of several computational experiments, an existing simulation model is comple-
mented. The simulation model is under development at TBA Group, a company specialising in
container terminal and warehousing operations.

In Chapter 2, the waste crane scheduling problem (WCSP) is introduced. After a specifica-
tion of the context, the simulation model used as reference is described. Subsequently, related
literature is discussed in Chapter 3, before mathematical formulations of the WCSP are given in
Chapter 4. Firstly, in Section 4.1, a base model is formulated in which output from the referred
simulation model is rescheduled. In Section 4.2, the model is extended to no longer require ex-
ternal input. In Chapters 5 and 6, the solution methods and experiments used to obtain results
are discussed, after which the results are presented and decision rules derived. The effects of
the established decision rules on the simulation model is reviewed in Chapter 7. The thesis is
concluded with a discussion of the presented work and recommendations for further research in
Chapter 8.



Chapter 2

Background

The essential operation of the WTE process is the incineration. Waste incineration is a 24/7
operation that is considered to be optimal when it is stable, i.e. with as little temperature
fluctuation as possible, as this leads to a higher burning rate and cleaner process [9].

Important factors for stable combustion are the homogeneity and moisture of the waste as
well as the feeding rate [9,10]. Although a large part of the performance of the furnaces does not
depend on the cranes, these factors do relate to crane actions. Homogeneity of the waste can be
accomplished by mixing the waste better, while the feeding rate relies on the constant delivery
of waste from inside the bunker. The moist level of the waste can be diminished by letting the
waste rest inside the bunker for a minimum number of days. However, it is also important to
keep the waste moving, in order to prevent spontaneous fires.

2.1 Crane Movements

Between the feeding, stacking and mixing movements a crane performs, a clear difference in
priority exists. The priority levels follow from the (implied) urgency of the move. Feeding
moves are based on the amount of waste in store for the furnaces, which need a constant flow of
waste. Therefore, feeding is prioritised. Stacking is related to the waste level in the drop zone,
where high levels lead to tipping bay blockages. Hence, stacking moves come second. Although
performing mixing moves is crucial for a good process, there is no necessity to perform a specific
mixing move within a certain time window. This makes that both stacking and feeding come
before mixing.

For a move, waste is picked up from an area in the bunker where it can, e.g. stacking moves
can only start from the drop zone, and dropped on another position. Waste is typically dropped
from a couple of meters above waste level, which can be done in two ways. Either all the material
lands in an area of dimensions similar to the open grab, or it is feathered, i.e. dropped while
moving the bridge and/or trolley, which results in better spreading of the material. Typically,
the first type of dropping is done when stacking, while mixing moves often include feathering.

2.2 Bunker Layout

Waste bunkers come in different dimensions and layouts. The dimensions of the bunker are
related to the number of hoppers, which determines the required capacity, and the number of
tipping bays. An example of a typical bunker layout is shown in Figure 2.1. Herein, the tipping



bays are located on the long side (above) and the hoppers are situated across the bunker on
the other long side (below). Other possibilities are that the tipping bays are situated on the
long side and the hopper(s) on the short side, or vice versa, or that the bunker area consists of
separate bunkers.

Depending on the bunker dimensions, several, typically one or two, waste cranes handle the
material in the bunker. If two or more cranes are operating in the bunker, they can have their
own dedicated working area, or work in non-specified areas that might overlap. In the latter
case, the cranes can move almost everywhere, taking into account a minimum distance between
the cranes of approximately one meter and the fact that cranes cannot overtake each other.
These restrictions follow from the way the cranes are mounted, which usually is on the same
rails, as is also the case in Figure 1.2.

In general, waste bunkers feature an extra crane as backup. To minimise the probability of
crane failure, the cranes are only in service for a certain period of time, e.g. a week, after which
they are out of service to undergo maintenance if necessary. When out of service, the cranes are
stationed in crane service areas, while staying mounted on the rails. As Figure 2.1 shows for a
bunker with three cranes, the outer cranes can be serviced outside the bunker, while the middle
crane is stationed above the bunker. This leaves the middle part of the bunker unreachable

when the middle crane is out of service.

Figure 2.1: Layout of bunker (grey), with tipping bays (green) and hoppers (purple). Black
rectangles indicate the crane service areas.

2.3 Automatic Crane Operations

Waste handling cranes can be operated in various modes: manual, semi-automated and auto-
mated. Night operations are often fully automated, while some sites use manual operators
during daytime. For an automatic crane system, explicit information is required. For example,
when which crane is available and what its working area is, as well as the areas to mix to and
feed from [9]. When multiple cranes are operative simultaneously, tipping bays and hoppers are
assigned to a specific crane, such that only one crane will work on it. In the bunker itself, an
overlap in the crane working areas can exist.

In automatic setting, the crane movement is controlled by the generation of orders for feeding,
stacking and mixing. The different types of orders are generated based on their priority level
and bunker zones, as for each period of time feeding, stacking and mixing zones are specified to
indicate from where waste may be picked up and where it can be dropped. For example, feeding
orders are typically generated when the waste inside a hopper drops below a certain level, and
executed as soon as possible.



In generating crane orders, the level of the waste material in the bunker plays an important
role. In general, the origin and destination of moves are generated as stated in Table 2.1.
However, with respect to the waste levels, manual mode has a large benefit over automated
mode. Manual moves can be very short, as crane drivers actually see the waste levels. In
automated mode, the exact material levels are unknown. With variable grab sizes, tumbling
and compression of the waste, knowing where waste is picked up and dropped is not enough.

Therefore, an additional feature is required to keep track of the exact waste levels. Validating
moves are an example of such an additional feature. With these moves, the waste level at a
certain point in the bunker is measured by letting the hoist drop down until it touches waste.
Validating orders are performed after a specific number of drops at the same spot. Another
solution is the installation of lasers into the bunker area. This is, however, an attribute that is
seldom installed because of the expenses.

Order Type H Origin Destination

feeding highest point in feeding zone hopper drop spot which generated the order
stacking highest point in dropping zone | lowest point in stacking zone

mixing highest point in mixing zone lowest point in mixing zone

Table 2.1: Example rules to determine origin and destination per order type.

2.4 Simulation Model

TBA Group has developed a WTE simulation model within their TIMESquare simulation lib-
rary. This tool simulates container (and bulk) terminal operations on a detailed level. Based
on an exemplary WTE plant, the simulation model is explained. Figure 2.2 shows the two-
dimensional visualisation of the modelled bunker area.

=+
(TN

Figure 2.2: Still of two-dimensional visualisation of bunker area.

The 100 x 25 x 39 m waste bunker is modelled as a 20 x 5 grid, where each grid square of
5 x 5 m has a certain (waste level) height. The bunker is divided into three zones: the drop
zone, the stacking zone and the feeding zone. The drop zone runs along the tipping bays and is
one square deep. The rest of the bunker is divided into four areas of 4 by 5 squares, which are
alternately assigned for stacking and feeding. Figure 2.3 shows a possible configuration.

Depending on the time of the day, different crane strategies are operative. Three basic
strategies are modelled: ‘stack+feed’, ‘mix+feed’ and ‘mix/stack+feed’. In the first strategy
period, during and leading up to the opening hours, only stacking moves are performed besides
the continuous feeding. After opening hours, when the mix+feed strategy is effective, mixing



moves are performed on the storage stack including the adjacent drop zone grids, and no stacking
is done. In the early morning, mixing moves are no longer performed to the drop zone. During
the mix/stack+feed’ strategy period, mixing from the drop zone is still allowed, which can be
viewed as stacking moves, beside the mixing within the stacking zone.

Each day, after a cycle through the strategies, the assignment of stacking and feeding areas
is reversed. So the stacking zones of one day, are the feeding zones for the next day, and vice

versa.

Figure 2.3: Grid of bunker with drop zone (white), stacking zones (green) and feeding zones
(red).

Trucks, Hoppers and Orders

The arrivals of dump trucks are modelled based on given hour and day arrival patterns with
a fixed, but slightly varying, number of trucks arriving each week. Trucks are assigned to a
random tipping bay (one out of the twenty), but with preference for bays adjacent to a stacking
area. The amount of waste (in tonnes) a truck delivers, is modelled by a uniform probability
distribution on the interval [15,25]. The full load is assumed to land in the adjacent grid square,
during a dumping time (in minutes) drawn from the discrete uniform probability distribution
on [10, 20].

Hoppers and their corresponding furnace are seen as one object. Each hopper has two drop
spots, which are modelled as separate furnaces. The waste level in each hopper is updated during
the continuous burning process. This process is characterised by the burning speed, which is
distributed according to a uniform distribution. Whenever the waste level drops below the set
threshold, a feeding order is generated for the specific drop spot.

Non-feeding crane orders are generated at the moment a crane is done with a previous order.
A validation order for a specific grid is requested if the previous stacking or mixing move was
the fifth to end on that grid since the last validation. Stacking and mixing moves are generated
when the crane becomes idle, so only if there are no validation moves or feeding moves requested
earlier.

All orders but validation orders include an origin and destination, as described in Table 2.1.
Feeding moves always start from a feeding stack and end in a hopper. Stacking moves go from
the drop zone to a stacking zone, while mixing moves both start and end in the mixing zone. The
mixing zone includes the stacking zone and, depending on the operative strategy, the adjacent
drop zone grids. Note that the locations of an order lie within the same bunker half.

Cranes

The model features three cranes. At any moment, two cranes are in service, while the third is in
maintenance. Each crane operates two weeks, after which it is a week out of service. The active
cranes both cover half the bunker: a stacking zone, a feeding zone and the adjacent drop zone
grids and hoppers. In the middle of the bunker, the cranes can block each other, as a minimum
distance of two grids is required. Moreover, as the cranes are assumed to be mounted on the



same rail, four grids in the middle of the bunker cannot be reached when the middle crane is

out of service. Figure 2.4 shows the consequences for the stacking and feeding zones.

Figure 2.4: Grid of bunker when middle crane in service, with drop zone (white), stacking zones
(green) and feeding zones (red) and closed area (grey).

The exact crane movements, within performing the four types of orders, are based on the
crane specifications. This comprises the maximum speed and acceleration of each of the three
parts, but also the grab closing and opening times and the (maximum) grab content. The grab
content is expressed in number of waste pieces and follows a probability distribution based on
order type. The normal distributions, which are truncated at 0 and twice the mean, have the
same mean, but the standard deviation depends on the order type. The differences in variation
are mainly derived from the differences in waste density and waste mixture. Waste that is being
stacked is newly delivered, so minimally compressed and not mixed, while waste that is being
fed has been compressed and mixed, resulting in more homogeneous waste. Content is assumed
to be grabbed and released at the centre of a grid slot.

The route of the crane during an order execution is determined by the following driving
strategy. The maximum waste level in the rectangle, generated by the (x and y components of
the) origin and destination of the move, is used as reference height. The trolley and bridge only
move when the hoist is above the driving height, which is set at three meters or more above the
reference height, or five meters above pick up or drop level. During the rest of the route, the
three crane parts can move simultaneously. Dropping of the waste is done at five meters above
waste level.

Four types of driving moves are shown in Figure 2.5. For a grab inside the bunker, the
hoist lifts to the driving height, whereafter the trolley and bridge move to the pick up grid and
subsequently the hoist lowers to waste level. A drop inside the bunker goes similarly, but the
hoist only lowers to five meter above the waste level of the drop grid. To move to the hopper, the
hoist lifts up to the driving height, where the bridge starts moving while hoisting is continued.
When the trolley can continuously move to hopper, it starts to move, after which the hoist is
lowered into the hopper. Moving from the hopper starts with lifting up the hoist, whereafter the
trolley starts moving and, as soon as the hoist is above the bunker, the bridge starts gantrying.
When the hoist can continuously lower down, it starts to do so.

2.5 Waste Crane Scheduling Problem

In the waste crane scheduling problem (WSCP), crane orders are scheduled per operational
crane such that the WTE process can continue. The two main aspects of the WCSP are order
sequencing and order generation.

The sequencing of the orders is based on the order characteristics, i.e. type, origin, destin-
ation, handling and travelling time, which are determined with the generation of orders. The
(combinations of ) order characteristics are based on the external processes of waste delivery and



(a) Grab inside bunker (b) Drop inside bunker

(¢) To hopper (d) From hopper

Figure 2.5: Crane driving moves with hoist (green), bridge (light blue), trolley (dark blue) and
driving height (dashed line).



waste incineration as well as the waste levels.

The handling time represents the time it takes to move waste within an order, i.e. the
time the crane needs to drive loaded from the origin to the destination of the order. The
travelling time indicates the driving time in between two orders, i.e. the time to move empty
from the destination of one order to the origin of the next. The crane driving time comprises
the handling and travelling times of all orders within a strategy period, and therewith depends
on the generated locations of the orders.

The objective of the WCSP is to optimise the crane performance. Although the crane
performance can be interpreted as the crane’s mechanical specifications, here, it is explained as
the quality of the crane operations with respect to the crane and the WTE process.

An important aspect of the crane performance is the power consumption, which is related to
the travel distances and therewith to driving times. Hence, minimising crane driving times would
contribute to the improvement of crane performance. Moreover, reducing driving distances
increases the lifetime of the cranes.

For the process, however, the focus lies on the number and type of orders being handled.
While feeding and stacking are required for the continuation of the WTE process, mixing is only
done when neither feeding nor stacking is necessary. Albeit a low priority level, mixing is key
in the quality of the WTE process as the more homogeneous the waste reaches the hoppers, the
more stable the incineration. Therefore, mixing is included in the objective of the WCSP.

The two aspects of minimising crane driving times and maximising the number of performed
mixing orders go hand in hand. When minimising the handling and travelling times of scheduled
orders, e.g. prompted stacking and feeding orders, time is cleared for additional mixing orders.
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Chapter 3

Related Work

To the best of our knowledge, waste crane scheduling has only been considered by Mackin and
Fujiyoshi [9]. The main focus of their research is the homogeneity level of the waste reaching
the incinerator. The waste homogeneity is quantified by the waste mix value, which indicates
the number of times a piece of waste has been moved. Another point of focus is the surface
levelling. During the operations, the maximum height difference of adjacent stacks is set at five
meters. Moreover, the goal is to finish the scheduling period with a surface as flat as possible.
Hence, the objective is to increase the waste mix value uniformly and to level the surface, while
keeping the drop zone clear and the hoppers fed.

The authors propose a genetic algorithm for the scheduling of crane operations, which was
tested in a WTE plant during weekend nights. Compared to data of manual operations, the
number of occurrences of the favoured mix value increased and the variation in mix values was
diminished, resulting in a more constant homogeneity level. However, with the reduction in
variation and therewith of high waste mix values, the average mix value of the incinerated waste
was more than twice as small as when manually operated.

With only one paper available on waste crane scheduling, it is necessary to look broader into
literature. On one hand, the waste crane scheduling problem can be seen as a variation of the
general crane scheduling problem. On the other hand, the problem can be related to scheduling
theory. Literature on crane scheduling and sequencing is reviewed in Section 3.1 and Section 3.2,
respectively.

In Table 3.1, waste crane scheduling terms are related to general scheduling terms. In
scheduling theory, jobs have to be processed on machines. Analogously, in waste crane schedul-
ing, orders have to be handled by cranes. Moreover, the setup time, the time it takes to switch

Waste Crane Scheduling | Scheduling Theory

crane | machine
order | job
due date | due date
release date | release date
handling time | processing time

travelling time | setup time

completion time | completion time

Table 3.1: Terms in waste crane scheduling and related terms in scheduling theory.
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from the processing of one job to the processing of the next, can be related to the travelling
time, the time it takes the crane to move from one order to the next.

3.1 Crane Scheduling

In 1981, Lieberman and Turksen [11] published the first paper on crane scheduling. Since
the mid-2000s, the crane scheduling problem (CSP) is studied more extensively, mostly in the
context of the following three fields of application: container terminals, e.g. [12-18], warehouses,
e.g. [19-21], and production, e.g. [22-24].

Crane scheduling is related to the research areas of queueing theory and machine scheduling
[16]. It can be subdivided into crane assignment and request sequencing [21]. Therewith,
the challenge is to assign and schedule jobs, while, typically, maximising the throughput or
minimising the waiting time.

The CSP can be studied in two different states: static (offline) or dynamic (online/real-
time). In the static problem, the release dates of the jobs are known beforehand. In this
offline case, a mixed integer program (MIP) of the problem can be formulated and solved to
optimality [15,16,21,22]. When jobs/orders only become known at their release date, the
problem is dynamic. In this case, (incomplete) branch-and-bound methods or principle-based
(decision rules) algorithms are used to find a solution [11,16,22].

3.1.1 Container Terminals

At container terminals, (at least) two types of cranes are operative: quay cranes and yard cranes.
The cranes have a crucial role in the flow of containers at a terminal. A typical container flow is
depicted in Figure 3.1. Vessels arrive at the berth, where quay cranes unload the containers onto
trucks or automated guided vehicles. The containers are transported to the storage yard, where
yard cranes unload the container into the yard. If containers are to be further transported over
land, yard cranes also load containers to trucks in the transfer area on the landside. Otherwise,
the containers traverse the inbound route in opposite direction to be loaded unto an outbound
vessel.

In the quay crane scheduling problem (QCSP), a sequence of (un)loading tasks to be per-
formed by a fixed number of quay cranes has to be determined. The available quay cranes are
distributed over the berth to serve docked ship(s). A vessel can be unloaded by multiple cranes,
but, generally, a crane is assigned to a specific vessel as long as it is (un)loading. The quay cranes
are mounted on a rail parallel to the quay, which results in the impossibility of overtaking and
a minimum safety distance [12]. Generally, the objective of the QCSP is to minimise the total

Quay crane Yard crane

el N

Figure 3.1: Quay and yard crane in container terminal flow [15].
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completion time of the operations [13,14]. This is in line with the terminal’s goal to minimise
the vessel waiting times [15].

For the (static) QCSP, various heuristics and exact algorithms have been proposed to solve
the problem [15]. For example, Al-Dhaheri and Diabat [14] present a mixed integer program
(MIP) formulation for the problem, like Daganzo [16] did in a first consideration of the crane
scheduling problem.

In the yard crane scheduling problem (YCSP), the operations required in the storage yard
are sequenced. These crane operations comprise the retrieving and delivering of containers from
and to (seaside and landside) transfer areas, as well as shuffling moves, if necessary. A container
yard is divided into zones, with each zone featuring one or two cranes, typically. When two
cranes are employed in the same area, the movement restrictions depend on the sizes and types
of cranes. E.g., rail-mounted cranes with the same width cannot overtake each other, while they
can if they are mounted on rails of different width.

For the YCSP, an MIP can be formulated with objectives such as minimising delayed work,
the (job) waiting times or the maximum completion time [15,17]. In general, yard crane schedul-
ing is about maximising the throughput. In the case of different release dates of the jobs, a single
machine and the objective to minimise the total completion time, the problem is NP-complete.

3.1.2 Warehouses

In warehouses, products are stored in large storage areas. Automatic storage and retrieval
systems (ASRSs) often perform the tasks to store and retrieve the products that arrive or are
requested. Important components of an ASRS are the racks, structures wherein products are
stored; cranes, that move, pick up and drop off loads; aisles, the space between racks where the
crane can move; and the input/output points, from where and whereto the products are moved
by the crane [19].

Typically, one crane is employed in each aisle. In that case, it comes down to a single-
machine scheduling problem. Boysen and Stephan [20] classified single-crane ASRS scheduling
problems based on varying layouts and characteristics, as well as different objectives. Besides the
traditional objectives of minimising the makespan or the tardiness of the storage and retrieval
jobs, the minimisation of the crane’s (empty) travel distance can also be a valid objective [20].

The scheduling problem of warehouse cranes is often seen as a composition of two optim-
isation problems: the local assignment problem and the crane scheduling problem, which are
generally solved sequentially.

The sequencing of the ASRS requests is comparable to a special case of the travelling sales-
man problem (TSP). While the TSP is a strongly NP-hard problem, some ASRS crane schedul-
ing instances are polynomial solvable. This mainly depends on their objective function. For
example, when considering total tardiness or the weighted number of late jobs, the problem
is NP-hard [20]. When the objective is set to the minimisation of the travel time, only the
empty crane travel is to be considered as loaded travel is constant. In this case, the problem’s
solution can be derived from the results of the corresponding transportation problem [20]. More
specifically, travel time models have been studied for single-crane instances [19].

Among the considered solution methods are MI(L)P formulations and heuristics such as local
search, priority rules and genetic algorithms [19-21].
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3.1.3 Production Lines

In production, hoisting cranes are used to transfer products from one machine in the production
line to another. The hoists move on one track above the machines and, therefore, cannot overtake
each other. A typical example is the production of circuit boards, where cranes carry jobs from
one chemical processing tank to the next [22,23]. Figure 3.2 shows the setup of a circuit board
assembly line.

Scheduling in a production line can be considered as a flow-shop problem with setup times
from the crane actions required in between the process of operations [22]. In general, the jobs
(or their operations) have different release and due dates, while they have comparable processing
times and have to follow the same route determined by the machines.

Typically, the objective in hoist scheduling is to maximise the throughput [22,23]. In case
a cyclic schedule is required, e.g. per day, maximising the throughput corresponds with the
minimisation of the cycle time. The hoist scheduling problem belongs to the class of strongly
NP-hard problems [24].

Cyclic scheduling problems can be formulated as MIPs and exact solutions can be obtained
by branch-and-bound methods [22]. Another way to study the CSP is through simulation based
on heuristics. Thesen and Lei [23] propose a scheduling system based on heuristic decision
rules, while Ge and Yih [22] developed a heuristic algorithm derived from insights obtained by
a mathematical programming formulation.

Hoist 1 Hoist 2 Hoist N
Track Iml M

7 T —

Tank t Tank 2 Tank 3 Tank4 Tankm Tankm+1  TankmM-1 TankM

T‘“"‘ 9 Tank M+1
Loading Unloading
station station

Figure 3.2: Hoist cranes in a circuit board production line [23].

3.2 Sequencing

From both the description of the WCSP in Chapter 2 and the other instances of the general
CSP mentioned in Section 3.1, it is clear that the CSP mainly involves sequencing.

In scheduling theory, sequencing problems are scheduling problems in which the order of the
to be processed jobs is to be determined [25,26]. With single-machine scheduling, the TSP and
precedence-constrained machine scheduling among its instances, sequencing problems are one of
the most intensively studied problems in combinatorial optimisation [25]. This comparison also
shows that sequencing problems are NP-hard.

In literature, setup times have been frequently considered negligible, or considered as part
of the processing times. However, in real-life, setup times are often important and required to
be taken into account separately [27,28].

Scheduling with separable setup times can be split into two categories: problems with
sequence-independent setup times and problems with sequence-dependent setup times [27]. In
the first type of scheduling problems, the time to setup a machine only depends on the job to be
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processed next, while the second category comprises problems in which the setup time depends
on both the job to be processed and the preceding job.

Typically, scheduling problems with sequence-dependent setup times (SDST) are modelled,
for example as a MIP, to minimise the maximum completion time or tardiness if due dates are
included [25,28]. Sequencing problems with SDST are both solved exactly and approximated by
solving techniques such as heuristics, including genetic algorithms, and branch-and-bound [28].

3.3 Contributions

The WCSP is a real-life problem that has barely received attention in scientific literature. This
in contrast with other aspects of WTE, such as the incineration process and environmental
impact, which are researched in chemical and environmental science.

The related subjects of crane scheduling and sequencing have been studied more extensively.
The relevance of these research areas is supported by the central subject of scheduling orders
that are generated based on external supply and demand processes, for handling by cranes or
machines.

A discrepancy between general crane scheduling and waste crane scheduling lies in the view
on the handled material. Containers and products are considered as individual items, generally,
with a fixed route and/or delivery time. In waste crane scheduling, the individual waste pieces
are not relevant. The pieces are as good as interchangeable, and the smallest material unit is a
crane grab. Hence, on individual level, waste pieces do not have a route or side constraints to
adhere to.

The most important point of contrast is related to waste homogeneity and mixing. Mixing
in itself is comparable to shuffling in crane scheduling, e.g. housekeeping in container yards
or pre-sorting in ASRSs. However, the function of mixing, improving the waste homogeneity,
proves to be rather unique. In general, shuffling is minimised in optimisation models, while
mixing is an essential aspect of the WCSP.

The one paper on waste crane scheduling does focus on the homogeneity level of the waste.
The proposed waste crane scheduler uses a genetic algorithm in which waste mix management is
prioritised. The research, however, mainly focused on the practical side. The applied approach
is described, but no (mathematical) model is formulated.

The main contribution of this thesis is the mathematical modelling of the waste handling
crane operations as part of the WTE process. For the case of one operational crane, an exact MIP
is formulated. Additionally, a first step in solving the linearisation of the model is taken. Also,
from the obtained results, decision rules on the generation of orders are derived to complement
a WTE simulation model.
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Chapter 4

Modelling

In the modelling of the WCSP, the two focus points are order scheduling and order generation. In
scheduling, the sequence of the crane orders and the start and completion times are determined
based on the order characteristics. The characteristics, such as order type, origin, destination,
handling and travelling time, are determined with the generation of the orders.

In Section 4.1, a base case of the WCSP is modelled. In this base model, the orders are
not generated within the model. Instead, the orders and their characteristics are assumed to be
known beforehand. Hence, by solving the model, a given list of orders is rescheduled.

Subsequently, the order generation is included into the model. With the order characteristics
included as variables instead of parameters and the resulting interaction between sequencing and
generation, the model becomes more dynamic. This model extension is described in Section 4.2.

The models are formulated as mixed integer programs (MIP), which is common for (crane)
scheduling problems (see Chapter 3). In both models, only the case of one operational crane is
considered.

4.1 Base Model

In the base case of the WCSP, a list of crane orders for one crane is rescheduled based on the
order characteristics. These characteristics include order type, origin and destination. With the
orders and their characteristics known beforehand, the focus lies on the crane driving times.

The (re)scheduling of the crane orders is formulated as a mixed integer linear program
(MILP). The model assumptions are listed below. These are among the most significant as-
sumptions for scheduling problems with sequence-dependent setup times [28].

e All orders have to be executed.
e No cancellation: each order has to be handled until completion.

e No preemption: each order, once started, has to be completed before another order can
be handled by that crane.

e Handling times are independent of the schedule.
e Travelling times are dependent of the schedule.
e The crane may be idle.

e The crane can handle at most one order at a time.
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e The crane is always available (there are no breakdowns).

4.1.1 Components

In this section, the required input parameters and the variables to obtain the output of the model
are specified. First of all, let n be the number of orders, and J = {1,...,n} the set containing
them. Each order j € J is of a specific type, i.e. feeding, stacking, mixing or validating. Hence,
set J can be partitioned into set J7 of feeding orders, set J* of stacking orders, set J™ of mixing
orders, and set JV of validating orders.

The first parameter of the model is M € R, a large positive number. The second parameter
is only related to the feeding orders. Feeding orders have a hard deadline, its due date, before
which they have to be completed. Therefore, buffer time b € R is introduced, which indicates
how much time is allowed between the release and due date of a feeding order.

The other parameters represent the order characteristics given as input. Each order j € J
has a release date ¢; € Ry and a handling time h; € Ry. The handling time of an order is
directly derived from its origin and destination as it represents the time the crane needs to
move loaded from pickup to drop. All components (x, y and z) of the origins and destinations
are provided by the input schedule. Note that the z-component, the waste level, depends on
the sequencing of the orders with the same (x,y) origin or destination. Hence, the input waste
height should be considered an approximation. This note on the waste level is also relevant for
the travelling times between the orders: t;; € Ry represents the time it takes the crane to move
empty from the destination of order ¢ € J to the origin of order j € J. Note that ¢;; is not
necessarily equal to ¢;;, and that the travelling time to the first scheduled order is neglected.

The last parameters are related to the number of available, i.e., released and not yet com-
pleted, orders. For stacking and mixing orders, n, € N represents the number of orders of the
same type that is available at the same time. Subsequently, for each order j € J, order p; € J
is defined such that j is the n;h order of the same type after p;, with respect to the ordering
from the input data. So, if p; is the first stacking order, then j is the (n, + 1) stacking order.

The model variables are divided into decision variables and auxiliary variables. The binary
decision variables f;, [; and z;; with ¢,j € J determine the sequencing order. If f; (I;) = 1,
then order j € J is the first (last) order in the sequence. Variable x;; takes value 1 if order j € J
is scheduled directly after order 7 € J, and 0 otherwise.

Decision variable ¢; € Ry represents the completion time of order j € J. The value of the
variable represents the time at which the corresponding order has been fully executed, i.e. the
crane has dropped the waste at the destination.

The auxiliary variables represent the release dates. The release date r; € Ry of order j € J
follows from the original release date ¢; and the (variable) completion dates of other orders. For
feeding orders, the release dates stay the same, while for stacking, mixing and validating orders
the release date becomes dependent on the completion date of related orders: p;, if j € JSUJ™,
and j — 1, if j € JV.

In Table 4.1, the model components are summarised.

4.1.2 Constraints

The constraints of the MIP are given in Equations (4.1) to (4.11).
Firstly, the binary decision variables are defined correctly. Constraints (4.1) and (4.2) enforce
that exactly one order is scheduled as the first order and exactly one order is scheduled as the
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Sets
J=A{1,..,n} set of orders

JhcJg subset containing feeding orders

JPCJ subset containing stacking orders

JmcJ subset containing mixing orders

JUcCJ subset containing validating orders

Parameters

MeR, large positive number

be Ry time between due date and release date feeding orders

qgj € Ry original release date order j € J

hj € Ry handling time of order j € J

tij € Ry travelling time from order ¢ € J to order j € J

np, € N number of stacking or mixing orders that is available at the same time

pj €J order for which order j € J*U J™ is the n;)h order of same type w.r.t. original
ordering

Decision Variables

f; €{0,1} 1 if order j € J is scheduled as first order, 0 otherwise

l; €{0,1} 1 if order j € J is scheduled as last order, 0 otherwise

zi; € {0,1} 1 if order j € J is scheduled directly after order i € .J, 0 otherwise
cj € Ry completion time of order j € J

Auxiliary Variables

ri € Ry release date of order j € J

Table 4.1: Base model components.

last order. Also, an order is either the first (last) or it has a predecessor (successor), as constraint
set (4.3) ((4.4)) implies.

Subsequently, the relations of the auxiliary variables are set by constraint sets (4.5) to (4.7).
For the release dates, it is assumed that J is sorted non-decreasingly based on g¢;, the release
dates obtained from the input. The release date of a feeding order, r; with j € J !, is directly
obtained from the input data as it is set equal to the original release date g;. For stacking order
J € J?, the release date is set to equal the completion time of order p;, the order for which
j is the n;h next stacking order based on gj, i.e., the (n, + 1) stacking order is released at
the completion time of the first stacking order, the (n, + 2) stacking order at the completion
of the second stacking order, etc. The release dates of mixing orders are determined likewise.
Herewith, it is ensured that always n, stacking (mixing) orders are available, creating more
rescheduling options, while honouring the original order of release dates as much as possible.
Validating orders are dependent on the mixing or stacking order that generated it. Hence, the
release date of a validating order, r; with j € JY, is set equal to the completion date of the
previous order, ¢;_1.

Concerning the completion time variables, constraints (4.8) guarantee that the time between
the release date and the completion time of an order is at least the sum of the travelling time
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to the order from the previous order and its handling time. Validating orders are generated
when a fixed maximum number of mixing or stacking orders are dropping at a certain location
without an order starting from that location in between. Hence, the validating order can be
considered a pair with the previously generated order. Therefore, validating orders are to be
handled immediately after release (which is the completion time of the previous order), as is
ensured by Constraints (4.9). Note that the travelling time from a mixing or stacking order to
the validation order it generated equals 0 seconds.

Constraints (4.10) state that feeding orders are to be completed before their due date, which
is set to be a certain buffer time after its release date. This ensures that the hopper requesting
waste gets a new load before the level in the hoppers gets too low.

The minimum time between the starting time, which equals the completion time minus the
handling time, and the completion time of the preceding order, is the travelling time from the
first scheduled order to the later scheduled order (Constraints (4.11)).

Y ofi=1 (4.1)

jeJ
d =1 (4.2)
jedJ
fj + inj =1, ViedJ (4.3)
ieJ
L+ ) w=1, VjeJ (4.4)
icJ
=4, vjeJ (4.5)
Tj = Cp;, VieJTuJm (4.6)
T = Cj—1, Vi € JY (4.7)
i+ hj + Zti]’l‘i]’ < Cj, ViedJ (48)
icJ
i+ hj = Cj, Vje J? (49)
ri4+b> ¢, vjeJs (4.10)
Ci—l-tij—i-hj—M(l—l’ij) < ¢j, Vi, j € J (4.11)

4.1.3 Objective

The objective of the WCSP is to optimise the twofold crane performance. Since the crane
orders are input in this base model, the aspect of maximising the number of mixing orders is
not applicable. This leaves the minimisation of the crane driving times as the objective of the
base model.

The crane driving time consists of the handling and the travelling time. The handling time
of an order is fixed by its origin and destination, leaving the travelling time the only aspect of
interest when optimising crane performance by minimising driving times. Therefore, minimising
the total travelling time is set as the model objective, see Equation (4.12).

minimise Z tijxij (4.12)
1,7€J
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4.2 Extended Model

In the extended model of the WCSP, the order generation is included in addition to the order
sequencing. Herewith, all order characteristics become decision variables.

In the MIP formulation of this more inclusive version of the WCSP, a list of blank orders
is initialised. The length of this list is an upper bound on the number of orders that can be
executed in the considered time period.

Orders are generated by assigning characteristics, such as order type, starting time, origin
and destination, to an order in the list. Note that the sequencing of the orders is already fixed
by the list of blank orders. The combinations of order characteristics are assigned based on the
strategy periods and waste levels. Herein, the external processes of truck arrivals and waste
incineration are important factors.

In practice, the goal is to deliver the waste as homogeneous as possible to the hoppers for a
stable combustion, provided that the WTE process as a whole can continue. Hence, the model
objective is to perform as many mixing moves as possible. With the minimisation of the crane
driving times, extra time is created to perform mixing orders. Additionally, when no mixing is
done, e.g. during opening hours, the crane is spared and energy saved. However, when solely
minimising the total driving time, only the orders incentivised by (external) processes will be
generated. The truck arrivals and the incineration are the incentives for stacking and feeding
orders, respectively. With no such incentive for mixing orders, the maximisation of the number
of mixing orders is added to the objective function.

4.2.1 Components

Compared to the base model, the extension has both changed and additional components. The
changed components mainly concern the order characteristics. The additional components are
related to the external processes of truck arrivals and waste incineration, as well as to the waste
levels.

Below, the changed and additional components are described per category. A full overview
of the model components is given in Table 4.2.

Sets

The set of orders J can be viewed as a finite list of order numbers. The four types of orders,
feeding, stacking, mixing and validating, are captured in set R by their first letter, i.e., f, s, m
and v, respectively. The set of (x,y) locations L includes fictional location 0. L\ {0} can be
partitioned into three subsets: the drop zone L%, the rest of the bunker L® and the hoppers
L". Also, the set of moments in time 7" and its subset 7% containing the truck arrival times are
defined.

Additionally, the sets Q°* C R x L x T and Q° C R x L x T are introduced. The first set,
@?, contains all allowed combinations of the characteristics order type r € R, origin [ € L and
starting time ¢ € T, while Q¢ is the set of allowed combinations of order type r € R, destination
[ € L and completion time ¢ € T. Whether a combination is allowed or not is determined based
on the strategy period. For example, feeding orders are allowed at any time, and always end
in a hopper, while stacking orders can only start from a drop zone location in a stack+feed period.
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Parameters

The first group of parameters concerns the waste levels. For each location [ € L, the minimum
level w}”m € Ry, the maximum level w;"** € R4 and the initial waste level wfmt € Ry are
given. Also, the level above which a drop location is closed for trucks is denoted by w? € R.

Secondly, parameters related to the validating orders are introduced. The maximum number
of drops before validation is required is given by n”%* € N, and the initial number of drops at
location [ € L by n?”it e N.

Thirdly, the time dependent parameters are described. The time it takes a truck arriving at
time ¢ € T to dump its content into the drop zone is given by the integer z;, and the resulting
height of its content by u; € Ry. Although a positive correlation between the dumping time z;
and the truck content height u; can be expected, this has not been observed in the input data.
The incineration rate is expressed in height per time unit and represented by v; € Ry, with
tefT.

Lastly, parameter g; € Ry represents the grab heights of order j € J of type r € R\ {v}.

Decision Variables
The model contains three binary decision variables, of which two are related to order char-
acteristics. Binary variable s;.; takes value 1 if order j € J is assigned the combination of
characteristics concerning the start of an order (r,l,t) € Q°, while binary variable cj,;; takes
value 1 if order j € J is assigned the order characteristics related to the order completion
(r,l,t) € Q°.

The third decision variable is binary variable y;, with ¢ € T and [ € L, which is related to
the truck arrivals. If y;; = 1, then the content of the truck arriving at time ¢ € T'® is dumped at
drop zone location [ € Lg. If y; = 0, it is not.

Auxiliary Variables

From the decision variables sj,; and cjpp with j € J, (r,1,t) € Q° and (',I',t') € Q°, the
origin o; € L, destination d; € L, starting time s; € T and completion time ¢; € T' of order
J € J are defined as variables. Subsequently, the auxiliary variables handling time h; € N and
travelling time ¢; € N of order j € J are derived from its origin o; and its own destination d;
(for handling time), or the destination of its predecessor d;_; (for travelling time). For the first
order, the travelling time is neglected.

The variable w;; € Ry represents the waste level at location [ € L at time t € T'. For the
generation of validating orders, the variable n;; € {0,1,..,n™%} with [ € L\ L" and t € T is
introduced. Integer variable n;; represents the number of drops performed at location [ at time
t since the last validation at location [. The binary variable a;; with [ € L'\ L" and t € T takes

max

value 1 if ny < n™** and value 0 if ny = n™%,

4.2.2 Constraints

The constraints of the extended model are categorised in the different model aspects: order
characteristics, truck arrivals, waste levels and validating orders. For each topic, the related
constraints are described and given.
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Sets
J={1,2,..}
R={f,s,m,v}
L=1{0,1,2,..}
L¢c L

L’cL

L'c L

T =1{0,1,..}
T CT
Q°CRXLxT
Q°CRXLxXT

Parameters
wlmm e R,y
w e Ry
wli”it e Ry
w? € Ry
nm** ¢ N
n?’“'t eN
zt €N

u € Ry

ve € Ry

g; € Ry

set of orders

set of order types

set of (x,y) locations

subset containing drop zone locations

subset of non drop zone bunker locations

subset containing hopper locations

set of moments in time

subset containing truck arrival times

set of allowed combinations of order type, origin and starting time

set of allowed combinations of order type, destination and completion time

minimum waste level at location [ € L
maximum waste level at location [ € L

initial waste level at location [ € L

maximum dumping waste level

maximum number of drops before validating
initial number of drops at location [ € L
dumping time of truck arriving at time ¢t € T¢
content of truck arriving at time t € T
incineration rate at time ¢t € T’

grab height of order j € J of type r € R

Decision Variables

Sjrlt € {07 1}
Cirlt S {0, 1}
Yyt € {Oa 1}

1 if order j € J has (r,l,t) € Q° as its characteristics, 0 otherwise
1 if order j € J has (r,l,t) € Q° as its characteristics, 0 otherwise
1 if truck arriving at t € T* dumps at drop location [ € L, 0 otherwise

Auxiliary Variables

oj €L
dj € L
s; €T
c; €T
hj € N
t; €N
wp € Ry
ap € {0,1}
ny €N

origin of order j € J

destination of order j € J

starting time of order j € J

completion time of order j € J

handling time of order j € J

travelling time from order j — 1 € J to order j € J \ {1}

waste level at location [ € L at time t € T

1 if an order is starting at [ € L'\ L" at time ¢t € T, 0 otherwise

number of orders with destination / € L\ L" handled at time ¢ € T since
last order with origin I € L\ L"

Table 4.2: Extended model components.
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Order Characteristics

Crane orders are defined by its characteristics. Hence, order j € J is assigned an order type,
origin, destination, starting time and completion time by Constraints (4.13) and (4.14). If less
orders than included in J are handled, the last order(s) will remain blank, i.e. without charac-
teristics assigned. Unassigned orders receive fictional location 0 as their origin and destination
(Constraints (4.17) and (4.18)) and (fictional) late starting and completion times (Constraints
(4.19) and (4.20)). Herewith, the starting time of the last assigned order is (strictly) smaller
than the starting time of the first unassigned order (Constraint (4.25)).

With the characteristics spread over two sets of variables, s+ and c;pp with j € J, (r,1,t) €
Q* and (1,1, ') € Q°, these variables need to be related to one another. In Constraints (4.14), it
is emphasised that the order types coincide. Additionally, Constraints (4.15) and (4.16) ensure,
respectively, that for validating orders, the origin and the destination are the same, and for
mixing orders, the origin and the destination are different. For the other order types, this
already follows from the allowed characteristics combinations.

For further use, origins, destinations, starting and completion times are extracted from the
assignment variables by Constraints (4.17) to (4.20). To be able to schedule blank orders at the
end, M € R in Constraints (4.19) and (4.20) should be equal to or larger than the makespan of
the assigned orders. From the origins and destinations, the crane driving times are calculated
based on crane specifications and the driving strategy. By Constraints (4.21) and (4.22), the
handling time of order j € J is given by the non-linear function fj of its origin o; and its
destination d;, and the travelling time of order j € J is given by the non-linear function f; of
the destination of its predecessor d;_; and its own origin o;. The z-components of the origin
and destination can be obtained (non-linearly) from the waste levels at the origin at the starting
time and at the destination at the completion time, respectively. However, the completion time
of an order is determined via its handling time (Constraints (4.24)) and its starting time depends
on its travelling time (Constraints (4.25)). Hence, in Constraints (4.21), the waste level at the
order’s destination is approximated by the destination’s waste level at the order’s starting time,
and in Constraints (4.22), the waste level at the order’s origin is approximated by the origin’s
waste level at the completion time of the preceding order. In practice, neither the waste level at
the destination changes during handling nor the waste level at the origin during travelling: crane
dropping is not possible (only one crane) and with truck dumping the waste level is updated
upon arrival (Constraints (4.33)). Constraints (4.21) and (4.22) are linearised in Section 5.2.

In case origin o; = 0, i.e. order j € J is blank, both h; = 0 and t; = 0 by definition.
Herewith, the starting and completion times of all blank orders can be equal. The travelling
time to the first order is neglected, hence ¢; is set to 0 by Constraint (4.23).

Constraints (4.24) ensure that the difference between the starting and the completion time
equals the handling time. The characteristics are assigned to a specific order based on its starting
time, i.e. such that the starting time relation agrees with the order sequence in the initialised
list. With one crane that can handle at most one order at a time, the difference in starting
times of subsequent orders needs to be at least the sum of the handling time of the first and the
travelling time of the second, as ensured by Constraints (4.25).

> s <1, vieJ o (4.13)
(T,l’t)er
> si= Y. ciu VieJ, reR  (4.14)
Lt|(rlt)eQs Lt (r,lt)eQe
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Yo sj= >, cu ViedJ leL  (4.15)

t|(v,l,t)eQs t|(v,l,t)eQe
Z Sjimit < (1 - Z ijlt) Vj S J, lel (416)
t|(m,l,t)eQ® t|(m,l,t)eQe
0j= Y Sjmul, VjeJ (4.17)
(rlt)eQs
di= Y ¢l VieJ (4.18)
(r,lt)eQe
sp= Y, sput+ M(l - ) 3jrlt>a VjielJ (4.19)
(r,l,t)eQs (r,l,t)eQs
= > out+M(1- > ), VieJ (420
(r,l,t)eqQc (rlt)eQs
hj = fn(0j, Wo;s;5 dj, Wa;s, ) vjedJ (4.21)
t,] = ft(dj—17wdj710j7170j7w0j0j_1>7 V] > 1 E J (422)
ty =0, (4.23)
sj+hj=c; Vied (4.24)
8j—1+ hj_l + tj < S5, Vj e J\ {1} (4.25)

Truck Arrivals
With Constraints (4.26) to (4.29), the truck arrivals are modelled. Firstly, by Constraints (4.26),
it is emphasised that every arriving truck is assigned to a dump location. With Constraints
(4.27), it is ensured that no truck dumps at a location that is closed because of a high waste
level, i.e. a waste level above the maximum dumping height. The number M; € R should take
a value larger than max;c a4 w;"** — w? to ensure that the maximum waste level can be reached.
During the dumping time of a truck, no new truck can arrive at the same location (Con-
straints (4.28)). Also, the crane is not allowed at a location where is being dumped (Constraints
(4.29)). Constraints (4.29) also state that during the dumping time a maximum of My € R
orders can start from a location to which the arriving truck is not assigned. A suitable value

for My can be derived from the maximum dumping time and the minimum driving time of an

order.
=1, Vt € T (4.26)
leLd
wy —w? < My(1—yy), Vie Ll teT® (4.27)
Z Y < 1, vie L teT® (4.28)
<t/ <t+z

S D s < Ma(1—yy), vie L teT® (4.29)

jeJ reRt<t'<t+z

Waste Levels
The first constraints concerning waste levels are static constraints containing the waste level
parameters. With Constraints (4.30), the initial waste levels are set for bunker and hoppers,
while the minimum and maximum waste levels are set with Constraints (4.31) and (4.32), re-
spectively.

Secondly, the waste level updates are captured in Constraints (4.33) to (4.35). The waste
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level of a drop zone location | € L? depends on four events. When a stacking order j € J starts
from there, the level is decreased with the corresponding grab height g;. Likewise, the level is
increased (decreased) with grab height g;" when mixing order j € J ends (starts) at [ € L%
Additionally, when a truck arriving at time ¢ € T is assigned to location I € L¢, the waste level
at [ € L% is increased with the corresponding truck content w;. In reality, the truck content is
dumped over the dumping time z;, but since no order concerning this location is handled during
this dumping time, this can be neglected in the model without consequences.

The waste level updates in the rest of the bunker, the stacking and feeding zones, and the
hoppers are modelled similarly. For the rest of the bunker, the relevant events are the start of
a feeding move, the start of a mixing move and the completion of a stacking or a mixing order.
For the hoppers, only the completion of feeding orders and the incineration process is relevant.

Note that with these waste level updates, features as feathering, the tumbling of waste and
waste density variation are not taken into account.

wyp = wi™, VieL (4.30)
wy > wi™", VieL teT (4.31)
wy < w", VieL teT (4.32)
Wit = Wi — Y G385t + Y 97 Cimir — Y 97" Sjmit + Ustis, VieLl, teT (4.33)
jeJ jeJ jer
W1 = Wi — Y gl sipe+ D s+ Y G it — Y G S, VIE LY, tET  (4.34)
jeJ el jeJ jer
w1 = wi + Y gl — v, VieL' teT (4.35)
jeJ

Validating Orders

In practice, the waste level cannot be exactly monitored. Hence, every once in a while the waste
level at a certain location has to be measured by the crane. This is done when grabbing waste
at the start of the move, or within the execution of a validating order.

For generating validating orders, the number of drops performed per location since the last
time an order started is important. With Constraints (4.36), it is monitored whether an order
is starting at origin I € L\ L". Constraints (4.37) sets the initial number of drops for location
L € L\ Ly, to n{™*. With Constraints (4.38) and (4.39), the minimum numbers of drops are set
to 0 and the maximum number of drops to n™*.

Constraints (4.40) ensure that an order is starting at a location where the number of drops
since the last order reaches n™**. From this and the minimum and maximum values, the value
update of the number of drops is controlled by Constraints (4.41); when a drop is performed,
the number of drops at the corresponding location is increased by one, and when an order has
started from there, it is reset to 0.

a =YY Sjr: Vie L\L" teT (4.36)

jeJ reRr
nyy = ni"it, Vie L\ L" (4.37)
ny > 0, Vie L\L" teT (4.38)
N1 < N1 — ayy), Vie L\L" teT (4.39)
ai > nyg — (n™F — 1), Vie L\L" teT (4.40)
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N1 > N — 1 Cay + Z(stlt + Cjmit), Vie L\ Lh, teT (4.41)
jeJ

4.2.3 Objective

To support the generation of mixing orders while minimising the crane driving times, the model
has become multi-objective. The first objective is the familiar minimisation of the total driving
times, i.e. the cumulative handling and travelling times. The second objective is the maximisa-
tion of the number of mixing orders scheduled.

The two objective functions are combined into the objective function of the model given by
Equation (4.42), in which ¢; < 0 and ¢z > 0 are predefined weight coefficients. During mixing
periods, the second objective is leading, hence ¢y > —c;. As the minimisation of the total driving
time is in line with the maximisation of the number of mixing orders, a small contribution of the
minimisation of the driving time in the objective will not lead to contradictory behaviour. For
a non-mixing period, the value of the weight cs is irrelevant as the value of the second objective
itself will be 0.

maximise c¢; Z(hj +t;) +co Z Z S jmit (4.42)

jed GET (L) (m,lt)eQs

4.2.4 Strengths and Limitations

In the description of the model, already a couple of model limitations have been mentioned. For
example, the travelling time to the first order is not considered. Also, the model does not include
feathering, tumbling or variation in the waste density other then taken into account in the grab
heights. That every once in a while locations are digged out to avoid waste resting too long,
is also not included. However, the most obvious drawback of the model is that it is designed
to only consider one waste crane. With the model not supporting any kind of conflict between
cranes, the incorporation of multiple cranes would require a substantial model extension.

Despite these limitations, the model is relative broad applicable as it is independent of bunker
layout, strategy periods, opening hours and crane specifications. These aspects follow from the
initialisation of the sets and parameters. The bunker layout is implicitly determined by the
(sub)sets of locations, the minimum and maximum (dumping) waste levels, and the handling
and travelling times functions. The crane strategies, e.g. whether mixing and stacking are
allowed in the same period, are captured in the sets specifying allowed combinations of order
characteristics. From these sets, also the intended feeding, stacking and mixing zones follow.
The set of truck arrivals indicates the opening hours of the facility, and the grab heights and
driving times channel the crane specifications into the model.

With this strong dependence on the input of the model, it is important that the input aspects
are aligned. For example, around truck arrivals, stacking orders from the drop locations need
to be allowed in order to avoid inconsistency in the modelled process.
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Chapter 5

Solution Methods

In this chapter, solution methods for the base model (Section 4.1) and the extended model
(Section 4.2) are presented. In Section 5.1, the implementation of the crane driving times
used in both the base and the extended model is discussed. A linearisation of the non-linear
constraints of the extended model is described in Section 5.2, and a rolling horizon method is
introduced as heuristic approach in Section 5.3.

5.1 Crane Driving Times

As mentioned in Chapter 4, the crane driving times, i.e. handling and travelling times, are
determined from origins and destinations. For the handling time, the origin and destination of
the move are, respectively, the origin and destination of the order. To determine the travelling
time, the destination of an order and the origin of the succeeding order are taken as start and
end positions, respectively.

The driving times are calculated based on the driving strategy described in Section 2.4.
However, there are some differences. For example, the driving height is set at the maximum of
the dropping height, which is five meter above the waste level of the destination, and three meters
above the height at the origin. Herewith, the case where the waste level in the intermediate
area is higher than the driving height is not taken into account, which can result in (slight)
underestimations.

Figure 5.1 shows the deviations between travelling times, i.e. the calculated ones and the
travelling times obtained from the simulation model. The differences are plotted per order type,
i.e., feeding, stacking and mixing, where the travelling time to the order is considered. The
larger (negative) deviations mostly originate from deviations in the simulation model due to the
crane being blocked by the other crane. Note that the models in Chapter 4 only take one crane
into consideration. The large deviation in travelling time of mixing orders has to do with the
short travelling times when moving only one grid slot further.

5.2 Extended Model Linearisation

The extended model as described in Section 4.2 contains non-linear constraints concerning the
crane driving times. The non-linearity of Constraints (4.21) and (4.22) lies both in the functions
calculating the handling and travelling times and the retrieval of the waste level. With the
linearisation of Constraints (4.21) and (4.22), a MILP model formulation can be obtained.
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5.2.1 Additional Components

Two new variable sets are introduced to include the waste level at the origin and destination
of the orders. The auxiliary variables are defined on the sets D; € L x K x L x K’ and
Dy C L x K' x L x K, with K the set of allowed origin heights and K’ the set of allowed
destination heights. With L the set of (x,y) locations, set D; contains the possible combinations
of (x,y,z) origin (I,k) € L x K and (x,y,z) destination (I',k’) € L x K’ of an order, while set
Dy contains combinations of (x,y,z) destination (I,k') € L x K’ of an order and (x,y,z) origin
(k,1) € L x K of the next order as a combinations. Note that with K and K’ being finite sets,
the model linearisation leads to a discretisation of the waste levels for the driving times.

For each origin-destination combination (I,k,!’, k') € Di, the handling time is calculated
beforehand, represented by the parameter hijgy . Likewise, tty g is the precalculated travelling
time for the destination-origin combination (', k’,1, k) € Ds.

Auxiliary binary variable odjjyi indicates whether order j € J has the (x,y,z) origin-
destination combination (I,k,l',k',) € Dy, if odjyiy = 1, or not, if odjjyiy = 0. Similarly,
auxiliary binary variable dojyi, € {0,1} takes value 1 if and only if (I, k") is the destination of
order j —1 € J\ {1} and (I, k) the origin of order j € J, with (I',k’,l,k) € Da.

In Table 5.1, the additional model components regarding the linearisation are summarised.

Sets
K set of allowed origin waste levels
K’ set of allowed destination waste levels

D C LxKxLxK' set of allowed combinations of origin and destination including waste
levels

Dy C LxK'xLxK set of allowed combinations of destination and origin including waste

levels
Parameters
htj € N handling time from origin (I, k) € L x K to destination (I, k") € L x K’
ttyp € N travelling time from destination (I’, k') € L x K’ to origin (I,k) € Lx K

Auxiliary Variables

odipr € {0,1} 1 if order j € J has (I,k,l',k") € D; as its origin and destination, 0
otherwise
dojupk € {0,1} 1if order j > 1 € J has (I',k,l,k) € D5 as its prior destination and

origin, 0 otherwise

Table 5.1: Additional components of linearised extended model.

5.2.2 Additional Constraints

With the additional model components, the driving times can be determined linearly, as Con-
straints (5.1) and (5.2) show. With these constraints, the handling time of order j € J is set
equal to the driving time from the (x,y,z) origin to the (x,y,z) destination of the order. Simil-
arly, it is ensured that the travelling time to order j € J \ {1} equals the driving time from the
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destination of the preceding order 7 — 1 and the origin of order j.

hi= > Btywwodjg, vjed (5.1)
(LU K )ED

tj = Z ttl’k’lkdojl’k’lk7 VJ >1leJ (52)
(UK k)E Do

In Constraints (5.3) to (5.8), the origin-destination variables are addressed. Constraints (5.3)
and (5.4) define the variables: order j € J is assigned characteristics if and only if order j is
assigned a combination of (x,y,z) origin (I,k) € L x K and (x,y,z) destination (I',k') € L x K’
in which the (x,y) locations [,I’ € L coincide with the origin and destination determined by
decision variables s,y with (r,1,t) € Q° and ¢jpp¢ with (r,I',t) € Q°.

The z-components of the locations are determined by Constraints (5.5) to (5.8). With
Constraints (5.5) and (5.6), the origin height k € K of order j € J is aligned with the waste
level at the (x,y) origin [ € L at the order’s starting time ¢ € T'. Similarly, the destination height
k' € K’ of order j € J is aligned with the waste level at the order’s (x,y) destination I’ € L
at starting time ¢ € T by Constraints (5.7) and (5.8). Note that, as in Constraint (4.21), the
destination’s waste level at completion is approximated by its level at the starting time.

Since the possible origin and destination heights are discrete and the waste level variables
are continuous-valued, the height values equal the rounded up waste levels. Rounding down the
waste levels would also be possible since only the driving times are affected by this, and the
driving times are calculated based on the difference between the origin and destination heights,
which in practice, is the same when rounding up or down (assuming equal steps between possible
height values). In theory, one of the waste levels can equal its rounded value, in which case
rounding up or down the other waste level results in different height differences.

Z Odjlk‘l’k/ = Z Sj’l”lt? VJ & J, l € L (53)
k1! | (LK1 K€Dy rt|(r,lt)€Q?
Z Odjlkl’k’ = Z Cjrl't, VJ S J, l/ €L (54)
Lk K| (LEU k") €Dy rt|(rl’ t)eQe
> odjigyik 2 wiy — M<1 - > 3jrlt>;
1k |1k, kY eDy r|(rl,t) Qs (5.5)

ViedJ, leL teT

Z odjigyi (k — 1) < wy + M(l - Z 5jrlt>a

kUK (1K1K ED, r|(r,L,t)EQ® (5.6)
Vied,leL teT

> od ik’ > wpry — M<1 - ) 3jrlt>a
Lk,k'|(Lk,l k)ED; rll(rlt)eQs (5.7)

ViedJ, 'eL teT
> odjirys (k' — 1) < wpy + M (1 - 2 3jr”>’

Lk.k'|(Lk,V/ k)€ Dy rl|(r,l,t)€Qs (5.8)
VieJ, I'eL teT
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Constraints (5.9) to (5.14) concern the destination-origin variables. Constraints (5.9) and
(5.10) define the variables. Order j — 1 € J is assigned completion characteristics if and, if j
is not the first blank order, only if order j — 1 is assigned a combination of (x,y,z) destination
(I',k') € L x K'. Herein, (x,y) destination I’ € L coincides with the destination determined by
decision variable ¢;_1,4 with (r,I’,t) € Q°. Order j € J is assigned starting characteristics if
and only if order j is assigned a combination of (x,y,z) origin (I,k) € L x K, in which (x.y)
origin | € L coincides with the origin determined by decision variable sj,;x with (r,[,t) € Q°.

Concerning the z-components of the preceding destination and of the origin, Constraints
(5.11) to (5.14) are in line with the height constraints concerning the origin-destination variables
(Constraints (5.5) to (5.8)). However, in these constraints, again the case of order j € J\ {1}
being the first blank order has to be covered. Hence, in addition to whether order j — 1 has
assigned completion characteristics, whether order j is assigned starting characteristics is of

interest.
S dopew < Y. G vieJ\{1}, l'eL 59)
k/vl:k|(l/7k/:lvk)€D2 thl(Tvl/:t)ch
> dojiwie = > Sjrins vie J\{1}, leL (5.10)
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5.3 Rolling Horizon

The rolling horizon approach is a heuristic method for discrete-time dynamic optimisation prob-
lems such as production planning and scheduling [29,30]. Closer related to the WCSP, in [31],
a rolling horizon algorithm is applied to the MILP model of an instance of the yard crane
scheduling problem.

With the rolling horizon method, an estimation for the modelled problem is build over a
finite sequence of iterations. In each step, the solution obtained in the previous iteration is
taken as starting point. From there, a solution for the next time period is obtained by solving
the optimisation problem. This way, the schedule is updated and extended over the iterations.

Two important rolling horizon parameters are the scheduling horizon, or time window, and
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the time step. The scheduling horizon indicates the period of time for which a schedule is
determined in an iteration, while the time step indicates the difference in time between the
starting moments of iterations. If the time step equals the horizon, the schedule is only extended,
not updated. If the time step is smaller than the horizon, the schedule can also be adjusted in
the next iteration(s). The (finite) horizon is typically constant throughout, while the time step
can be either constant or dependent on the ‘local’ schedule. Figure 5.2 shows the rolling horizon
framework, including the scheduling horizon and time step.

The rolling horizon approach will be applied on the linearisation of the extended model. As
total time period, the length of a specific crane strategy is taken. While the scheduling horizon is
fixed, the time steps are dependent on the schedule as the starting time of the following iteration
is set to equal the completion time of the first order scheduled in the previous iteration. In case
no order is scheduled in an iteration, which can occur in a stacking period, the next iteration

starts a fixed number of time units later.

A
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Figure 5.2: Rolling horizon framework (adjusted from [32]).
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Chapter 6

Results

From the base model (Section 4.1) and the extended model (Section 4.2), results are obtained
by implementing the MILP models in Python 2.7!, with Gurobi 9.0.1? as solver. Gurobi uses a
linear programming based branch-and-bound algorithm, including problem reductions, cutting
planes, heuristics and parallel running [33].

The results of the base model and the extension are presented in Section 6.1 and Section 6.2,
respectively. In Section 6.3, four decision rules are formulated based on the results.

6.1 Base Model

The implemented base model uses as input data originating from the simulation model as de-
scribed in Section 2.4. Only one of the two cranes in the simulation model is considered. Because
in the simulation model the cranes have separate working areas and limited interaction, consid-
ering one crane separately only has limited effect on the crane driving times as illustrated in
Section 5.1.

The output of the simulation model is a list of orders handled over a period of 22 days, i.e.
three weeks plus an additional day to setup the model. The output contains order characteristics,
such as the order type, the release date, the origin and destination, and information on when the
crane started travelling to the order or handling the order, as well as when the crane completed
the order. An example of the input data is displayed in Figure 6.1.

type cx_from cy from cz_from cx to cy to cz_to request start travel start handling end

feeding 27.5 25 13.8 115 55 40 11 11 491794863 139.8147796
mixing 2.5 2.5 21.1 25 75 262 267.3769286 267.3769286 314.0800121 365.0696124
stacking 27.5 225 114 425 125 186 4083664937 40836.64937 40877.79722 40937.81251
validate 42.5 125 143 425 125 143 4093781251 4093781251 O 40961.80285

Figure 6.1: Example of input data for base model. Per order, it states the type, origin (from),
destination (to), release date (request), start travelling time, start handling time and completion
time (end). The locations are in meters, the times in seconds.

"https://www.python.org/
Zhttps:/ /www.gurobi.com/
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6.1.1 Instances

The different data sets used as input for the model, correspond to a specific strategy period of
a specific day. The three strategy periods are ‘stack-+feed’, ‘mix+feed’ and ‘mix/stack+feed’.

In the first period, only stacking and feeding orders are generated. This ‘stack+feed’ strategy
is effective from 07:00h. However, for the considered input instances, the start of the period is
set to the moment of generating the first stacking order during opening hours, which lasts from
08:00h to 18:00h, an hour after closing. The second period lasts from closing hours until 02:00h
at night. During this time only mixing and feeding orders are handled. The mix/stack+feed
period is the last, and it lasts from 02:00h to 07:00h. The strategy in this period is similar to
period 2, but mixing orders to the drop zone are no longer generated to clear the drop zone for
the new day. The number of orders per strategy period are included in Table 6.1.

Out of the 22 days, 20 days are considered. As mentioned before, the first day is used to
setup the model, and therefore, is not part of the actual simulation. Additionally, with days
starting with period 1, and therewith running from 07:00h until 07:00h the next day instead of
starting and finishing at 00:00h, the first and the last days cannot be fully used. In the third
week, from day 14 on, the middle crane of the model is being serviced in the middle of the
bunker. Herewith, the working area of the considered crane is slightly smaller than in the first
two weeks.

A model instance corresponds to a data set and, additionally, a specific value of parameter
b, the buffer time. The three considered values are 300, 600 and 900 seconds. Hence, feeding
orders have to be completed within 300, 600 or 900 seconds after their release. The value of 300
seconds (5 minutes) corresponds to the target maximum time between the generation and the
completion of a feeding order in the current (simulation model) settings.

Period H Minimum ‘ Median ‘ Maximum
stack+feed 257 303 331
mix+feed 247 312.5 328
mix/stack+feed || 135 191.5 212

Table 6.1: Number of orders per strategy period in simulation model data.

6.1.2 Implementation Decisions

From Chapter 3, it follows that the WCSP as described in the base model can be seen as a
sequencing problem with the travelling times as sequence-dependent set up times. Herewith,
the WCSP is an NP-hard problem. Hence, to obtain results from the model, some altering and
possibly restricting decisions are made for the base model implementation.

To ensure that a feasible integer solution will be found, an initial solution can be included
in the model. For the model instances from Section 6.1.1, the input sequence, the simulation
output, is set as initial solution. Also, a time limit of 3600 seconds (one hour) is set to avoid
lengthy running times. Note that objective values obtained with a time limit are upper bounds
on the optimal value, as the objective function is to be minimised.

The model size is brought down by eliminating sets of variables by fixing their values. For
this, the best suited variables are the binary decision variables that indicate whether orders are
scheduled directly after each other. Not every pair of orders can be sequenced after one another,
e.g., feeding orders that need to be completed before a certain truck dump cannot be scheduled
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after a stacking order corresponding to that truck dump. To generalise this, a rescheduling
window is introduced: a range of orders within which orders are allowed to be sequenced right
after each other. For each pair of orders that lie further than this window apart, the variable
indicating whether the orders are sequenced directly after one another is fixed at value 0, i.e.,
for 4,j € J such that |i — j| > window, x;; = 0. With this, the travelling times only have to be
calculated for pairs of orders that lie within the rescheduling window.

The size of the rescheduling window is determined based on the number of orders of the
same type that is available at the same time. This number is fixed at three (n, = 3). This
means that, for example, the fourth stacking (mixing) order is released at the completion of the
first stacking (mixing) order. The rescheduling window should cover this number of available
orders of one type at all circumstances. Hence, the window size is set to eight. This includes
three stacking or mixing orders (either stacking or mixing is allowed in the model instances), a
maximum of three validating orders, and possibly two feeding orders. Three is the maximum
number of validating orders that three stacking or mixing orders can invoke. The number of
included feeding orders follows from the expected time needed to execute the three stacking or
mixing orders (and possible validating orders) in combination with the incineration rate.

Besides the elimination of the variables indicating that two orders that lie outside the res-
cheduling horizon are scheduled directly after each other, the model is speeded up by fixing
variables for which the values are already set implicitly. For example, to enforce that an order
cannot be scheduled after itself, or that validating orders cannot be the first order scheduled.

In the model objective, the makespan of the orders is incorporated. This ensures that orders
are scheduled as soon as possible, without unnecessary delays. The maximum completion time
is included with a factor of 0.0001, with which is contributes ten to a hundred times less than
the total travelling time as the completion times are at most O(10°) while the travelling times
within a period sum up to at least O(10%).

6.1.3 Output

For some instances, no integer solution was found within the time limit. In these cases, all
with a buffer time of 300 seconds, the initial solution proved to be infeasible. On the other
hand, several instances, of which all but one with a buffer time of 900 seconds, were solved to
optimality within the time limit. The solver identifies solutions as optimal when the gap, the
relative difference between the upper and lower bounds on the objective value, is smaller than
or equal to 0.01%.

The output of the model from a feasible instance is a list of rescheduled orders. The output
includes the original order number, the order type, the release date, starting and completion time
(also from simulation), travelling time and the (x,y,z) origin and destination. As an example,
the model output for the stack+feed period of day 2 is given in Appendix B.1.

From the output, two types of results can be obtained. First of all, the crane driving time
gain (or reduction). Also, the schedule itself can be analysed. The results with respect to the
driving times give an idea of the extent in which improvement is possible. The details of the
schedule can contribute to the formulation of decision rules to improve the output of the simu-
lation tool and with that, the results obtained in practice.
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Total Driving Times

The results of the base model in terms of crane driving times are captured in Figure 6.2. The
box plots show the ranges of total driving time gains per strategy period and buffer time. The
driving time gain is calculated relative to the output of the simulation model, which also is the
initial solution. In Table A.1, the total driving time gain per instance can be found. Note that
only 30 out of the 180 instances are optimally solved within the time limit, and that for 28
instances, no integer solution, and hence no output, is obtained.

Additionally, in Figure 6.2 and Table A.1, the optimality deviation percentage of the solutions
are included to illustrate the quality of the results. The optimality deviation of a solution
indicates the difference between the obtained and the maximum total driving time gain. The
extent to which the gains are maximal relies on the gaps of the initial and final solution, which
are included in Table A.2 for each solved instance. The optimality deviation percentage is
estimated based on the initial and final integrality gaps as follows:

gapfinal

8aP;nitial

optimality deviation percentage = -100%.

In case the initial solution is already classified as optimal, the deviation percentage is either
undefined, if gapinitiac = 0%, or, if 0% < gap;niiar < 0.01%, close to 100%. This is not the
case for any of the model instances. For the instances that are optimally solved, the optimality
deviation percentage is at most 0.16%. The deviation percentage can be larger than 0% as
solutions are considered optimal with a gap smaller than or equal to 0.01%. The larger optimality
deviations originate from the contribution of the makespan in the implemented objective as well
as from relatively good initial solutions. Also, the values of the integrality gaps are not exact.
The initial gaps are rounded off to three significant figures and the final gaps to four decimals.
The latter rounding did not effect the results as they are presented with only two decimals. The
given percentages are to be considered as indicative values rather than exact results.

The total driving time gains vary from 1.97% to 7.63% over all instances. The gains are
the smallest in the stack+feed period, while the gains under the mix+feed strategy are signi-
ficantly higher. The differences in gains between the two mix periods are partly explainable
by the difference in duration of the periods, since the mix+feed period is 60% longer than the
mix/stack+feed period. However, the difference in gain is only about 32% (derived from the
mean gains for buffer times of 600 and 900 seconds). The stack+feed and mix+feed periods
have a similar number of orders, while the stacking period is around 20% longer. In the mixing
periods, the orders are scheduled directly after each other. While stacking, the crane gets idle,
which results in less rescheduling possibilities of orders as less orders are executed within the
buffer time of a feeding order.

In Figure 6.3, for all instances, the total driving time gains under a buffer time of 900 seconds
is plotted against the total number of orders per strategy period. In Figure 6.4, another trend
is visible: the larger the buffer time, the larger the gains. This is to be expected, as a solution
for an instance with a short buffer time is also a solution for a corresponding instance with a
longer buffer time. For the two longer periods, the increase in gains from a buffer time of 300
seconds to a buffer time of 600 seconds is significantly larger, than between a buffer time of 600

and 900 seconds.
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Figure 6.2: Box plots of total driving time gains (left) and optimality deviations (right) per buffer
time (300, 600 and 900 seconds) for strategy periods stack+feed (top), mix+feed (middle), and
mix/stack-+feed (bottom).
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Figure 6.3: Total driving time gain versus number of orders for a buffer time of 900 seconds.
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Figure 6.4: Mean total driving time gains per strategy and buffer time.

Remarks on Optimised Schedules

From the optimised instances, the resulting schedules are considered to identify patterns in the
optimisation. The optimally solved instances are of the greatest interest. Three fully optimised
schedules are considered specifically, namely for each strategy period, the instance with the
largest gains under a buffer time of 900 seconds. Hence, for the stack+feed strategy, day 2 has
been considered. For mix+feed, day 4, and for mix/stack+feed, day 19. Optimal schedules for
those periods are added in Appendix B.1. Note that the optimal schedules are not unique.

In the optimised schedules, feeding orders are regularly clustered into groups of two or more.
In the three specific optimal schedules, around 57% of the feeding orders is part of a group of
two to five orders. Two factors that possibly prevent feeding order grouping are the restrictions
in buffer time and rescheduling window. However, these factors seem to play a role in only about
40% of the cases of single scheduled feeding orders.

The last feeding order of a cluster typically ends in the hopper adjacent to the stacking
or mixing zone. This holds for about 65% of the feeding order groups in the schedules of the
three specified instances. A reason to deviate from this pattern, is when stacking is done from
a non-priority drop location, i.e. from a drop location adjacent to the feeding zone. For feeding
orders scheduled as first of a set, the tendency is to start relatively close to the stacking/mixing
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zone.

Right before a feeding order, stacking is often done towards the feeding zone. Before 77% of
the feeding orders/order groups, the destination of the stacking order lies closer to the feeding
zone than its origin and/or adjacent to the feeding zone. Moreover, in about 41% of those cases,
the crane ends up adjacent to the feeding zone, while originating further away.

Similarly, while mixing after feeding, the crane moves away from the hopper towards the
front of the bunker. Hence, the crane mostly moves in y-direction, starting from the origin as
close as possible to the hopper (mainly in y-direction). At the start of a mixing period, after a
stacking period, mixing orders end in the drop zone. This already determines the mixing away
in y-direction for a period of time. But also after the drop zone is levelled up, the trend is that
the destinations of mixing orders after feeding, are further to the front of the bunker, away from
the hoppers, than their origins.

6.2 Extended Model

In order to obtain results from the extended model, the model needs to be set up via initialisation.
The initialisation is discussed in Section 6.2.1, after which the full extended model is considered
in Section 6.2.2, as well as a rolling horizon approach to the extended model (Section 6.2.3).

6.2.1 Initialisation

The input for the extended model comprises the sets and parameters from Table 4.2. In this
section, the initialisation of the input components is discussed. The initialisation is based on the
crane strategies, which effects both the considered time periods and the combinations of order
characteristics. An overview of the initialisation values is given in Table 6.3.

Sets and Parameters

For the initialisation of order list J, the (maximum) number of orders in the intended time
period needs to be estimated. This is done per strategy period. The number of feeding orders
in a period is calculated based on the average incineration rate and the average height of a
grab. For stacking orders, the averages of the number of truck arrivals, the truck content and
the grab size are taken into account. The number of mixing orders are estimated based on the
number of feeding orders and the (minimum) driving times of feeding and mixing orders. The
maximum number of validating orders depend on the number of stacking or mixing orders in a
period. Table 6.2 shows the estimated number of orders per strategy period. Also, the factor of
the estimated number over the maximum number of orders from the simulation is included per
strategy period. For the stack+feed strategy, the factor is only 1.04 because of the dependence
on the external processes. For the other periods, the factor is about 1.6, giving space to perform
additional mixing orders.

In the considered bunker, the drop zone and the hoppers are situated on opposite long sides.
The bunker is modelled as a list of location numbers corresponding to (the midpoints of) a 5
by 5 meter grid, in which the left drop zone, the right drop zone, the left bunker half, the right
bunker half and the hoppers are distinguished. The model of the bunker layout is displayed
in Figure 6.5. Locations 1 to 5 correspond to the left drop zone and locations 6 to 10 to the
right drop zone. The left bunker half contains locations 11 to 30, while the right half consists
of locations 31 to 50. Locations 51 and 52 are the hoppers.
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Strategy Period H Estimation | Factor

stack+feed 344 1.04
mix +feed 525 1.6
mix/stack+feed 325 1.56
day 1213 1.4

Table 6.2: Estimated maximum number of orders per strategy period and rate of estimation
over maximum number of orders from simulation.
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Figure 6.5: Model of bunker layout with location numbers. Drop zone (white), bunker zone
(red) and hoppers (grey).

The allowed combinations of order characteristics depend on the strategy periods and bunker
zones. For each of the four order types, allowed origins and destinations are considered per
strategy period. The used time unit is a fixed number of seconds. All time-related parameters,
i.e. truck arrivals, truck dumping times and driving times, are rounded to fit the time unit.

The truck arrival times are extracted from the simulation model, in which they follow hourly
and daily patterns based on a number of trucks per week. This number is based on the average
incineration rate and the average truck content. The dumping time (in minutes) and truck
content (in tonnes) are drawn, independently of one another, from uniform distributions on the
intervals [10, 20] and [15, 25], respectively. The incineration process is described by a uniformly
distributed incineration rate with bounds at 5% from the mean of 37.5 tonnes/hour.

For the initial waste levels, values from the simulation models are used. To be more specific,
the initial values are set equal to the waste levels after the setup day in the simulation. The
minimum waste level in the bunker is set to a couple of meters above the bunker floor as the
bottom waste is to compact to grab. This minimum level is also assumed for the hoppers. The
overall maximum waste level is based on the bunker height. With the hoppers modelled in
line with the bunker location, i.e. as square grids without incorporating its funnel-shape, the
maximum waste height in the hoppers differs from the overall maximum level. The maximum

hopper level is set such that the maximum hopper volume is aligned with reality. For the drop
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zone, additionally, the maximum dumping waste level is initialised to correspond to the relative
height of the tipping bays, i.e. the height from which the truck dumps the waste into the bunker.

The grab sizes of the crane follow for each order type a normal distribution with a cut-off
at 0 and two times the mean. The three grab size distributions share the same mean of 1.0368
meter, but differ in variation. The standard deviations are 0.15 for the feeding grabs and 0.25
for the stacking and mixing grabs.

Discretisation
The extended model contains non-linear constraints. These constraints concern the driving
times, and more specific, the heights corresponding to the origins and destinations. Therewith,
the model non-linearity is related to the waste level. Hence, for the linearisation of the model,
all but the incineration related heights are considered in steps of one meter. Herewith, also the
heights of the truck content and all grab sizes are rounded off.

Besides the waste levels, also the time is discretised with 7" a finite set of moments in time.
To reduce the size of the model, the time unit is chosen as half the length of a validating order
which corresponds to the minimum required travelling time. This time discretisation affects the

truck arrival times, truck dumping times and the incineration rate.

Lengthening of Strategy Periods

The strategy periods for the completion of orders and the starting of validating orders are
lengthened with the maximum handling time of a feeding order or of a combination of a stacking
or mixing order and a validating order. This enables the assignment of completion related
characteristics to orders that are being handled at the time a strategy period ends, and, if
necessary, the start of a validating order following such an order.

With this, it can occur that an order starting shortly after a strategy transition is assigned a
destination from the previous strategy. This does, however, not result in actual inconsistencies.
For feeding orders it is no problem to be assigned a destination from the previous period as the
set of feeding order destinations is the same in all strategies, and validating orders with starting
characteristics from the new period and completion characteristics from the former period are
ignored when the origin and destination do not agree.

Stacking and mixing orders are generated under separate strategies. Hence, mixing or stack-
ing orders starting within the additional time period after the stack+feed or the mix/stack+feed
period, respectively, are of a different type then the orders that are allowed to be assigned a
destination from the former period.

This leaves the mixing orders starting in the beginning of the mix/stack+feed strategy with
destination characteristics from the mix+feed period. In that case, it can happen that the
mixing order is assigned a destination no longer allowed since the mixing destinations in the
mix/stack-+feed period are a subset of the mixing destination set under the mix+feed strategy.
This would mean that the mixing order ends in the drop zone that is getting cleared in the
mix/stack-+feed period. So although there is a small inconsistency, it is unlikely to effect the
rest of the process because of the time scale (one order versus a strategy period). Also, this is

comparable to how it is done in practice.
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Parameter Value / Distribution Unit
max # orders stack+feed 344

max # orders mix—+feed 525

max # orders mix/stack+feed 325

# drop zone locations (x,y) 10

# bunker locations (x,y) 40

# hopper locations (x,y) 2

length stack+feed period 11 hours
length mix+feed period 8 hours
length mix/stack+feed period 5 hours
extra length time periods 120 seconds
truck arrival interval from simulation model

minimum waste level bunker 2 meter
minimum waste level hoppers 2 meter
maximum waste level rest bunker 39 meter
maximum waste level hoppers 6 meter
initial waste level drop zone 2-3 meter
initial waste level stack zone 10 - 11 meter
initial waste level feed zone 23 -24 meter
initial waste level hoppers 2-4 meter
maximum dumping waste level 12 meter
maximum number of drops before validating | 5

initial number of drops 0

dumping time Uy(10,20) minutes
truck content U(15,25) tonnes
incineration rate U(0.95 - 37.50,1.05 - 37.5) | ton per hour (per hopper)
feeding grab size N(1.037,0.15%) meter
stacking/mixing grab size N(1.037,0.252) meter

Table 6.3: Parameter and initialisation values for the linearised extended model.

6.2.2 Full Model

The size of the model is mainly determined by the scheduling period. The longer the period,
the more orders can be scheduled, the larger the range in waste levels, but mainly, the more
possible start and completion times. The latter increases the number of model variables (and
constraints) through the sets of possible combinations of order types, locations and times. The
size of the full model increases so fast that a memory error occurs already for a period of 20
minutes. Note that the (maximum) number of orders and the range of waste levels has been
limited as much as possible without proposing additional restrictions.

For a period of 15 minutes, a solution could be obtained when including an initial solution.
However, 15 minutes is less than the average truck dumping time and only slightly more than
the average incineration time of a grab. Hence, stacking orders following a truck arrival are not

incorporated in the truck drop location assignment, resulting in random assignments. Also, the
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impact of multiple feeding orders cannot be explored as feeding orders are only generated when
the minimum level is going to be reached within the time period.

The running time for a 15-minute period is varied to investigate the integrality gap. After
one day (24 hours), the final integrality gap is 16.4%. With a time limit of 5 days (120 hours),
the gap only slightly improves to 15.6%. The difference in gap is caused by further sharpening
the upper bound on the objective, rather than the improvement of the solution itself.

To test the model nonetheless, separate aspects of the model are considered. The test on
the validating component of the model led to a new insight. When setting the number of drops

at time 0 to n;"** — 1 for all bunker locations (n;y = n;"*"

—1, VI € Lb) during a mixing period,
no validation orders were scheduled. Instead, mixing orders originating from bunker locations

to drop zone locations are initialised.

6.2.3 Rolling Horizon

As alternative to the consideration of the extended model as full optimisation model, the rolling
horizon approach described in Section 5.3 is considered as heuristic. In this manner, output for
a full strategy period can be obtained.

With the rolling horizon model considering only short periods moving over time through
iterations, two new main parameters need to be identified: the scheduling horizon and the
time step. Based on the optimisation results, including program running times, the scheduling
horizon is set to 7.5 minutes (half the length of the maximum period length in Section 6.2.2),
corresponding to a maximum of five orders. The time step between two consecutive iterations
relies on the scheduled orders, if any, as the start of the next iteration is set at the completion
of the first scheduled order in the current iteration.

As for the rest, the model initialisation, including the discretisation and period lengthening
mostly remains as described in Section 6.2.1. The differences lie in the order list J, which is
initialised as having length five, and in the lengthening of the scheduling period per iteration
instead of the full strategy period. The parameter values that are affected by the adjustments
with regard to the general linearisation in Section 6.2.1, are shown in Table 6.4.

Parameter Value / Distribution | Unit
max # orders scheduling horizon | 5

initial waste level drop zone 2 meter
initial waste level stack zone 10 / 11 meter
initial waste level feed zone 23 /24 meter
initial waste level hoppers 2.7 /32 meter
truck content Uy(15,25) tonnes
feeding/stacking /mixing grab size | 1 meter

Table 6.4: Parameter and initialisation values for the rolling horizon approach on the extended
model, altered with respect to Table 6.3.

Iterations

After the model initialisation, the model runs through a finite number of iterations in which an
order schedule is generated by extending and altering the list of already planned orders. For
this, each iteration requires input from the previous iteration. Of course, the new moment in

time needs to be passed on. The starting time of the next iteration equals the completion time of
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the first scheduled order. If no order is scheduled, which can happen when mixing is not allowed
and feeding and stacking are not necessary, the time is set towards the end of the scheduling
horizon, but leaving time for (two) feeding orders as they might need to finish soon after the
end of the scheduling horizon.

After each iteration, the model is updated. Additional model components such as the crane
location, waste levels, number of drops and drop zone status are included to pass the information
on the model status. Also, orders that were planned after the first order, if any, are passed on
to serve as starting solution for the next iteration.

Stack+Feed Period

For the stack+feed strategy period, a schedule is generated with the rolling horizon method. Al-
though the rolling horizon method did lead to a full schedule, which is presented in Appendix C,
the output is rather insignificant. On top of the various simplifications, from waste level and
time discretisation to using a very short scheduling horizon, there was little room left for op-
timisation within the time limit of 1000 seconds for the optimisation part of each iteration.
The obtained schedule for a ten hour period is the result of a five day run. Because of this
long running time, in combination with the insignificant results, only one run has been done.
Also, no mixing periods are considered as the model would be even larger due to more possible
combinations of order characteristics.

In order to make the rolling horizon model work for the stack+feed period, some adjust-
ments need to be made. The first alteration follows from the rolling horizon characteristic of
procrastination. In general, orders will only be generated if necessary within the scheduling
horizon. Hence, stacking orders will only be scheduled when the drop locations are running full.
However, waiting with stacking until all drop locations are full will result in trucks that cannot
be assigned a dump location, as well as full(er) drop locations at the end of the strategy due to
less stacking orders being scheduled. Hence, for the rolling horizon model to run smoothly, a
stacking incentive is added in the same manner as mixing orders already are, i.e. by incorpor-
ating the maximisation of the number of generated stacking orders in the objective. The weight
coefficient of the driving times is set to align with the scale of the number of stacking orders.
As a downside of this intervention, orders of different types will now only be planned if there
is no easy way around them, as they are inferior to stacking orders. However, (non-stacking)
orders are already delayed because of the minimising of the handling time. Note that is also
what happens in practice.

As Equation (6.1) shows, also the starting times are added to the rolling horizon model
objective, but with a very small factor. This to prevent orders that are earlier available to be
scheduled further into the period. Herewith, no idle time is build in unnecessary, leaving more
time for orders in the following iterations. In the same line, it needs to be prevented that a
stacking order that only becomes available too close towards the end of the scheduling period is
scheduled as first order. As it can happen that soon after the scheduling horizon of an iteration,
two feeding orders are required, it is ensured by Constraint 6.2 that at the end of the horizon,
the driving time of two feeding orders is kept free from starting stacking orders. This is in
correspondence with the maximal ‘shift forward time’ after an iteration in which no orders are
scheduled. It only needs to be enforced for the first order as that is the only one scheduled in

that iteration.
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Counting from the first stacking order after opening hours, as in base model instances, to
an hour after opening hours, the generated schedule in Appendix C comprises a total of 267
generated orders, of which 83 feeding orders, 163 stacking orders and 21 validating orders. With
267 orders, the size of the schedule lies in the lower range of the stack+feed base model instances
originating from the simulation model.

In line with the (stacking order) procrastination, the first validating order is generated after
about 4.5 hours. As they are only scheduled when necessary, validating orders are put on hold
until all ‘stack to’ locations have reached the maximum number of drops without consequences
(n™a* — 1). Apparently, it is ‘cheaper’ to drive further in a stacking order than to insert a
validating order. This indicates that the differences in driving times are smaller than the length
of a validating order. Although it suits the rolling horizon method, the stack+feed schedule
from the simulation model of which the by the base model rescheduled output can be found in
Appendix B.1, shows practically the same patterns. The first validation order is scheduled after
just over 4.5 hours, the same number of stacking orders is scheduled and only one validating
order more. Over all 20 simulated stack+feed schedules, however, the average number of stacking
orders per validating order lies about 20% lower.

At the end of the strategy period, the two drop locations the furthest away from the stacking
zone are (almost) full, while the other drop locations are not more than one truck dump filled.
This shows that the truck dump location assignments are done randomly, which corresponds
with the fact that the truck dumping time exceeds the scheduling horizon. While the model
can look back over a longer period via the information on open/blocked drop locations, it is not
possible to look further ahead than the scheduling horizon.

6.3 Decision Rules

From the analysis of the results of the base model in Section 6.1.3 and the extended model in
Section 6.2.2 and Section 6.2.3, a set of decision rules is established. Note that both models
only consider the case with one waste crane.

Rule 1 (Feeding 1). If a crane is assigned a feeding order, also feed other hopper(s).
In the base model, feeding orders are often grouped to reduce the crane driving times. The
scheduling horizon in the rolling horizon model is too short to either support or contradict this.
Feeding orders are typically generated when hoppers are running low in the waste supply.
The threshold is set relatively high in order to keep the passage from the hopper to the furnace
airtight. Still, enough hopper capacity remains to receive more waste in a shorter period of time.
Moreover, as Figure 6.6 (left versus right) shows in distance, pairing feeding orders reduces the
total travelling time around these orders.
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Rule 2 (Feeding 2). When executing a group of feeding orders, end with one to the hopper
closest to the stacking zone.

In the base model, almost every cluster of feeding orders ends with an order to the hopper
adjacent to the stacking (mixing) zone. Only in clusters of a larger number of feeding orders,
this is not necessarily the case. Again, the scheduling horizon in the extended model cannot be
used to derive rules for feeding orders.

When grouping more than two feeding orders, there certainly is time to move a second order
to the hopper adjacent to the stacking zone, leaving time to perform the orders to the other
hopper first. Figure 6.6 (above versus below) supports possible gains in travelling time.

(a) feeding orders paired, left hopper last (c) feeding orders split, left hopper last

(b) feeding orders paired, left hopper first (d) feeding orders split, left hopper first

Figure 6.6: Schematic driving routes when performing two feeding orders while mixing (or
stacking). The feeding orders are paired (left) or split (right), and the hopper adjacent to the
stacking zone (here: left hopper) is last (top) or first (bottom). Travelling routes are solid,
handling and non-feeding routes are dotted. (1) travelling to first feeding order, (2) handling
first feeding order, (3) travelling from first feeding order, (4) handling second feeding order, (5)
travelling from second feeding order, (M) mixing order in between feeding orders.

Rule 3 (Locations). While handling an order, move away from the previous destination and
towards the next origin.

Both in the base and extended model, the tendency is to start relatively close to the destination
of the previous order and to end in the direction of the origin of the next order. For example, for
mixing orders following a feeding order it is preferred to have the destination lying further away
from the hopper than the origin, and hence, to move away from the hopper. In this manner,
not only the origin of the next order is taken into account for the current destination, but also
its own origin.
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Of course, for stacking and feeding, the origin and destination, respectively, are given as
input. This means that for the starting location of a feeding order both the previous and
current destination are relevant, while for the destination of a stacking order mainly its own

origin will be taken into account.

Rule 4 (Validating). If mizing is allowed, mixz from the location that requires validation.

In the extended model, no validating orders are executed during mixing strategies. Instead,
mixing orders originating from locations with a maximum number of drops are generated.
Validating orders are included to verify the waste level as this is uncertain (in reality) because
of varying grab sizes and waste tumbling. However, the waste level at a location is also validated
when a crane grabs from it, i.e. when an order starts from that location. During stacking, no
orders are allowed to start from the location where orders end. However, while mixing, orders
are allowed from any possible destination inside the bunker. Hence, indeed, validating orders

are not necessary for waste level validation during mixing periods.
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Chapter 7

Simulation Results

In this chapter, the decision rules established in Section 6.3 are translated into the simulation
model. In Section 7.1, the model cases are presented. The base case of the simulation model is
described, after which the decision rules are interpreted and incorporated into four simulation
cases. In Section 7.2, the key performance indicators are introduced, and in Section 7.3, the
location scoring weight factor, as part of decision rule 3, is determined. The effects of the

decision rules are discussed per model case in Section 7.4.

7.1 Model Cases

The decision rules derived from the base and extended model in Section 6.3 are incorporated
in a follow-up of the simulation model described in Section 2.4. The deviations between the
follow-up model and the model presented in Section 2.4 are described in Section 7.1.1.

The decision rules are incorporated in four different simulation model cases. Feeding rules 1
and 2 are combined in case 1, while location rule 3 and validating rule 4 are considered separately
in cases 2 and 3, respectively. Case 4 includes all four rules. Both in case 2 and case 4, rule 3
is only implemented for mixing orders. With the focus on mixing, the implementation for the
other order types is considered out of scope. An overview of rules per case is given in Table 7.1.

Rules
Case 1]2]3 |4

1: feeding X | x

2: locations X

3: validating

4: all X | x| x

Table 7.1: Overview of decision rules incorporated in simulation model cases.

7.1.1 Base Case

The base case of the follow-up simulation model is based on the exemplary case described in
Section 2.4. Hence, two active cranes are considered in a 100 x 25 x 39 meter bunker with a
drop zone, alternating stacking and feeding zones and four hoppers. In addition to the 20 x
5 ‘location grid’, the new model has an overlying ‘waste grid’ of 1 x 1 meter grid slots. This

Lonly for mixing orders
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finer grid supports the incorporation of waste tumbling. Based on a maximal angle between the
heights at adjacent slots, dropped waste spreads over multiple slots.

As in the former version of the simulation model, three weeks are simulated. However, in the
follow-up, the first full week is set-up, so only two weeks of data is to be considered. Because of
this, the case that a crane is being serviced in the middle of the bunker is omitted.

7.1.2 Decision Rules

The decision rules on feeding, locations and validating are translated into the simulation model.
Per rule, the interpretation of the rule is given.

Rule 1 (Feeding 1):

In the simulation model, a feeding order is generated when somewhere in a hopper the waste
level drops below a predefined threshold. The order is assigned to the drop spot closest to that
lowest point. Applying decision rule 1, in addition to this one order, feeding orders for all drop
spots of all hoppers within the crane work zone are generated. Hence, groups of four orders are
generated, and planned to be executed. During execution, it is ensured that only the orders

that will not overload the hoppers are carried out. A margin of 1.5 meter is taken into account.

Rule 2 (Feeding 2):
In the simulation model, generated (feeding) orders are selected to be executed mainly based on
its time of generation.

For a cluster of feeding orders to conclude with an order to the hopper adjacent to the stack-
ing zone, the orders to that hopper are postponed when the waste level in the concerned hopper
has not yet reached the threshold and an order to the other hopper in the crane work zone is
available.

Rule 3 (Locations):

In the simulation model, the origin and/or destination of an order is determined based on waste
levels, in correspondence with the example rules mentioned in Table 2.1. So, for mixing orders,
the location in the ‘mix from zone’ with the maximum waste level is set as the orders origin,
and the location in the ‘mix to zone’ with minimum waste level as its destination.

When determining the origin location for a mixing order according to the new decision rule,
all locations from where it is allowed to mix are scored based on the (x,y) distance to the
destination of the previous order of the crane and the difference between the waste level at this
location and the maximum waste level in the ‘mix from zone’. Subsequently, the destination of
the mixing order is determined. The locations are scored similarly, but for the (x,y) distance its
own origin is used, and for the difference in waste level, the minimum level in the ‘mix to zone’ is
considered. The origin of the following order cannot be taken into account in the determination
of the destination because, in the simulation model, at the moment of generating an order, the
following order is not yet known.

Because (x,y) distances are around a dozen meters and level differences typically a couple
of meters, the (x,y) distance is scaled by a factor 0.1. Equation (7.1) shows the general formula
for the scoring of the locations, with A representing the weight factor between the scaled (x,y)
distance and the waste level difference. The value of A is determined in Section 7.3.
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score = X -scaled (x,y) distance + (1 — \) - A(waste level) (7.1)

In a similar way, the destinations of stacking orders and the origins of feeding orders can be
adjusted. For feeding orders, both the destination of the previous order and of the feeding order
itself can be taken into account.

Rule 4 (Validating):

In the simulation model, validating orders are generated for a specific grid slot when the number
of drops since an order started from that slot has reached the set maximum (of five). With this
decision rule, before generating a validating order, it is checked whether or not mixing orders
are allowed. If it is allowed, instead of a validating order, a mixing order is generated for the
concerned grid slot. With this, it is ensured that the mixing order starts from the location that

requires validation.

7.2 Key Performance Indicators

The effects of the decision rules on the simulation model are reviewed based on key performance
indicators (KPIs). The KPIs mainly concern the crane driving times, the number of orders
and the mix quality. In Table 7.2, the KPIs are listed and described. Figure 7.1 shows the
categorisation of the KPIs.

The first two sets of KPIs, the driving time KPIs and the number of orders KPIs, are mainly
quantitative measures. For each order type, feeding, stacking, mixing and validating, the average
driving time is calculated.

The third group of KPIs are the mixing KPIs. Besides the average driving time of mixing
orders and number of mixing orders, a more qualitative aspect is considered in the ‘mixed share’
KPI. This KPI represents the average share of waste that has been mixed (once or more times)
before it is fed. Note that the average number of times waste is mixed depends on the number
of mixing orders and the variable amount of waste delivered.

Table 7.2 also includes whether or not an increase in KPI value is viewed as a positive effect.
Keeping in mind that the focus lies on crane performance, including waste homogeneity, the
desired and undesired effects are clear. Desired effects are decreasing driving times, increasing
number of mixing orders, and increasing share of waste that is mixed. Undesired effects are an
increasing number of non-mixing orders (feeding/stacking/validating).

From the decision rules on feeding, locations and validating, no effect on the driving time of
validating orders or the number of feeding and stacking orders is to be expected. The driving
time of validating orders only depends on the crane specifications, including the grab size. The
number of feeding and stacking orders are directly related to the incineration and the truck
arrivals, respectively, two factors outside the scope of the decision rules.

7.3 Location Scoring Weight Factor

The location scoring weight factor A in Equation (7.1) is determined based on trial runs with
20 replications. With the (x,y) distance already scaled down to the same order of magnitude as
the waste level difference, A = 0.5 can be considered as equilibrium. Note that for this value,
1 meter of waste level difference and 10 meters of (x,y) distance contribute equally as much to
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KPI Description Positive Effect

feeding driving time average driving time of feeding order decrease
stacking driving time average driving time of stacking order decrease
mixing driving time average driving time of mixing order decrease

validating driving time | average driving time of validating order -

feeding orders total number of feeding orders -
stacking orders total number of stacking orders -
mixing orders total number of mixing orders increase
validating orders total number of validating orders decrease
mixed share average share of fed waste that has been mixed | increase

Table 7.2: Simulation model KPIs, their description and whether a decrease or increase in KPI
value is a positive effect.

mixed share

feeding dt mixing dt # mixing # feeding

stacking dt | validating dt || # validating | # stacking

driving times (dt) number of orders (#)

Figure 7.1: Overview of KPIs per category: mixing (green), driving times (red) and number of
orders (purple).

the score. The smaller A, the more the focus shifts towards the waste levels, and hence, closer
to the base case, which corresponds to a scoring factor of A = 0. The larger A, the more the
focus shifts towards the (scaled) distance, away from the base model.

The considered location scoring weight values are A = 0.25, A = 0.5, A = 0.625, A = 0.75
and A = 1. From Equation (7.2) it follows that for values A = 0.25 to A = 0.75, 30, 10, 6 and
3.33 meter of (x,y) distance, respectively, contribute as much as 1 meter waste level difference
to the score of a location (as defined in Equation (7.1)).

1-))
0.1A

#m (x,y) distance contributing as much as 1 m level difference = (7.2)

Figure 7.2 shows the effects of the runs on the driving times, number of orders and mixing
KPIs listed in Section 7.2 relative to the base case of the simulation model. From the results
concerning the mixing KPIs (Figures 7.2e and 7.2f), several trends can be observed. The larger
A, the larger increase in total number of mixing orders and the larger decrease in the average
driving time of mixing orders. The increase in number of mixing orders grows faster than the
decrease in mixing driving times.

For the larger values of A, the larger A, the larger the decrease in the share of mixed waste.
A plausible explanation would be that due to the shorter distances, the crane mixes more often
in the same area, and more superficial. This does, however, not explain why the trend does
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not continue for A = 0.25. This trend concerning the mixed share is an undesirable trend as a
decrease in mixed share is unfavourable for the waste homogeneity. However, for all A, a negative
effect on the mixed share KPI is observed. For A = 0.5, this effect is the smallest (-4.97% and
-6.37%), closely followed by A = 0.625 (-6.15% and -6.71%).

Regarding the KPIs on driving times (Figures 7.2a and 7.2b) and number of orders (Fig-
ures 7.2c and 7.2d), the significant increase in number of stacking orders and stacking driving
times are remarkable. Concerning the number of stacking orders, a slight trend can be detec-
ted: the larger A, the smaller the increase. Though an increase in number of stacking orders is
unanticipated, it is not considered as a negative effect since stacking can be seen as a special
case of mixing. This effect does not contribute to the discussion on the value of A as it depends
on the waste delivery, stacking grab sizes and waste tumbling. The other non-mixing KPIs do
not show remarkable deviations for certain A values.
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Figure 7.2: Effects of decision rule 3, relative to A = 0, on driving times, number of orders and
mixing KPIs for several values of location scoring weight factor A, based on 20 replications.
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As candidate location scoring weight factor, A = 0.5 is proposed. This value scores the
best, or the least bad, on the mixed share KPI, while showing substantial positive effects on
the mixing driving times and the number of mixing orders. Also, no deviations on other KPIs
are observed for this value. The effects of the location decision rule will be discussed further in
Section 7.4.

7.4 Effects of Decision Rules

The results of the model cases with respect to the KPIs are presented in Figure 7.3, per KPI
category and crane. For each case, including the base case, 20 replications are done. Per case,
the averaged results are analysed and compared to the outcomes of the base case.

Whether or not a result is significant can be determined based on the effects on KPIs on
which no effect is to be expected. Overall, the decision rules should have no effect on the driving
time of validating orders, or the number of feeding and stacking orders. Hence, the measured
effects on these KPIs are a result of limited testing, and therewith, they indicate an insignificant
effect size.

In theory, the two cranes should show the same behaviour. Indeed, the trends in Figure 7.3
are very similar. However, the sizes of the effects do show significant differences. In absolute
terms, crane 1 structurally performs more mixing and less stacking orders than crane 2. Feeding
and validating driving times are longer for crane 1, while the driving times of stacking and
mixing orders are shorter. Also, under crane 1, the share of mixed waste is smaller. In relative
terms, however, the increases and decreases on these KPIs are more varying.

The inclusion of the decision rules in the simulation model has limited effect on the model run
time. In Table 7.3, the average run time of a replication is given per model case. For cases 2 and
3, the model run time has somewhat increased, with 2.4% and 1.9%, respectively. The run time
of cases 1 and the all-including case 4 have decreased with 2.6% and 4.8%, respectively. However,
the changes in run time are subject to the used server and its occupation. In combination with
the limited number of replications, the observed run time differences are not significant.

H Base Case ‘ Case 1 ‘ Case 2 ‘ Case 3 ‘ Case 4
Run Time | 04:23h | 04:16h | 04:29h | 04:27h | 04:10h

Table 7.3: Average replication run time per model case.

Case 1: Feeding

The clustering of feeding orders has resulted in small decreases in driving time of feeding, stacking
and mixing orders, as is to be expected when shortening the travelling distances (Figure 6.6).
The decrease in the driving times of mixing and feeding orders contribute to the generation of
extra mixing orders, which in its turn boosts the mixing KPI ‘mixed share’, i.e. increases the
rate of waste pieces that are mixed before fed.

The changes in the total number of feeding orders are insignificant, supporting the im-
plementation. On the validating orders KPI, a significant effect is observed. The number of
validating orders dropped. This can (partly) be explained by the increase in number of mixing
orders. With more mixing orders being handled, it becomes more likely to prevent a validating
order by mixing from a location that would otherwise require validation.

Note that the generating of feeding orders per four can lead to feeding order clusters consist-
ing of a multiple of four orders. This happens when a drop spot runs low while it has an order
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scheduled that was generated previously by another drop spot, but not yet executed. Typically,
the clusters consist of four to twelve orders, but every now and then, more than twelve orders
are grouped, up to 24. It takes about 50 minutes to execute a cluster of 24 orders, after which no
feeding orders are scheduled for 3.5 hours. The extensive clustering can be prevented by setting
a maximum number of not yet handled orders per hopper.

Case 2: Locations

The location rule for mixing definitely shows the largest effects. The large positive effects, up
to 30%, on mixing driving times and number of mixing orders stand out. This strong positive
effects do, however, not translate into a larger amount of waste being mixed. Even a decrease
in mixed share, the KPI for waste homogeneity, can be observed. This means that a selective
share, mostly at the surface, is mixed more often.

An unanticipated side effect is the significant increase in number of stacking orders and their
average driving time. The number of stacking orders depends on the amount of waste delivered,
the stacking grab sizes and the amount of waste tumbling back into the drop zone. The first
two can be considered external factors, with which the location rule has no relation. The latter
factor, however, can be partly seen as a consequence of the location decision rule as there might
be mixed closer to the drop zone because of the waste level difference with the drop zone and
continuous tumbling. In any way, this explanation does not support the size of the increment .
The tumbling and (re-)stacking can be considered as extra mixing, so the effect on the number
of stacking orders is not seen as a disadvantage. The increase in stacking driving time is likely
to be a side effect of the increase in number of stacking orders. With handling more stacking
orders, waste needs to be stacked further away, i.e. higher and further into the bunker, which
lengthens the driving time.

Though out of scope, the location decision rule can be extended to the destinations of stack-
ing orders, and origins of feeding orders. Especially for the feeding orders, the destination of the
preceding order can be incorporated in the determination of the origin. From the strong results
for the mixing orders, a significant decrease in the driving time, more specifically the travelling
time, of feeding orders can be expected.

Case 3: Validating
The main result of the validating decision rule, rule 4, is the decrease in total number of validating
orders. Although the decrease is substantial, the effect is relatively small considering that mixing
is allowed for more than half the time. However, in the base case, most validating orders are
scheduled during stacking because with mixing, already validating orders are prevented.

Compared to the considerable decrease in number of validating orders, the increase in number
of mixing orders is minimal. This can be explained by two factors. Firstly, the driving time of
a mixing order is substantially longer than the driving time of a validating order. Secondly, the
presented results are the relative effects. In the mixing periods, between the total number of
mixing orders and the total number of validating orders, there is a minimum factor corresponding
to the maximum number of drops before validating. Together, these two factors explain the
difference in scale of the effect.

Though the substitute mixing orders have a fixed origin, no significant increase in the av-
erage mixing driving time is visible. This is probably due to the small number of extra mixing

orders.
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Case 4: All
For this case, in which all decision rules are combined, the effects on most KPIs are an accu-
mulation of the effects of the separate rules. Only for the number of validating orders and the
mixed share, this does not seem to hold. The effect on the validating order KPI is less favourable
than the accumulation, though still substantial.

For the mixed share KPI, the effects per crane deviate somewhat from each other. For both,
the mixed share has decreased further. The negative effect under crane 1 has increased signific-
antly, while under crane 2, the additional decrease is limited.
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Figure 7.3: Effects of decision rules on average crane driving times (per order type), total number
of orders (per order type) and mixing KPIs (average number of times waste is mixed, average
share of waste that is mixed, average driving time of mixing orders, average number of mixing
orders) in simulation model, based on 20 replications per case.
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Chapter 8

Discussion and Conclusions

In this thesis, the way in which optimisation-based decision rules can improve the performance
of waste handling cranes is studied. Herefore, the waste crane scheduling problem (WCSP)
is formulated, which describes the crane operations within the context of the waste-to-energy
process.

With only one paper found on the subject of waste crane scheduling, related work on crane
scheduling and sequencing is considered. Based on the literature, a mixed integer (linear)
programming (MILP) is chosen as modelling framework. Two different models are constructed:
the base model and the extended model.

In the base model, crane orders scheduled by TBA’s simulation model are resequenced. In
the extended model, the generation of the orders is included. In both models, one crane in
considered. The results of the two models are used to derive decision rules that control the
generation and scheduling of waste crane orders. The performance of implementing the decision
rules is obtained by including them into the simulation model.

After the research and the obtained results are discussed extensively in Section 8.1, the main
conclusions and recommendations for future work are presented in Section 8.2 and Section 8.3,
respectively.

8.1 Discussion

The results of this research on the improvement of the performance of waste handling cranes,
and the research itself are discussed by addressing the three main models: the base model, the
extended model and the simulation model. Additionally, the waste homogeneity is addressed.

Base Model

In the base model, output from the simulation model is rescheduled for one crane to minimise
the crane driving times. With the rescheduling of instances corresponding to a strategy period
containing 135 to 331 orders, total driving time gains up to 7.63% were obtained. However, only
30 out of 180 instances were solved to optimality. Moreover, for 28 instances, no integer solution
was found within a time limit of one hour.

For all instances of the latter kind, the buffer time, the maximum time between the generation
and the completion time of a feeding order was set at 5 minutes (300 seconds). With the schedule
from the simulation model set as initial solution, this shows that the (in practice) aimed time of 5
minutes cannot always be attained. As buffer time values, also 10 and 15 minutes are considered.
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In practice, however, 15 minutes is not a reasonable value as it is close to the average incineration
time of a feeding grab and therewith, an airtight connection to the furnaces cannot be assured.
Nonetheless, it gives an idea of the effect of the buffer time on optimal solutions.

Lengthening the feeding buffer time to 10 minutes, resulted in feasible solutions for all
periods. The increase in gain between a buffer time of 5 and 10 minutes is substantial, especially
for the longer periods. The further improvement in gain when applying a buffer time of 15
minutes is significantly less. This can be explained by the fact that more than half of the
periods were solved to optimality with a 15 minute buffer, and hence, already for the 10 minute
buffer, the solutions were close to optimal, leaving little room for improvement. However, the
largest difference in increase in gain is obtained for the stacking period, of which only 10% was
optimally solved.

Overall, the stacking periods show the smallest gains over the three strategy periods, even
though it is the longest period with, jointly, the highest number of orders. This supports the
idea of the flexibility of mixing over stacking, with shorter driving times and varying origins.

A set of modelling choices is responsible for the non-optimal outcomes. A main factor is the
model running time limit of one hour. With a longer running time, or more computational
power, of course, more instances would be solved to optimality. However, the modelled problem
being NP-hard, the time limit should probably be so much increased that running all instances
would not be feasible anymore. The number of optimally solved instances is also dependent
on the ‘optimisation speed’ of the solver. However, Gurobi is known as a fast and competitive
MILP solver. So, not much improvement is to be expected by switching solver.

Furthermore, the quality of the results is influenced by the (re)scheduling window. With the
rescheduling window, only orders that were at most eight orders apart in the original sequence
from the simulation model are allowed to be sequenced directly after each other. Herewith,
especially the freedom in deciding on mixing locations is limited. In theory, mixing orders and
their origin and destination are independent of time, though the state (waste levels, start/end of
period) should be taken into account to some extent. Feeding and stacking orders are much more
time dependent, as their generation is dependent on the boundary processes of waste delivery
and incineration. Introducing the rescheduling window improved the running time - optimality
rate, but without it, the gains for the mixing periods might be larger. On this, no experiments

were conducted.

Extended Model
The extended model combines the generation and the sequencing of orders. A significant draw-
back of the model is that it is formulated for the case of one crane. However, for the rest,
the model is rather general as the input determines the modelling aspects such as the bunker
layout, strategy periods, opening hours and crane specifications. Though not considered here,
the model can, for example, manage it when stacking and mixing are allowed at the same time.

In order to linearise the model, the waste level and time needs to be discretised. Rather large
waste level and time units were proposed to reduce the model size. Herewith, the discretisation
of the waste level led to a big loss in variation, e.g. in arriving waste and incineration speed.
Also, the spread in travelling and handling times are almost cancelled out as the smaller, but
significant, differences fall within a time unit.

The main obstacle regarding the implementation of the extended model was the size of the
model. The size of the full model increases so fast over time that 15 minutes proved to be
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the maximal achievable scheduling period on a personal computer. Since the problem is the
memory needed to set up the model, using an external server such as the NEOS Server! was
not an option as most of them require a model as input, after which the optimisation can be
run. Also limiting herein, is the use of Gurobi in setting up the model. This can be done more
general such that only the optimisation requires Gurobi, enabling to build the model without a
license.

As alternative, a rolling horizon approach is applied on the extended model. With this
method a full (stacking) strategy period can be scheduled. A scheduling horizon of 7.5 minutes
already required a time limit to keep the total running time considerable. With a time limit
of 1000 seconds, it already took over five days to generate a schedule of 267 orders. So, when
extending the scheduling horizon, e.g. to the current maximum of 15 minutes, most likely the
time step needs to be adjusted to somewhat limit the total running time. The next iteration
now started at the completion of the first scheduled order. By altering it to the completion of
the second order, the time step will significantly lengthen and the number of iterations decrease.
Herewith, instead of one order, two orders will be written away into the schedule per iteration.
This has not been considered in this project.

Simulation Model

An important note on the simulation model is that during this research, the model was still
under development. Hence, the model version used for the base model input differs from the
version with which the results of the decision rules are obtained. The second version is more
detailed and more inclusive, e.g. with regard to the waste level.

The decision rules derived from the optimisation models only consider one crane, while the
simulation model considers two cranes in a bunker double the size. Because the cranes do have
their own working areas in the model, the interaction between the cranes, and hence, the effects
of not considering them together, are limited.

With the current implementation of the feeding rules, the only limit in the scheduling of
(groups) of feeding orders is that a hopper is not allowed to be overloaded. A 1.5 meter margin
is reasonable, however, it results in clusters of up to 24 feeding orders, which takes about 50
minutes to handle. This can be considered impractical, for example because in this model, in
the hour before opening, mixing is no longer allowed, and only a very limited number of stacking
orders can be carried out. Hence, a suggestion would be to limit the number of orders generated
per hopper, to a number between 2 and 6, resulting in clusters of at most size 12. Of course this
would depend on the number of hoppers in a crane working area, so, more general, the number
of generated feeding orders per crane should be limited.

The location decision rule has only been implemented for mixing orders. Considering the
substantial effects on the driving time and the number of mixing orders of this rule, also sig-
nificant results can be expected when extending the rule to stacking and feeding orders. With
no direct effect on the share of mixed waste, the location rule for stacking and feeding might
result in only positive effects. For the destination of stacking orders, this can be done in the
same manner the destinations of mixing orders are determined. For the origin of feeding orders,
however, not only the previous destination, but also the hopper as its own destination should
be taken into account.

The (combination of the) decision rules leads to substantial positive effects on the crane

"https://neos-server.org/
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driving times and number of orders. The largest contributor is the (mixing) location rule. Com-
pared to its effects on the total number of mixing orders and their average driving time, the
effects of the feeding rule, and especially, of the validating rule are minimal. Most effects were
expected. The odd one out is the effect on the share of waste that is mixed before it is fed to a
hopper. With the location rule implemented, the mixed share decreased, which is an undesirable
effect. This was the case for multiple versions, in which the ratio waste level - (x,y) distance
varied in determining the locations. Combining the decision rules, this negative effect became
stronger. At least, for the one implemented location rule version. A solid explanation has not
established. Part of the problem is the large variation in amount of waste in the bunker, which
directly affects the mixed share.

Waste Homogeneity

The importance of waste homogeneity for the waste-to-energy process is taken into account in
several ways. In the optimisation model, the number of mixing orders is maximised. In studying
the effects of the decision rules on the simulation model, a set of mixing KPIs is included.

Waste homogeneity can be quantified in several ways. For example, as the number of ex-
ecuted mixing orders. However, more mixing does not necessarily result in homogeneous waste,
e.g. by picking up and dropping the same piece of waste over and over, the overall homogeneity
is not increased. Hence, the mixing quality needs to be quantified. For example, by the share
of waste that is mixed before it is fed. This homogeneity indicator is used in the reviewing of
the effects of the decision rules on simulation. It is also considered in literature, as part of the
distribution of the number of times a piece of waste is mixed. Here, the number of times waste
pieces are mixed did not prove to be valuable information as it depends too much on the total
number of waste pieces in the bunker, i.e. the amount of waste that is delivered, which varies
substantially between simulation runs.

From the effects of the location decision rule, it is clear that the number of mixing orders in
itself is not a proper indicator of the waste homogeneity. A 30% increase in number of mixing
orders and at the same time a 5% decrease in mixed share reveals that the additional mixing
orders only go to the mixing of the same waste pieces more often.

8.2 Main Conclusions

Rescheduling a schedule of waste crane orders to minimise driving times gives a good idea on
where room for improvement lies. The clustering of feeding orders and minding order locations,
origins and destinations, proved to affect the crane performance positively.

The waste crane scheduling problem can be formulated as a mixed integer program. For a
linear model, the waste levels and time units need to be discretised. The model size increases
very fast when lengthening the time period. An heuristic approach, such as the rolling horizon
method, allows to schedule a larger period of time. Still, in order to build a schedule within
reasonable time, each iteration requires a maximum running time, which leads to (very) limited
optimisation.

Clustering feeding orders by generating them per group of hoppers, and ordering the orders
within a cluster, results in small, but significant, positive effects on the crane driving times
(~—3.2%) and waste homogeneity (~+4.5%). The implementation can be made more practical
by limiting the feeding order cluster size.

Including the (x,y) distance in the determination of the origin and destination of mixing
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orders results in large positive effects on the mixing driving time (~—20.0%) and number of
mixing order (~+29.3%). The increase in number of mixing orders mostly translates into mixing
the same waste pieces more often, instead of mixing a larger share of the waste (~—5.7%).

Validating orders are not necessary as they can be replaced by mixing orders. When mixing
is not allowed, validating is still required. In this perspective, an investment in waste level
measure equipment is most likely not worth it.

As indicator of waste homogeneity, the number of mixing orders in itself is not very good.
Mixing orders can translate into mixing more waste pieces or mixing waste pieces more often,
which do not necessarily go hand-in-hand. Waste homogeneity would be better indicated by the
distribution in number of times waste pieces are mixed.

8.3 Recommendations

The most limiting factor in the optimisation of the base model is the rescheduling window. Its
effect, e.g. on the origin and destination of mixing orders, could be investigated by enlarging it
with small steps, to be sure not to loose too much on accuracy-time ratio.

For the extended model, the main problem is the model size, even with the built-in sim-
plification. Hence, to obtain more significant results, more computational resources should be
provided.

The location decision rule should be investigated further. For example, by trying more waste
level - (x,y) distance ratios. Also, the way the locations are scored and hence, chosen, can be
adjusted. For example, the (x,y,z) crane path can be included as a factor, next to or instead of
the waste level and (x,y) distance factors.

The most obvious recommendation concerning simulation, is to increase the number of rep-
lications to base the results on. From the results of the simulation model, multiple deviations
most probably follow from the limited number of replications. For example, the large variation
in the amount of waste in the bunker significantly affects the share of waste that is mixed before
it is fed to a hopper. Having said that, another possibility to decrease the variation in simula-
tion runs, is to fix the amount of delivered waste, i.e., the truck arrivals and possibly the truck
contents. In this way, the actual effects of the decision rules will be clearer as they can be tested
in more similar settings and therefore, can be better compared to the base case and each other.

As supplement to the share of waste that is mixed, the distribution of the number of times
waste pieces are mixed should be included as KPI for the waste homogeneity /mix quality. Herein,
both the waste that has been fed during the simulation and the waste left in the bunker should
be taken into account. The total number of waste pieces, indicating the overall waste level,
should also be considered since that influences the distribution strongly.

In this thesis, it is shown that decision rules derived from optimisation models can significantly
improve the performance of simulated waste handling cranes. It has also become clear that both
the theoretical and the applied aspect of the automatic waste handling crane operations would
benefit from further research. Though the waste-to-energy context is a very specific field of
application, automation is advancing everywhere in the industry. The presented mathematical
model describing the waste crane operations within the context of the waste-to-energy process
can be taken as starting point for further scientific research on the improvement of waste crane
performance. For the industry, a simulation model which takes the established operational rules
into account could serve as a base.
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Appendix A

Gains and Gaps Base Model

In this appendix, the total driving time gain, optimality deviation, and initial and final integrality
gaps of the base model instances are presented. Table A.1 displays the total driving time
gains and the optimality deviations, and Table A.2 shows the initial and final integrality gaps.
Optimally solved instances are indicated with ! and instances without integer solution and hence

output with 2.
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g9

Day Stack+Feed Mix+Feed Mix/Stack+Feed

b=300 |  b=600 b = 900 b =300 b = 600 b= 900 b=300 | b=600 | b=0900
1 2.90% (21.74%) | 3.36% (8.77%) | 3.58% (2.53%) | 3.82% (13.76%) | 4.23% (5.48%) | 4.48% (0.00%)" 2 4.15% (3.48%) | 4.34% (0.40%)
2 2.63% (9.61%) | 2.85% (1.56%) | 2.90% (0.13%)" | 3.59% (18.43%) | 4.22% (2.84%) | 4.40% (0.03%)" 2 3.20% (5.02%) | 3.37% (0.26%)
3 2 3.12% (6.71%) | 3.17% (4.68%) || 3.80% (17.66%) | 4.47% (3.33%) | 4.63% (0.03%)" 2 3.71% (1.08%) | 3.75% (0.08%)"
4 2 3.01% (3.03%) | 3.07% (0.21%) || 5.96% (22.73%) | 6.98% (9.99%) | 7.63% (0.04%)" 2 3.72% (5.77%) | 3.87% (0.07%)"
5 2 3.11% (5.96%) | 3.22% (1.73%) || 2.43% (21.69%) | 2.97% (2.78%) | 3.03% (0.05%)" 2 3.87% (2.30%) | 3.96% (0.07%)"
6 2 3.19% (4.48%) | 3.25% (2.61%) || 3.57% (16.59%) | 4.20% (1.27%) | 4.26% (0.06%)" 2 3.92% (3.47%) | 4.01% (2.30%)
7 2 2.75% (4.65%) | 2.84% (1.64%) || 3.81% (19.40%) | 4.49% (3.80%) | 4.64% (1.46%) 2 3.11% (2.00%) | 3.16% (0.36%)
8 2 3.04% (3.41%) | 3.12% (0.35%) | 3.76% (18.84%) | 4.59% (0.96%) | 4.60% (0.00%)* 2 2.51% (5.34%) | 2.60% (0.98%)
9 2 3.51% (6.15%) | 3.69% (1.19%) || 3.18% (8.96%) | 3.69% (0.49%) | 3.74% (0.07%)" 2 3.14% (2.34%) | 3.18% (0.09%)"
10 2.63% (17.91%) | 2.98% (4.82%) | 3.08% (1.01%) | 3.79% (10.34%) | 4.23% (0.70%) | 4.32% (0.05%)" 2 3.45% (4.82%) | 3.58% (0.19%)
11 2.20% (33.28%) | 2.96% (6.55%) | 3.11% (1.84%) || 3.32% (13.78%) | 3.76% (1.68%) | 3.83% (0.06%)' | 3.19% (14.42%) | 3.71% (0.25%) | 3.73% (0.07%)"*
12 2.85% (15.87%) | 3.18% (3.76%) | 3.27% (1.02%) || 3.09% (30.35%) | 3.95% (11.88%) | 4.47% (0.00%)" 2 2.78% (1.84%) | 2.82% (0.12%)*
13 2 3.32% (4.52%) | 3.43% (1.59%) || 4.44% (9.94%) | 4.88% (1.25%) | 4.99% (0.05%)" 2 3.24% (3.76%) | 3.36% (0.09%)"
14 2 2.57% (1.70%) | 2.60% (0.15%)* 2 2.67% (3.65%) | 2.76% (0.11%)* || 3.79% (3.26%) | 3.93% (0.09%)' | 3.95% (0.00%)*
15 3.06% (27.84%) | 3.65% (12.51%) | 3.89% (7.00%) | 4.05% (12.99%) | 4.50% (5.17%) | 4.83% (0.05%)" 2 4.08% (2.15%) | 4.15% (0.10%)
16 2.15% (11.00%) | 2.37% (0.80%) | 2.39% (0.16%)' || 4.08% (29.94%) | 5.28% (5.93%) | 5.51% (1.66%) 2 3.11% (5.37%) | 3.24% (2.47%)
17 3.02% (33.38%) | 3.77% (11.99%) | 3.95% (6.00%) || 4.01% (25.24%) | 4.96% (6.00%) | 5.28% (0.05%)' || 2.87% (23.34%) | 3.46% (6.96%) | 3.67% (0.90%)
18 2 2.37% (4.38%) | 2.44% (0.51%) || 4.05% (14.45%) | 4.52% (2.87%) | 4.67% (0.03%)" 2 1.99% (10.43%) | 2.14% (1.50%)
19 3.09% (31.41%) | 3.91% (10.63%) | 4.12% (4.05%) || 4.16% (24.28%) | 5.31% (3.00%) | 5.50% (1.03%) | 3.45% (19.79%) | 4.24% (1.57%) | 4.27% (0.00%)"
20 2 2.28% (4.80%) | 2.35% (1.55%) || 3.89% (27.49%) | 4.89% (5.63%) | 5.17% (0.05%)" 2 2.42% (10.26%) | 2.63% (0.18%)

mean 2.73% 3.07% 3.17% 3.87% 4.44% 4.64% 3.32% 3.39% 3.49%

median 2.85% 3.07% 3.15% 3.81% 4.48% 4.61% 3.32% 3.45% 3.62%

Table A.1: Total driving time gain (and optimality deviation) percentages of the base model, given per strategy period and buffer time b.
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16.3% / 0.21%

16.6% / 0.01%!

13.6% / 0.47%

13.8% / 0.32%

2

7.15% / 0.33%

7.34% / 0.12%

16.3% / 3.16%

16.7% / 0.63%

16.8% / 0.25%

10.9% / 0.22%

11.0% / 0.04%

2

8.12% / 0.28%

8.17% / 0.03%

17.4% / 3.28%

18.4% / 0.18%

18.6% / 0.00%*!

8.53% / 0.46%

8.64% / 0.08%

O |0 | N | |C =W (N |+

2

9.39% / 0.58%

9.55% / 0.11%

12.4% / 1.11%

13.4% / 0.07%

13.5% / 0.01%*!

11.2% / 0.26%

11.4% / 0.01%*!

—
o

7.62% / 1.37%

7.63% / 0.37%

7.75% / 0.08%

14.5% / 1.50%

15.2% / 0.11%

15.6% / 0.01%*

11.7% / 0.56%

12.1% / 0.02%

—_
—_

7.48% | 2.49%

7.84% / 0.51%

8.00% / 0.15%

13.7% / 1.89%

14.3% / 0.24%

14.4% / 0.01%*

13.3% / 1.92%

13.6% / 0.03%

11.5% / 0.01%*

—_
[\

8.16% / 1.29%

8.18% / 0.31%

8.25% / 0.08%

15.5% / 4.70%

16.7% / 1.98%

16.8% / 0.00%*

2

8.64% / 0.16%

8.66% / 0.01%"

—
w

2

8.75% / 0.40%

8.93% / 0.13%

17.2% / 1.711%

17.8% / 0.22%

18.0% / 0.01%*

2

11.4% / 0.43%

11.5% / 0.01%*

—
S

2

6.59% / 0.11%

6.60% / 0.01%"

2

7.31% / 0.27%

7.31% / 0.01%!

10.0% / 0.33%

10.0% / 0.01%*

10.0% / 0.00%*!

—_
(@3

10.0% / 2.78%

10.3% / 1.29%

10.6% / 0.74%

16.7% / 2.17%

18.8% / 0.97%

19.8% / 0.01%!

2

15.0% / 0.32%

15.1% / 0.02%

—
(=2}

6.30% / 0.69%

6.30% / 0.05%

6.30% / 0.01%*

18.4% / 5.51%

18.7% / 1.11%

18.7% / 0.31%

2

10.2% / 0.55%

10.3% / 0.25%

—_
N

9.91% / 3.31%

10.2% / 1.22%

10.4% / 0.62%

18.8% / 4.74%

19.5% / 1.17%

19.8% / 0.01%*

13.1% / 3.06%

13.3% / 0.93%

13.4% / 0.12%

—
o

2

6.13% / 0.27%

6.13% / 0.03%

17.2% |/ 2.49%

18.5% / 0.53%

18.6% / 0.01%*

2

6.22% / 0.65%

6.24% / 0.09%

—_
NeJ

10.3% / 3.24%

10.7% / 1.14%

11.1% / 0.45%

18.4% / 4.47%

21.4% / 0.64%

22.3% / 0.23%

15.2% / 3.01%

15.7% / 0.25%

15.8% / 0.00%*!

DO
e}

2

6.25% / 0.30%

6.25% / 0.10%

17.2% / 4.73%

17.7% / 1.00%

18.2% / 0.01%*

2

7.28% / 0.75%

7.30% / 0.01%

Table A.2: Initial and final integrality gaps of the base model, given per strategy period and buffer time b.

solved to optimality
2no integer solution found




Appendix B

Optimised Schedules Base Model

In this appendix, the optimised schedules of three optimally solved base model instances are
given. The three schedules correspond to the three different strategies. For each strategy, the
instance with the largest gains under a buffer time of 900 seconds is displayed. For the stack+feed

strategy, this is day 2, for mix+feed, day 4, and for mix/stack+feed, day 19.

Column Header

Below an overview of the column headers and their explanation is given.

Explanation

nr

type
release

starting

completion

travel

start (sim)

end (sim)

origin

destination

B.1 Stack+Feed

order type

release date

(x,y,z) end/drop location

(x,y,2) start/pickup location

order number before rescheduling

starting time after rescheduling
completion time after rescheduling
travelling time after rescheduling
starting time before rescheduling

completion time before rescheduling

Nr [ Type [ Release [ Starting [ Completion [ Travel [ Start Sim [ End Sim [ Origin [ Destination

1 | stacking | 202935.0612 | 202935.0612 | 203007.8228 0 | 202971.6302 | 203044.4361 | 47.5 | 22.5 3.3 | 47.5 2.5 | 18.0
0 | stacking | 202807.3639 | 203048.0083 | 203119.3770 | 40.1855 | 202863.6482 | 202935.0612 | 47.5 | 22.5 4.6 | 32.5 2.5 | 18.0
4 | stacking | 203119.3770 | 203160.3125 | 203225.0384 | 40.9355 203315.455 | 203380.2233 | 32.5 | 22.5 3.9 | 325 | 12,5 | 18.1
6 | stacking | 203007.8228 | 203259.2238 | 203324.5925 | 34.1854 | 203545.3625 | 203610.7737 | 32.5 | 22.5 3.3 | 425 | 12,5 | 18.1
2 | stacking | 203044.4361 | 203356.9565 | 203420.5039 | 32.3640 203079.846 | 203143.4358 | 32.5 | 22.5 5.0 | 27.5 | 12.5 | 18.1
5 | feeding 203280.7983 | 203447.7150 | 203527.9400 | 27.2111 | 203415.2127 | 203495.4419 | 22.5 | 17.5 | 21.1 85 | -5.5 | 40.0
3 | feeding 203137.1626 | 203566.0657 | 203646.8721 | 38.1257 | 203184.3443 | 203269.1935 7.5 | 175 | 21.1 | 35.5 | -5.5 | 40.0
10 | feeding 203970.8221 | 204006.4213 | 204086.7535 | 35.5992 | 204011.4128 | 204094.1973 | 17.5 2.5 | 21.0 | 325 | -5.5 | 40.0
11 | feeding 204113.6034 | 204152.2709 | 204232.6030 | 38.6675 | 204152.2058 | 204232.5422 7.5 7.5 | 21.0 | 11.5 | -5.5 | 40.0
16 | feeding 204808.9807 | 204844.5799 | 204924.9121 | 35.5992 | 204865.3043 | 204947.1565 | 12.5 | 12.5 | 21.0 | 35.5 | -5.5 | 40.0
9 | stacking | 203324.5925 | 204972.6477 | 205042.0879 | 47.7356 | 203837.0526 | 203906.5323 | 42.5 | 22.5 3.2 | 375 7.5 | 183
7 | stacking | 203420.5039 | 205078.7376 | 205146.4635 | 36.6497 | 203638.4544 | 203706.2237 | 42.5 | 22.5 4.7 | 32.5 7.5 | 18.2
8 | stacking | 203225.0384 | 205183.6489 | 205251.1010 | 37.1854 | 203738.1326 | 203805.5383 | 42.5 | 22.5 4.1 | 275 | 17.5 | 18.2
12 | stacking | 205146.4635 | 205277.4450 | 205341.6352 | 26.3440 | 204468.9873 | 204533.2199 | 32.5 | 22.5 4.6 | 37.5 | 12.5 | 18.3
14 | stacking | 205042.0879 | 205373.9992 | 205433.8717 | 32.3640 | 204662.6698 | 204722.4450 | 37.5 | 22.5 5.2 | 425 | 17.5 | 18.5
15 | stacking | 205341.6352 | 205460.8586 | 205533.1916 | 26.9869 | 204746.6699 | 204819.0434 | 37.5 | 22.5 4.3 | 42.5 2.5 | 18.6
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13 | stacking | 205251.1010 | 205575.0913 | 205644.3172 41.8997 | 204561.7870 | 204631.0563 | 32.5 | 22.5 3.6 | 27.5 7.5 | 18.5
19 | feeding 205102.3575 | 205671.1874 | 205751.5196 26.8702 | 205208.9248 | 205289.2612 | 22.5 | 12.5 | 21.0 8.5 | -5.5 | 40.0
21 | feeding 205812.9042 | 205851.0300 | 205933.0364 38.1258 | 205874.9852 | 205960.8344 2.5 | 175 | 21.0 | 32.5 | -5.5 | 40.0
17 | stacking | 205644.3172 | 205980.7720 | 206050.5336 47.7356 | 204993.8953 | 205063.7003 | 37.5 | 22.5 3.2 | 425 7.5 | 18.6
18 | stacking | 205433.8717 | 206087.5048 | 206157.7426 36.9712 | 205095.4728 | 205165.6619 | 27.5 | 22.5 4.7 | 475 | 12,5 | 18.6
23 | stacking | 206157.7426 | 206192.9518 | 206255.3958 35.2092 | 206100.5547 | 206162.9007 | 32.5 | 22.5 3.0 | 325 | 17.5 | 18.7
20 | stacking | 205533.1916 | 206283.3469 | 206354.7633 27.9511 | 205335.9772 | 205407.3491 | 27.5 | 22.5 3.6 | 475 | 17.5 | 18.6
24 | stacking | 206354.7633 | 206378.4287 | 206439.7561 23.6654 | 206192.8284 | 206254.2046 | 47.5 | 22.5 7.5 | 375 | 17.5 | 18.7
22 | stacking | 206050.5336 | 206466.9572 | 206531.8974 27.2011 | 206005.8231 | 206070.8058 | 32.5 | 22.5 4.3 | 32.5 | 12,5 | 18.7
25 | stacking | 206531.8974 | 206563.3566 | 206629.6897 31.4592 | 206281.5721 | 206347.9446 | 47.5 | 22.5 6.6 | 32.5 7.5 | 18.8
28 | stacking | 206439.7561 | 206667.3037 | 206739.9582 37.6140 | 206629.0202 | 206701.7189 | 47.5 | 22.5 4.3 | 37.5 2.5 | 18.9
27 | stacking | 206255.3958 | 206780.3579 | 206851.9409 40.3997 | 206520.8920 | 206592.5194 | 47.5 | 22.5 5.3 | 27.5 2.5 | 18.9
32 | feeding 206926.7910 | 206953.0475 | 207033.9154 26.2565 | 207128.0111 | 207211.5486 | 22.5 2.5 | 20.5 8.5 | -5.5 | 40.0
26 | feeding 206262.1253 | 207072.0412 | 207152.3733 38.1258 | 206384.9987 | 206465.3351 | 17.5 | 17.5 | 21.0 | 11.5 | -5.5 | 40.0
31 | feeding 206828.2762 | 207188.1771 | 207268.8307 35.8038 | 207005.7146 207089.649 | 12.5 2.5 | 20.7 | 35.5 | -5.5 | 40.0
29 | stacking | 206629.6897 | 207316.5663 | 207390.3994 47.7356 | 206738.9697 | 206812.8471 | 47.5 | 22.5 3.2 | 475 2.5 | 18.9
30 | stacking | 206851.9409 | 207432.0848 | 207501.3107 41.6854 | 206849.4842 | 206957.2028 | 37.5 | 22.5 4.1 | 47.5 7.5 | 19.0
35 | stacking | 207501.3107 | 207537.3175 | 207604.7220 36.0068 | 207476.7160 | 207544.1600 | 42.5 | 22.5 6.0 | 37.5 7.5 | 19.2
40 | stacking | 207604.7220 | 207641.6932 | 207706.2048 36.9712 | 208016.8174 | 208081.3714 | 27.5 | 22.5 53 | 37.5 | 12.5 | 19.3
43 | stacking | 207706.2048 | 207741.3545 | 207811.7590 35.1497 | 208315.1789 | 208385.6268 | 32.5 | 22.5 3.6 | 27.5 7.5 | 19.6
39 | feeding 207758.6135 | 207831.9762 | 207913.0584 20.2172 | 207890.4240 | 207971.5104 | 22.5 7.5 | 203 | 11.5 | -5.5 | 40.0
38 | feeding 207657.3525 | 207949.1349 | 208030.2171 36.0765 | 207774.2580 | 207855.3444 | 12.5 7.5 | 203 | 32.5 | -5.5 | 40.0
33 | stacking | 206739.9582 | 208077.9527 | 208144.5000 47.7356 | 207264.0374 | 207330.6271 | 37.5 | 22.5 3.2 | 425 | 12.5 | 19.1
34 | stacking | 207390.3994 | 208176.1140 | 208241.7447 31.6140 | 207381.1625 | 207446.7471 | 42.5 | 22.5 6.7 | 275 | 17.5 | 19.1
36 | stacking | 208144.5000 | 208265.8387 | 208327.7788 24.0940 | 207574.8644 | 207636.8470 | 27.5 | 22.5 7.6 | 275 | 12.5 | 19.2
37 | stacking | 208241.7447 | 208359.8214 | 208430.6545 32.0426 | 207664.6186 | 207735.4960 | 27.5 | 22.5 6.4 | 32.5 2.5 | 19.3
42 | stacking | 208430.6545 | 208473.6256 | 208544.2444 42.9711 | 208211.3845 | 208282.0427 | 27.5 | 22.5 3.3 | 425 7.5 | 19.5
41 | stacking | 208327.7788 | 208582.6084 | 208651.1319 38.3640 | 208110.3930 | 208178.8701 | 27.5 | 22.5 4.3 | 425 | 175 | 194
44 | stacking | 208651.1319 | 208679.1901 | 208745.0175 28.0582 | 208420.4117 | 208486.2879 | 47.5 | 22.5 4.2 | 375 | 17.5 | 19.6
49 | stacking | 208745.0175 | 208770.6115 | 208836.9922 25.5940 | 209059.8892 | 209126.2236 | 42.5 | 22.5 6.7 | 27.5 | 17.5 | 19.8
45 | stacking | 208544.2444 | 208868.7553 | 208941.9455 31.7631 | 208558.4691 | 208631.6997 | 37.5 | 22.5 4.6 | 42.5 2.5 | 19.7
50 | stacking | 208941.9455 | 208983.0952 | 209047.8512 41.1497 | 209158.0789 | 209222.8837 | 42.5 | 22.5 5.4 | 325 | 17.5 | 19.8
47 | stacking | 207811.7590 | 209076.3380 | 209142.4568 28.4868 | 208814.5092 | 208880.6704 | 37.5 | 22.5 4.2 | 47.5 | 12,5 | 19.7
51 | stacking | 209142.4568 | 209177.4993 | 209251.4395 35.0425 | 209252.4557 | 209326.4363 | 42.5 | 22.5 4.1 | 27.5 2.5 | 19.9
46 | feeding 208577.3953 | 209281.0884 | 209362.2777 29.6489 | 208678.9242 | 208762.7023 7.5 2.5 | 20.2 8.5 | -5.5 | 40.0
48 | feeding 208832.2993 | 209398.4224 | 209479.6117 36.1447 | 208930.8976 | 209015.5368 7.5 | 125 | 20.2 | 35.5 | -5.5 | 40.0
52 | stacking | 208836.9922 | 209527.3473 | 209598.5018 47.7356 | 209364.3689 | 209435.5668 | 42.5 | 22.5 3.2 | 475 7.5 | 19.9
56 | stacking | 209251.4395 | 209636.3301 | 209701.6988 37.8283 | 210010.2704 | 210075.6816 | 37.5 | 22.5 5.2 | 325 | 12.5 | 20.0
59 | stacking | 209701.6988 | 209737.2295 | 209807.6340 35.5307 | 210327.4465 | 210397.8943 | 47.5 | 22.5 4.1 | 32.5 7.5 | 20.1
53 | feeding 209406.9638 | 209834.1308 | 209915.3201 26.4968 | 209479.5813 | 209560.7748 | 17.5 | 17.5 | 20.2 | 11.5 | -5.5 | 40.0
54 | feeding 209684.4704 | 209951.5330 | 210033.5394 36.2129 | 209719.6865 | 209805.4316 2.5 | 125 | 20.1 | 32.5 | -5.5 | 40.0
61 | feeding 210414.1493 | 210452.8167 | 210534.1131 38.6674 | 210544.8585 | 210626.1592 7.5 | 175 | 20.1 8.5 | -56.5 | 40.0
57 | stacking | 209598.5018 | 210581.0987 | 210655.0389 46.9856 | 210105.1805 | 210179.1650 | 37.5 | 22.5 4.3 | 42.5 2.5 | 20.1
55 | stacking | 209047.8512 | 210695.8672 | 210767.7717 40.8283 | 209902.1844 | 209974.1332 | 37.5 | 22.5 6.1 | 37.5 2.5 | 20.0
62 | feeding 210691.9622 | 210797.1907 | 210878.5943 29.4190 | 210730.6653 | 210814.7385 | 17.5 2.5 | 20.0 | 35.5 | -5.5 | 40.0
60 | stacking | 210655.0389 | 210926.2617 | 210989.8843 47.6674 | 210431.6442 | 210495.1687 | 47.5 | 22.5 3.3 | 475 | 17.5 | 20.1
58 | stacking | 210767.7717 | 211017.8354 | 211091.0256 27.9511 | 210217.2567 | 210290.4912 | 47.5 | 22.5 5.0 | 47.5 2.5 | 20.1
64 | stacking | 211091.0256 | 211133.1396 | 211202.7940 42.1140 | 211245.9297 | 211315.6275 | 42.5 | 22.5 4.9 | 42.5 7.5 | 20.2
65 | stacking | 209807.6340 | 211242.3366 | 211309.4197 39.5426 | 211349.0365 | 211416.1620 | 42.5 | 22.5 3.9 | 37.5 | 12.5 | 20.3
67 | stacking | 210989.8843 | 211344.1408 | 211410.0453 34.7211 | 211577.4583 | 211643.4052 | 37.5 | 22.5 5.0 | 42.5 | 12.5 | 20.3
71 | stacking | 211309.4197 | 211576.6441 | 211645.8105 | 166.5988 | 212726.0213 | 212795.1415 | 42.5 | 22.5 4.7 | 27.5 | 12,5 | 20.4
66 | feeding 211352.4093 | 211665.1819 | 211746.5855 19.3714 | 211450.5390 | 211531.9468 | 22.5 | 17.5 | 20.0 | 32.5 | -5.5 | 40.0
68 | stacking | 211202.7940 | 211794.1847 | 211869.4106 47.5992 | 211674.7223 | 211749.9925 | 37.5 | 22.5 3.4 | 32.5 2.5 | 20.4
63 | feeding 211076.9080 | 211895.5044 | 211976.9080 26.0938 | 211112.1922 | 211193.6000 | 17.5 | 12.5 | 20.0 | 11.5 | -5.5 | 40.0
69 | feeding 212085.8610 | 212122.2103 | 212203.7210 36.3493 | 212129.0170 | 212213.1165 2.5 2.5 | 19.9 8.5 | -5.5 | 40.0
73 | feeding 213024.2759 | 213060.6251 | 213142.1359 36.3492 | 213067.4297 | 213148.9446 | 12.5 | 12.5 | 19.9 | 32,5 | -5.5 | 40.0
70 | feeding 212366.9127 | 213178.4851 | 213259.9958 36.3492 | 212402.2651 | 212483.7801 | 17.5 7.5 | 199 | 35.5 | -5.5 | 40.0
72 | stacking | 211410.0453 | 213307.5951 | 213371.4319 47.5993 | 212829.0195 | 212892.7583 | 42.5 | 22.5 3.4 | 425 | 17.5 | 204
79 | stacking | 212085.8610 | 213399.9188 | 213472.0851 28.4869 | 214998.1631 | 215070.2807 | 47.5 | 22.5 4.8 | 27.5 7.5 | 20.5
74 | feeding 213100.4528 | 213498.0069 | 213579.5176 25.9218 | 213184.5470 | 213266.0620 | 12.5 | 17.5 | 19.9 | 11.5 | -5.5 | 40.0
76 | feeding 213945.2562 | 213981.6736 | 214063.2915 36.4174 | 213985.6767 | 214067.2988 7.5 7.5 | 19.8 8.5 | -5.5 | 40.0
75 | feeding 213693.7971 | 214099.7089 | 214183.5153 36.4174 | 213729.2177 | 213817.1108 2.5 7.5 | 19.8 | 35.5 | -5.5 | 40.0
82 | stacking | 213472.0851 | 214230.7055 | 214300.8361 47.1902 | 215350.0503 | 215420.1328 | 32.5 | 22.5 4.0 | 47.5 | 12,5 | 20.6
85 | stacking | 214300.8361 | 214336.9501 | 214408.3189 36.1140 | 215680.1204 | 215751.5325 | 42.5 | 22.5 4.0 | 32.5 7.5 | 20.9
78 | feeding 214789.9876 | 214818.3450 | 214900.0701 28.3574 | 214858.6206 | 214943.0152 | 12.5 2.5 | 19.7 | 11.5 | -5.5 | 40.0
77 | feeding 214698.5464 | 214938.1958 | 215020.2022 38.1257 | 214733.9670 | 214819.7130 2.5 | 175 | 198 | 32.5 | -5.5 | 40.0
80 | stacking | 212600.6520 | 215067.9378 | 215139.7352 47.7356 | 215107.6126 | 215179.4533 | 47.5 | 22.5 3.2 | 37.5 7.5 | 20.5
81 | stacking | 212701.1980 | 215178.7420 | 215249.0393 39.0068 | 215212.5214 | 215315.9369 | 32.5 | 22.5 4.7 | 47.5 7.5 | 20.6
83 | stacking | 215139.7352 | 215287.4033 | 215360.9150 38.3640 | 215455.5330 | 215529.0889 | 27.5 | 22.5 5.4 | 27.5 2.5 | 20.8
86 | feeding 215713.1452 | 215731.7802 | 215813.6124 18.6350 | 215781.8079 | 215866.0924 | 22.5 2.5 | 19.6 | 35.5 | -5.5 | 40.0
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88 | stacking 215360.9150 | 215860.6661 | 215930.9040 | 47.0537 | 216259.9556 | 216330.1452 | 47.5 | 22.5 4.2 | 32.5 | 12,5 | 20.9

84 | stacking 215249.0393 | 215966.9108 | 216041.6010 | 36.0068 | 215566.8169 | 215641.5514 | 27.5 | 22.5 4.4 | 37.5 2.5 | 209

87 | feeding 215797.9277 | 216066.8556 | 216148.6878 | 25.2546 | 215901.6493 | 215983.4857 | 22.5 | 12.5 | 19.6 8.5 | -5.5 | 40.0

91 | feeding 216560.6335 | 216597.3918 | 216679.5454 | 36.7583 | 216615.1359 | 216701.3731 7.5 2.5 | 193 | 32.5 | -5.5 | 40.0

89 | stacking 216041.6010 | 216727.2810 | 216791.8678 | 47.7356 | 216363.7505 | 216428.2393 | 47.5 | 22.5 3.2 | 475 | 17.5 | 20.9

92 | stacking 215930.9040 | 216820.4618 | 216883.0129 | 28.5940 | 216746.7482 | 216809.2014 | 42.5 | 22.5 5.2 | 375 | 17.5 | 21.0

90 | stacking 214408.3189 | 216910.5355 | 216983.2971 | 27.5226 | 216494.7078 | 216567.5099 | 37.5 | 22.5 6.3 | 47.5 2.5 | 21.0

94 | stacking 216791.8678 | 217026.6968 | 217096.7203 | 43.3997 | 216981.5627 | 217051.5380 | 42.5 | 22.5 4.6 | 27.5 | 175 | 21.1

95 | stacking 216983.2971 | 217125.6358 | 217188.4012 | 28.9155 | 217076.7402 | 217139.4053 | 32.5 | 22.5 5.1 | 325 | 17.5 | 21.1

97 | stacking 217096.7203 | 217219.2452 | 217291.7925 | 30.8440 | 217271.9118 | 217344.5025 | 32.5 | 22.5 3.3 | 47.5 7.5 | 21.3
101 | stacking 217291.7925 | 217331.1208 | 217401.8467 | 39.3283 | 217711.1212 | 217781.8866 | 37.5 | 22.5 5.2 | 37.5 7.5 | 21.5

93 | feeding 216796.7747 | 217428.8309 | 217511.0917 | 26.9842 | 216844.6789 | 216929.5285 | 17.5 2.5 | 19.2 | 11.5 | -5.5 | 40.0

96 | stacking 216883.0129 | 217558.2136 | 217629.7967 | 47.1219 | 217165.7894 | 217237.4119 | 32.5 | 22.5 4.1 | 42.5 7.5 | 21.2

98 | stacking 217188.4012 | 217669.1250 | 217735.9937 | 39.3283 | 217379.5844 | 217446.4956 | 27.5 | 22.5 51 | 375 | 12.5 | 21.3
102 | stacking 217735.9937 | 217771.1434 | 217833.8017 | 35.1497 | 217815.2728 | 217877.8331 | 42.5 | 22.5 5.6 | 425 | 17.5 | 21.5
106 | stacking 217833.8017 | 217864.0028 | 217939.7644 | 30.2011 | 218250.7002 | 218326.5062 | 37.5 | 22.5 4.3 | 27.5 2.5 | 21.8
107 | validating | 217939.7644 | 217939.7644 | 217963.6934 0 0 | 218350.4965 | 27.5 2.5 | 175 | 27.5 2.5 | 21.8

99 | feeding 217406.9482 | 217980.4001 | 218062.6608 | 16.7067 | 217478.4609 | 217560.7259 | 22.5 7.5 | 19.2 | 35.5 | -5.5 | 40.0
105 | stacking 217401.8467 | 218110.3282 | 218182.3874 | 47.6674 | 218147.0312 | 218219.0422 | 42.5 | 22.5 3.3 | 275 | 12.5 | 21.7
104 | feeding 217956.1998 | 218209.0194 | 218291.2802 | 26.6320 | 218010.0957 | 218092.3606 7.5 | 12,5 | 19.2 8.5 | -5.5 | 40.0
100 | stacking 217629.7967 | 218338.6067 | 218412.8088 | 47.3265 | 217607.0556 | 217681.2092 | 27.5 | 22.5 3.8 | 475 | 17.5 | 21.4
103 | stacking 218412.8088 | 218443.1170 | 218507.4896 | 30.3082 | 217905.4592 | 217969.7315 | 42.5 | 22.5 4.1 | 37.5 | 175 | 21.6
109 | stacking 218507.4896 | 218537.7979 | 218602.1704 | 30.3083 | 218508.6204 | 218572.8949 | 32.5 | 22.5 4.3 | 27.5 | 17.5 | 21.8
110 | validating | 218602.1704 | 218602.1704 | 218626.0994 0 0 | 218596.8853 | 27.5 | 17.5 | 17.5 | 27.5 | 17.5 | 21.8
111 | stacking 218182.3874 | 218657.4791 | 218734.2050 | 31.3797 | 218623.6557 | 218700.4220 | 32.5 | 22.5 3.5 | 32.5 2.5 | 21.9
108 | feeding 218236.6500 | 218760.4036 | 218842.6643 | 26.1986 | 218381.3667 | 218463.6316 | 12.5 | 12.5 | 19.2 | 32.5 | -5.5 | 40.0
112 | feeding 218635.8499 | 218881.3318 | 218963.5925 | 38.6675 | 218736.9933 | 218819.2582 7.5 | 175 | 19.2 | 11.5 | -5.5 | 40.0
113 | stacking 217939.7644 | 219010.3054 | 219085.7456 | 46.7129 | 218874.2243 | 218949.7088 | 47.5 | 22.5 4.7 | 42.5 2.5 | 21.9
114 | validating | 219085.7456 | 219085.7456 | 219108.9866 0 0 | 218972.9016 | 42.5 2.5 | 18.0 | 42.5 2.5 | 21.9
119 | feeding 219232.3170 | 219260.8861 | 219343.3611 | 28.5691 | 219262.4291 | 219344.9083 | 17.5 7.5 | 19.0 | 35.5 | -5.5 | 40.0
115 | stacking 218602.1704 | 219390.8922 | 219463.8681 | 47.5311 | 219011.9933 | 219085.0126 | 47.5 | 22.5 3.5 | 32.5 7.5 | 21.9
116 | validating | 219463.8681 | 219463.8681 | 219487.6282 0 0 | 219108.8055 | 32.5 7.5 | 17.7 | 32.5 7.5 | 21.9
123 | feeding 219905.0412 | 219927.6103 | 220010.0854 | 22.5691 | 219941.0073 | 220023.4865 | 17.5 | 17.5 | 19.0 | 32.5 | -5.5 | 40.0
121 | stacking 219463.8681 | 220057.4119 | 220126.3164 | 47.3265 | 219489.7422 | 219558.6891 | 37.5 | 22.5 3.8 | 475 | 125 | 21.9
117 | stacking 218734.2050 | 220162.0018 | 220228.8705 | 35.6854 | 219142.1463 | 219209.0575 | 37.5 | 22.5 5.7 | 32.5 | 12.5 | 21.9
118 | validating | 220228.8705 | 220228.8705 | 220252.4598 0 0 | 219232.6517 | 32.5 | 12.5 | 17.8 | 32,5 | 12.5 | 21.9
122 | feeding 219464.9844 | 220278.0289 | 220360.5039 | 25.5691 | 219600.4601 | 219682.9393 | 12.5 | 17.5 | 19.0 8.5 | -5.5 | 40.0
120 | stacking 219085.7456 | 220407.2168 | 220475.1570 | 46.7129 | 219390.6243 | 219458.6070 | 37.5 | 22.5 4.7 | 42.5 | 12,5 | 21.9
126 | stacking 220228.8705 | 220511.3781 | 220582.6397 | 36.2211 | 220903.0188 | 220974.3238 | 47.5 | 22.5 5.2 | 42.5 7.5 | 22.0
127 | validating | 220582.6397 | 220582.6397 | 220605.3413 0 0 | 220996.9038 | 42.5 7.5 | 184 | 42.5 7.5 | 22.0
130 | stacking 220126.3164 | 220645.3124 | 220716.5740 | 39.9711 | 221171.4903 | 221242.7953 | 27.5 | 22.5 5.3 | 27.5 7.5 | 221
124 | feeding 220135.1189 | 220738.4976 | 220821.0797 | 21.9236 | 220171.1531 | 220253.7395 | 12.5 7.5 | 189 | 11.5 | -5.5 | 40.0
128 | stacking 220475.1570 | 220868.4744 | 220945.2003 | 47.3947 | 221032.6764 | 221109.4466 | 47.5 | 22.5 3.7 | 47.5 2.5 | 22.1
129 | validating | 220945.2003 | 220945.2003 | 220968.9604 0 0 | 221133.2395 | 47.5 2.5 | 179 | 47.5 2.5 | 22.1
125 | feeding 220739.0231 | 220996.8840 | 221079.4661 | 27.9236 | 220775.0573 | 220857.6437 | 22.5 | 17.5 | 18.9 | 35.5 | -5.5 | 40.0
131 | stacking 220582.6397 | 221126.3154 | 221200.5175 | 46.8493 | 221277.5906 | 221351.7439 | 27.5 | 22.5 4.5 | 47.5 7.5 | 221
132 | validating | 221200.5175 | 221200.5175 | 221224.1067 0 0 | 221375.3382 | 47.5 7.5 | 18.0 | 47.5 7.5 | 221
135 | stacking 220945.2003 | 221264.2921 | 221328.0218 | 40.1854 | 221664.1983 | 221727.8300 | 32.5 | 22.5 5.2 | 325 | 17.5 | 22.1
139 | stacking 221328.0218 | 221358.1158 | 221422.3812 | 30.0940 | 222001.6445 | 222065.8119 | 37.5 | 22.5 5.0 | 37.5 | 17.5 | 22.4
140 | validating | 221422.3812 | 221422.3812 | 221446.1413 0 0 | 222089.6048 | 37.5 | 17.5 | 18.2 | 37.5 | 17.5 | 22.4
136 | stacking 220716.5740 | 221477.4139 | 221553.9255 | 31.2726 | 221754.8277 | 221831.3797 | 32.5 | 22.5 4.2 | 37.5 2.5 | 224
134 | feeding 221402.3750 | 221579.2776 | 221661.9669 | 25.3521 | 221537.1297 | 221619.8232 | 17.5 | 12.5 | 18.8 | 32.5 | -5.5 | 40.0
141 | stacking 221553.9255 | 221709.0889 | 221785.9219 | 47.1220 | 222116.6252 | 222193.4987 | 37.5 | 22.5 4.1 | 27.5 2.5 | 22.6
133 | feeding 221311.7384 | 221814.4883 | 221897.1776 | 28.5664 | 221418.3338 | 221501.0273 2.5 | 12,5 | 18.8 8.5 | -5.5 | 40.0
137 | stacking 221200.5175 | 221944.7768 | 222018.3956 | 47.5992 | 221870.1305 | 221943.7926 | 32.5 | 22.5 3.4 | 375 7.5 | 22.4
138 | validating | 222018.3956 | 222018.3956 | 222041.6366 0 0 | 221966.9855 | 37.5 7.5 | 185 | 37.5 7.5 | 224
143 | feeding 222220.7279 | 222252.1871 | 222334.9835 | 31.4592 | 222345.9027 | 222431.2271 7.5 7.5 | 18.7 | 35.5 | -5.5 | 40.0
146 | stacking 221422.3812 | 222381.9691 | 222447.1988 | 46.9856 | 222599.2397 | 222664.3714 | 27.5 | 22.5 4.3 | 275 | 17.5 | 22.6
144 | stacking 222018.3956 | 222477.5071 | 222545.5544 | 30.3083 | 222476.5341 | 222544.6238 | 27.5 | 22.5 5.3 | 37.5 | 12.5 | 22.6
145 | validating | 222545.5544 | 222545.5544 | 222569.1437 0 0 | 222568.2181 | 37.5 | 12.5 | 185 | 37.5 | 12.5 | 22.6
150 | stacking 222545.5544 | 222607.9362 | 222681.8764 | 38.7925 | 223038.2015 | 223112.1850 | 42.5 | 22.5 3.5 | 32.5 7.5 | 22.8
149 | feeding 222811.4055 | 222843.2933 | 222926.0898 | 31.8878 | 222855.3430 | 222938.1437 2.5 | 17.5 | 18.7 8.5 | -5.5 | 40.0
142 | feeding 222146.0854 | 222963.2572 | 223046.0536 | 37.1674 | 222224.3469 | 222309.7322 2.5 2.5 | 18.7 | 11.5 | -5.5 | 40.0
147 | stacking 221785.9219 | 223093.8574 | 223170.2024 | 47.8038 | 222692.7100 | 222769.0079 | 27.5 | 22.5 3.1 | 475 | 17.5 | 22.7
148 | validating | 223170.2024 | 223170.2024 | 223192.1484 0 0 | 222790.7473 | 47.5 | 17.5 | 19.5 | 47.5 | 17.5 | 22.7
152 | stacking 222447.1988 | 223222.2423 | 223290.1825 | 30.0939 | 223362.2569 | 223430.2395 | 47.5 | 22.5 5.6 | 425 | 12.5 | 22.8
153 | validating | 223290.1825 | 223290.1825 | 223313.4236 0 0 | 223453.4324 | 42.5 | 12.5 | 18.9 | 42,5 | 12.5 | 22.8
154 | stacking 223170.2024 | 223351.4661 | 223426.6325 | 38.0425 | 223486.2722 | 223561.3883 | 47.5 | 22.5 4.4 | 27.5 7.5 | 229
155 | validating | 223426.6325 | 223426.6325 | 223450.0487 0 0 | 223584.7826 | 27.5 7.5 | 189 | 27.5 7.5 | 229
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157 | feeding 223647.1919 | 223663.6788 | 223746.6895 | 16.4869 | 223719.5429 | 223805.1424 | 22.5 2.5 | 185 | 11.5 | -5.5 | 40.0
156 | stacking 222681.8764 | 223794.3569 | 223867.7019 | 47.6674 | 223623.9327 | 223697.2295 | 47.5 | 22.5 3.3 | 325 | 12.5 | 22.9
151 | feeding 223203.6712 | 223893.8040 | 223976.7076 | 26.1021 | 223231.7986 | 223317.1545 | 12.5 2.5 | 186 | 32.5 | -5.5 | 40.0
158 | stacking 223290.1825 | 224023.6932 | 224100.7405 | 46.9856 | 223854.6312 | 223931.7228 | 37.5 | 22.5 4.3 | 32.5 2.5 | 23.0
159 | validating | 224100.7405 | 224100.7405 | 224123.8041 0 0 | 223954.7130 | 32.5 2.5 | 19.2 | 32.5 2.5 | 23.0
166 | feeding 224478.7446 | 224508.1682 | 224591.2860 | 29.4236 | 224599.6040 | 224682.7261 7.5 | 12,5 | 184 85 | -5.5 | 40.0
160 | feeding 223891.4459 | 224628.5898 | 224712.3962 | 37.3038 | 223988.8597 224077.606 2.5 7.5 | 185 | 35.5 | -5.5 | 40.0
164 | stacking 224100.7405 | 224760.0637 | 224838.2896 | 47.6675 | 224367.5653 | 224445.8316 | 32.5 | 22.5 3.3 | 42.5 2.5 | 23.1
167 | feeding 224732.9592 | 224864.8202 | 224947.9381 | 26.5306 | 224769.3343 | 224852.4564 | 22.5 | 12.5 | 18.4 | 32.5 | -5.5 | 40.0
161 | stacking 223426.6325 | 224995.8101 | 225074.2503 | 47.8720 | 224124.4811 | 224202.9656 | 37.5 | 22.5 3.0 | 47.5 2.5 | 23.0
162 | stacking 223867.7019 | 225119.9000 | 225189.0488 | 45.6497 | 224242.8755 | 224312.0731 | 32.5 | 22.5 4.5 | 425 | 17.5 | 23.0
163 | validating | 225189.0488 | 225189.0488 | 225212.2898 0 0 | 224335.2660 | 42.5 | 17.5 | 19.1 | 42,5 | 17.5 | 23.0
165 | stacking 225074.2503 | 225243.8838 | 225317.0740 | 31.5940 | 224485.5597 | 224558.7933 | 47.5 | 22.5 4.5 | 47.5 7.5 | 23.1
168 | stacking 225189.0488 | 225356.4023 | 225423.1639 | 39.3283 | 225294.4705 | 225361.2745 | 42.5 | 22.5 7.0 | 475 | 12.5 | 23.1
169 | validating | 225423.1639 | 225423.1639 | 225446.4049 0 0 | 225384.4674 | 47.5 | 12.5 | 19.2 | 475 | 12.5 | 23.1
171 | stacking 224838.2896 | 225483.2689 | 225551.1320 36.864 | 225562.6428 | 225630.5548 | 42.5 | 22.5 5.8 | 325 | 17.5 | 23.1
172 | validating | 225551.1320 | 225551.1320 | 225574.0158 0 0 | 225653.3406 | 32.5 | 17.5 | 19.4 | 32,5 | 17.5 | 23.1
174 | stacking 225317.0740 | 225605.6098 | 225682.5500 31.594 | 225807.7567 | 225884.7412 | 37.5 | 22.5 4.6 | 37.5 2.5 | 23.2
175 | validating | 225682.5500 | 225682.5500 | 225706.8110 0 0 | 225909.1228 | 37.5 2.5 | 18.7 | 37.5 2.5 | 23.2
170 | feeding 225323.5826 | 225739.5559 | 225822.7809 | 32.7449 | 225425.3629 | 225511.1768 7.5 2,5 | 183 | 11.5 | -5.5 | 40.0
176 | stacking 225423.1639 | 225869.9711 | 225940.1613 | 47.1902 | 225947.8389 | 226018.0715 | 37.5 | 22.5 4| 275 | 12,5 | 23.3
177 | validating | 225940.1613 | 225940.1613 | 225963.4023 0 0 | 226041.2644 | 27.5 | 12.5 | 19.4 | 27.5 | 12.5 | 23.3
178 | feeding 226005.3937 | 226022.6306 | 226105.9627 | 17.2369 | 226059.6688 | 226143.0052 | 22.5 7.5 | 18.2 8.5 | -5.5 | 40.0
180 | stacking 225682.5500 | 226153.2893 | 226227.6580 | 47.3266 | 226301.5136 | 226375.9219 | 47.5 | 22.5 3.8 | 42.5 7.5 | 23.5
181 | stacking 225940.1613 | 226268.0577 | 226339.7479 | 40.3997 | 226460.3677 | 226532.1013 | 42.5 | 22.5 6.4 | 37.5 7.5 | 23.6
173 | feeding 225586.2990 | 226366.9214 | 226450.1465 | 27.1735 | 225678.7432 | 225761.9725 | 17.5 7.5 | 183 | 35.5 | -5.5 | 40.0
179 | stacking 225551.1320 | 226496.7911 | 226565.9400 | 46.6446 | 226200.1531 | 226269.3507 | 47.5 | 22.5 4.8 | 37.5 | 175 | 23.3
183 | stacking 226565.9400 | 226598.2840 | 226668.6884 | 32.3440 | 226695.5042 | 226765.9512 | 32.5 | 22.5 4.1 | 37.5 | 12,5 | 23.6
188 | stacking 226668.6884 | 226705.1239 | 226775.7902 | 36.4355 | 227552.7454 | 227623.3621 | 42.5 | 22.5 6.7 | 27.5 | 17.5 | 23.8
184 | stacking 226227.6580 | 226809.0985 | 226880.0387 | 33.3083 | 226798.0637 | 226869.0463 | 32.5 | 22.5 3.7 | 32.5 | 12.5 | 23.7
187 | stacking 226339.7479 | 226914.9741 | 226988.7000 | 34.9354 | 227440.2699 | 227514.0401 | 42.5 | 22.5 8.2 | 37.5 2.5 | 23.8
182 | feeding 226429.0614 | 227022.1950 | 227105.5271 | 33.4950 | 226566.2403 | 226650.3791 7.5 | 175 | 182 | 32.5 | -5.5 | 40.0
189 | stacking 226880.0387 | 227151.6264 | 227228.3523 | 46.0993 | 227657.3083 | 227734.0746 | 42.5 | 22.5 5.6 | 47.5 2.5 | 24.0
186 | feeding 227277.0923 | 227307.8016 | 227391.1337 | 30.7093 | 227313.6038 | 227396.9402 | 22.5 | 17.5 | 18.2 | 35.5 | -5.5 | 40.0
193 | stacking 227228.3523 | 227438.6648 | 227527.9740 | 47.5311 | 228134.2925 | 228223.5509 2.5 | 22.5 3.5 | 425 | 12.5 | 24.0
190 | stacking 226988.7000 | 227566.7666 | 227640.4925 | 38.7926 | 227772.8936 | 227846.6629 | 42.5 | 22.5 4.9 | 27.5 7.5 | 24.0
185 | feeding 227013.0400 | 227665.2017 | 227748.5339 | 24.7092 | 227041.0123 | 227124.3487 | 12.5 | 17.5 | 18.2 | 11.5 | -5.5 | 40.0
191 | stacking 226775.7902 | 227795.4513 | 227880.7963 | 46.9174 | 227887.5666 | 227972.8610 2.5 | 22,5 4.4 | 37.5 | 12,5 | 24.0
195 | stacking 227640.4925 | 227922.6484 | 228000.2314 | 41.8521 | 228400.9678 | 228478.5952 | 17.5 | 22.5 5.0 | 27.5 2.5 | 24.2
192 | feeding 227857.4805 | 228025.3692 | 228108.9157 | 25.1378 | 228004.2076 | 228087.7582 | 12.5 | 12.5 | 18.0 8.5 | -5.5 | 40.0
194 | feeding 228126.0321 | 228163.7450 | 228247.3986 | 37.7129 | 228264.7197 | 228355.4563 2.5 2,5 | 179 | 32.5 | -5.5 | 40.0
196 | stacking 227880.7963 | 228294.5887 | 228374.5766 | 47.1901 | 228518.4141 | 228598.3543 | 17.5 | 22.5 4.0 | 425 | 17.5 | 24.2
201 | stacking 228374.5766 | 228404.1348 | 228471.3551 | 29.5582 | 229109.8660 | 229177.1351 | 47.5 | 22.5 7.6 | 37.5 | 17.5 | 24.3
198 | stacking 227527.9740 | 228503.1633 | 228580.2107 | 31.8082 | 228765.4311 | 228842.5227 | 42.5 | 22.5 5.6 | 32.5 2.5 | 24.3
199 | feeding 228808.8832 | 228837.3424 | 228921.1032 | 28.4592 | 228871.2359 | 228958.9520 | 12.5 2.5 | 17.8 | 35.5 | -5.5 | 40.0
205 | stacking 228471.3551 | 228968.5660 | 229040.4705 | 47.4628 | 229560.3632 | 229632.3101 | 17.5 | 22.5 3.6 | 275 | 12.5 | 245
197 | feeding 228542.7250 | 229063.0193 | 229146.6729 | 22.5488 | 228629.6709 | 228713.3287 | 17.5 | 17.5 | 17.9 | 11.5 | -5.5 | 40.0
200 | stacking 228000.2314 | 229192.4995 | 229267.4515 | 45.8266 | 229003.7816 | 229078.6852 | 27.5 | 22.5 6.0 | 47.5 | 12.5 | 24.3
203 | stacking 229267.4515 | 229306.3513 | 229384.1486 | 38.8998 | 229317.8489 | 229395.6906 | 47.5 | 22.5 5.1 | 42.5 2.5 | 245
202 | stacking 228580.2107 | 229429.5840 | 229502.3456 | 45.4354 | 229208.5934 | 229281.3946 | 47.5 | 22.5 6.2 | 32.5 7.5 | 24.4
204 | feeding 229379.1311 | 229527.9120 | 229611.6727 | 25.5664 | 229427.5475 | 229513.8971 | 17.5 2.5 | 17.8 8.5 | -5.5 | 40.0
207 | feeding 229655.4971 | 229693.3463 | 229777.2142 | 37.8492 | 229775.7481 | 229864.4938 2.5 | 125 | 17.7 | 32.5 | -5.5 | 40.0
206 | stacking 229502.3456 | 229824.9498 | 229900.1162 | 47.7356 | 229664.4579 | 229739.5778 | 17.5 | 22.5 3.2 | 325 | 17.5 | 24.5
208 | stacking 229384.1486 | 229927.6388 | 229993.0075 | 27.5226 | 229905.7326 | 229971.1438 | 32.5 | 22.5 9.8 | 325 | 12.5 | 24.6
211 | stacking 229993.0075 | 230030.8358 | 230107.4546 | 37.8283 | 230203.5845 | 230280.2437 | 32.5 | 22.5 6.4 | 47.5 2.5 | 24.7
209 | stacking 229040.4705 | 230150.4257 | 230216.7888 | 42.9711 | 230001.5290 | 230067.9432 | 32.5 | 22.5 8.7 | 425 | 17.5 | 24.6
213 | stacking 230216.7888 | 230247.2042 | 230319.2158 | 30.4154 | 230448.1853 | 230520.2403 | 37.5 | 22.5 7.2 | 37.5 7.5 | 24.7
210 | stacking 229900.1162 | 230359.2941 | 230429.5319 | 40.0783 | 230098.6970 | 230168.8884 | 32.5 | 22.5 7.9 | 475 | 17.5 | 24.6
215 | stacking 230429.5319 | 230464.8307 | 230538.0209 | 35.2988 | 230695.4480 | 230768.6816 | 37.5 | 22.5 6.1 | 42.5 7.5 | 24.7
216 | stacking 230107.4546 | 230578.9564 | 230651.1823 | 40.9355 | 230804.7269 | 230876.9962 | 47.5 | 22.5 7.1 | 47.5 7.5 | 24.8
217 | stacking 230319.2158 | 230693.6177 | 230771.0936 | 42.4354 | 230912.7460 | 230990.2662 | 47.5 | 22.5 5.8 | 32.5 2.5 | 249
212 | feeding 230230.7978 | 230797.3028 | 230881.1707 | 26.2092 | 230315.8017 | 230399.6738 | 17.5 | 12.5 | 17.7 | 11.5 | -5.5 | 40.0
214 | feeding 230516.2000 | 230919.2965 | 231003.1643 | 38.1258 | 230559.2977 | 230650.6866 2.5 | 175 | 17.7 | 35.5 | -5.5 | 40.0
220 | stacking 230651.1823 | 231050.4227 | 231122.4343 | 47.2584 | 231283.5397 | 231355.5937 | 47.5 | 22.5 3.9 | 375 | 12.5 | 24.9
218 | stacking 230538.0209 | 231161.3340 | 231237.2504 | 38.8997 | 231030.6534 | 231106.5210 | 47.5 | 22.5 5.7 | 275 | 12.5 | 24.9
224 | stacking 231237.2504 | 231277.5429 | 231356.6260 | 40.2925 | 231760.5779 | 231839.7052 | 27.5 | 22.5 4.4 | 32.5 2.5 | 25.0
219 | feeding 231075.6119 | 231389.1566 | 231473.2388 | 32.5306 | 231137.8572 | 231224.5282 7.5 2.5 | 17.5 85 | -5.5 | 40.0
223 | feeding 231574.2853 | 231612.2709 | 231696.3531 | 37.9856 | 231630.5709 | 231714.6573 2.5 7.5 | 175 | 11.5 | -5.5 | 40.0
222 | stacking 230771.0936 | 231744.2251 | 231823.0343 | 47.8720 | 231517.4749 | 231596.2354 | 47.5 | 22.5 3.0 | 275 | 17.5 | 24.9
226 | stacking 231823.0343 | 231855.3783 | 231929.4256 | 32.3440 | 231990.0456 | 232064.1363 | 32.5 | 22.5 5.7 | 27.5 7.5 | 25.1
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221 | feeding 231353.5643 | 231949.3410 | 232033.4232 | 19.9154 | 231383.9288 | 231470.5998 | 22.5 2.5 | 175 | 32.5 | -5.5 | 40.0
225 | stacking 231122.4343 | 232081.0906 | 232156.6856 | 47.6674 | 231882.0469 | 231957.5921 | 27.5 | 22.5 3.3 | 425 | 12.5 | 25.0
228 | stacking 232156.6856 | 232195.0496 | 232272.4183 | 38.3604 | 232221.4201 | 232298.8332 | 37.5 | 22.5 6.3 | 37.5 2.5 | 25.3
229 | feeding 232184.5586 | 232308.2704 | 232392.3526 | 35.8521 | 232335.1884 | 232424.3638 7.5 7.5 | 175 | 35.5 | -5.5 | 40.0
232 | stacking 232272.4183 | 232439.9518 | 232520.5349 | 47.5992 | 232693.1402 | 232773.7676 | 37.5 | 22.5 3.4 | 475 2.5 | 254
230 | stacking 231929.4256 | 232567.6846 | 232638.2262 | 47.1497 | 232469.5344 | 232540.1258 | 37.5 | 22.5 5.5 | 275 | 17.5 | 25.3
227 | stacking 231356.6260 | 232672.6059 | 232752.1176 | 34.3797 | 232101.9316 | 232181.4875 | 32.5 | 22.5 4.2 | 27.5 2.5 | 256.2
233 | feeding 232757.5511 | 232784.2961 | 232868.3783 | 26.7450 | 232813.4403 | 232897.5267 | 12.5 7.5 | 17.5 8.5 | -5.5 | 40.0
234 | stacking 232638.2262 | 232915.9093 | 232988.7010 | 47.5310 | 232947.8109 | 233020.6537 | 32.5 | 22.5 3.5 | 425 | 17.5 | 254
231 | stacking 232752.1176 | 233022.5450 | 233101.6280 | 33.8440 | 232572.2205 | 232651.3440 | 37.5 | 22.5 4.8 | 42.5 2.5 | 254
238 | feeding 233417.1465 | 233456.2129 | 233540.4022 | 39.0664 | 233458.7034 | 233542.8970 7.5 | 125 | 174 | 11.5 | -5.5 | 40.0
236 | stacking 232520.5349 | 233587.7287 | 233660.7046 | 47.3265 | 233162.2121 | 233235.2304 | 42.5 | 22.5 3.8 | 32,5 | 12.5 | 25.7
239 | stacking 232988.7010 | 233701.2710 | 233772.6698 | 40.5664 | 233607.0363 | 233678.4840 | 47.5 | 22.5 5.1 | 375 | 17.5 | 25.7
235 | stacking 233101.6280 | 233806.6209 | 233881.8468 | 33.9511 | 233049.3559 | 233124.6213 | 42.5 | 22.5 5.0 | 32.5 7.5 | 25.5
237 | feeding 233184.5261 | 233905.8957 | 233989.9778 | 24.0489 | 233259.6892 | 233343.7756 | 22.5 | 12.5 | 17.5 | 32.5 | -5.5 | 40.0
240 | stacking 233881.8468 | 234037.1680 | 234113.7867 | 47.1902 | 233711.8969 | 233788.5552 | 47.5 | 22.5 4.0 | 37.5 7.5 | 25.8
244 | stacking 234113.7867 | 234158.6864 | 234236.9600 | 44.8997 | 234385.4668 | 234463.6919 | 27.5 | 22.5 4.5 | 475 | 12.5 | 25.9
241 | stacking 233660.7046 | 234277.7882 | 234349.6927 | 40.8282 | 234033.3913 | 234105.3382 | 37.5 | 22.5 4.9 | 375 | 12.5 | 25.8
243 | stacking 233772.6698 | 234389.0210 | 234467.1398 | 39.3283 | 234265.1666 | 234343.3297 | 27.5 | 22.5 6.2 | 27.5 2.5 | 259
242 | feeding 234032.8816 | 234491.8314 | 234576.1279 | 24.6916 | 234136.1727 | 234220.4733 | 17.5 7.5 | 173 | 35.5 | -5.5 | 40.0
249 | stacking 234236.9600 | 234623.8635 | 234705.4108 | 47.7356 | 234881.6221 | 234963.2137 | 32.5 | 22.5 3.2 | 37.5 2.5 | 26.1
245 | feeding 234419.7240 | 234739.3343 | 234823.6308 | 33.9235 | 234503.5902 | 234587.8909 | 12.5 | 17.5 | 17.3 85 | -5.5 | 40.0
246 | stacking 234349.6927 | 234871.3664 | 234941.4175 | 47.7356 | 234636.1296 | 234706.0828 | 27.5 | 22.5 3.2 | 275 | 17.5 | 26.0
247 | validating | 234941.4175 | 234941.4175 | 234965.6785 0 0 | 234730.4644 | 27.5 | 17.5 | 21.5 | 27.5 | 17.5 | 26.0
248 | stacking 234467.1398 | 235000.7011 | 235081.0698 | 35.0226 | 234759.3030 | 234839.7122 | 32.5 | 22.5 4.3 | 32.5 2.5 | 26.1
254 | feeding 235246.8654 | 235284.0032 | 235368.5139 | 37.1378 | 235476.6131 | 235563.7934 2.5 25 | 171 | 11.5 | -5.5 | 40.0
253 | feeding 235215.7428 | 235406.7041 | 235491.1077 | 38.1902 | 235339.2887 | 235427.9327 7.5 | 175 | 17.2 | 32.5 | -5.5 | 40.0
251 | stacking 235081.0698 | 235538.7751 | 235615.5486 | 47.6674 | 235119.0258 | 235195.7528 | 47.5 | 22.5 3.3 | 325 | 17.5 | 26.1
252 | stacking 234705.4108 | 235648.4283 | 235718.8629 | 32.8797 | 235225.1983 | 235295.6848 | 37.5 | 22.5 6.4 | 475 | 17.5 | 26.1
250 | stacking 234941.4175 | 235753.7783 | 235830.1827 | 34.9154 | 235004.2372 | 235080.6851 | 47.5 | 22.5 4.5 | 47.5 7.5 | 26.1
255 | stacking 235830.1827 | 235874.3325 | 235953.5226 | 44.1498 | 235614.7140 | 235693.9485 | 37.5 | 22.5 5.5 | 47.5 2.5 | 26.2
256 | validating | 235953.5226 | 235953.5226 | 235976.7637 0 0 | 235717.1414 | 47.5 2.5 | 223 | 47.5 2.5 | 26.2
262 | feeding 236253.3792 | 236287.6241 | 236372.1349 | 34.2449 | 236313.2911 | 236397.8061 | 22.5 | 17.5 | 17.1 85 | -5.5 | 40.0
261 | feeding 236048.3955 | 236410.3932 | 236494.9039 | 38.2583 | 236188.2885 | 236276.0296 | 12.5 | 12.5 | 17.1 | 35.5 | -5.5 | 40.0
258 | stacking 235718.8629 | 236542.5032 | 236612.7686 | 47.5993 | 235866.0782 | 235936.2456 | 37.5 | 22.5 3.4 | 425 | 17.5 | 26.4
259 | stacking 235953.5226 | 236648.0054 | 236724.8385 | 35.2368 | 235966.6900 | 236043.5625 | 42.5 | 22.5 4.5 | 42.5 7.5 | 26.5
257 | stacking 235615.5486 | 236770.7025 | 236843.8927 | 45.8640 | 235758.6194 | 235831.8520 | 37.5 | 22.5 4.3 | 42,5 | 12,5 | 26.4
260 | stacking 236843.8927 | 236886.8638 | 236964.9826 | 42.9711 | 236082.1078 | 236160.2699 | 42.5 | 22.5 3.4 | 27.5 7.5 | 26.6
263 | feeding 236878.4104 | 236987.0408 | 237071.6587 | 22.0582 | 236915.7401 | 237000.3622 | 22.5 7.5 | 17.0 | 32.5 | -5.5 | 40.0
264 | feeding 237111.5161 | 237150.1835 | 237234.9085 | 38.6674 | 237157.3328 | 237244.7274 7.5 2.5 | 169 | 11.5 | -5.5 | 40.0
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B.2 Mix+Feed

Nr [ Type Release [ Starting [ Completion [ Travel [ Start Sim [ End Sim [ Origin [ Destination

0 | feeding 410498.6441 | 410498.6441 | 410584.1191 0.0000 | 410536.5192 | 410621.9984 2.5 | 175 | 16.2 | 11.5 | -5.5 | 40.0
1 | feeding 410520.8941 | 410623.0592 | 410708.6414 | 38.9402 | 410663.3606 | 410758.4697 7.5 2.5 | 16.1 | 35,5 | -5.5 | 40.0
3 | mixing 410889.4158 | 410923.9241 | 411006.5854 | 34.5083 | 410925.5312 | 411035.3801 | 32.5 2.5 | 22.6 | 425 | 22,5 7.3
7 | mixing 411006.5854 | 411042.1147 | 411112.6370 | 35.5293 | 411453.9763 | 411547.5361 | 47.5 | 17.5 | 22.5 | 47.5 | 22.5 7.9
4 | mixing 411035.3801 | 411205.1521 | 411280.2063 | 41.7441 | 411059.0631 | 411159.2623 | 37.5 | 12.5 | 22.6 | 32.5 | 22.5 7.4
2 | mixing 410758.4697 | 411315.9401 | 411391.2387 | 35.7338 | 410791.7767 | 410889.4158 | 27.5 | 17.5 | 22.9 | 37.5 | 22.5 7.3
5 | mixing 411391.2387 | 411433.3918 | 411513.7436 | 42.1532 | 411190.6247 | 411294.8567 | 47.5 | 12.5 | 22.6 | 27.5 | 22.5 7.9
8 | feeding 411513.7436 | 411548.2050 | 411633.7872 | 34.4614 | 411593.4503 | 411679.0366 | 17.5 | 17.5 | 16.1 | 32.5 | -5.5 | 40.0
9 | mixing 411280.2063 | 411668.4319 | 411749.7004 | 34.6447 | 411716.1034 | 411821.2343 | 37.5 2.5 | 224 | 375 | 22,5 8.4
6 | feeding 411163.3377 | 411789.8384 | 411875.4205 | 40.1380 | 411321.5602 | 411407.1466 | 17.5 | 12.5 | 16.1 8.5 | -5.5 | 40.0
10 | mixing 411513.7436 | 411910.4880 | 411987.7921 | 35.0674 | 411853.6028 | 411956.4865 | 27.5 7.5 | 224 | 325 | 22.5 8.6
12 | feeding 411994.7400 | 412035.2568 | 412120.9461 | 40.5168 | 412127.0359 | 412212.7294 | 12.5 7.5 | 16.0 | 11.5 | -5.5 | 40.0
11 | mixing 411112.6370 | 412157.2135 | 412234.4106 | 36.2674 | 411983.9204 | 412086.5898 | 32.5 7.5 | 224 | 425 | 22,5 8.7
14 | mixing 411749.7004 | 412886.6134 | 412962.7866 | 34.5065 | 412415.1676 | 412513.0775 | 42.5 | 17.5 | 22.4 | 27.5 | 22.5 8.8
13 | feeding 412191.2731 | 413005.5838 | 413091.2731 | 42.7971 | 412250.7409 | 412345.2360 2.5 | 125 | 16.0 | 35.5 | -5.5 | 40.0
15 | mixing 411987.7921 | 413126.0541 | 413202.8226 | 34.7811 | 412544.3073 | 412645.7982 | 42.5 7.5 | 222 | 475 | 22.5 8.9
20 | feeding 413165.9579 | 413352.2154 | 413438.0118 | 43.9941 | 413209.3629 | 413297.8290 | 22.5 2.5 | 15.9 85 | -5.5 | 40.0
18 | mixing 413202.8226 | 413473.0792 | 413552.6334 | 35.0674 | 412939.8437 | 413043.4783 | 27.5 2.5 | 22.0 | 325 | 22,5 9.6
23 | mixing 413552.6334 | 413586.1172 | 413653.3181 | 33.4838 | 413579.5852 | 413665.4736 | 27.5 | 17.5 | 21.8 | 32.5 | 22.5 | 10.3
26 | mixing 413653.3181 | 413692.8122 | 413763.1521 | 39.4941 | 413944.4773 | 414034.9207 | 42.5 | 12.5 | 21.7 | 42,5 | 22.5 | 10.9
27 | validating | 413763.1521 | 413763.1521 | 413786.0359 0 0 | 414081.0797 | 42.5 | 22.5 7.2 | 42,5 | 22.5 | 10.9
19 | feeding 413014.4628 | 413828.6663 | 413914.4628 | 42.6304 | 413079.4791 | 413167.8644 | 17.5 2.5 | 159 | 325 | -5.5 | 40.0
17 | mixing 412962.7866 | 413949.3120 | 414025.3305 | 34.8492 | 412805.4840 | 412904.5105 | 47.5 7.5 | 221 | 42.5 | 22.5 9.5
16 | mixing 412234.4106 | 414065.8776 | 414138.2532 | 40.5471 | 412678.5713 | 412774.7041 | 27.5 | 12.5 | 22.2 | 37.5 | 22.5 9.5
21 | mixing 414138.2532 | 414171.9416 | 414246.6148 | 33.6884 | 413335.7496 | 413430.9864 | 32.5 | 17.5 | 22.0 | 47.5 | 22.5 9.8
22 | mixing 414025.3305 | 414290.2680 | 414365.2150 | 43.6532 | 413461.7623 | 413559.9317 | 37.5 7.5 | 21.8 | 27.5 | 22,5 | 10.2
28 | feeding 414022.6005 | 414406.9894 | 414492.7858 | 41.7744 | 414132.2656 | 414226.2671 2.5 7.5 | 159 | 35.5 | -5.5 | 40.0
24 | mixing 414246.6148 | 414527.9078 | 414606.3906 | 35.1220 | 413702.7012 | 413804.1930 | 47.5 2.5 | 21.7 | 42.5 | 22.5 | 10.3
30 | mixing 414606.3906 | 414645.8846 | 414721.6293 | 39.4941 | 414410.5322 | 414505.8714 | 47.5 | 12.5 | 21.7 | 27.5 | 22.5 | 11.3
29 | feeding 414166.6557 | 414763.9188 | 414849.8224 | 42.2895 | 414276.8339 | 414365.4070 2.5 2.5 | 15.8 | 11.5 | -5.5 | 40.0
34 | mixing 414721.6293 | 414886.0899 | 414959.1083 | 36.2674 | 414824.9412 | 414918.6106 | 32.5 7.5 | 216 | 37.5 | 22,5 | 11.8
35 | validating | 414959.1083 | 414959.1083 | 414982.1719 0 0 | 414964.0684 | 37.5 | 22.5 8.0 | 37.5 | 22.5 | 11.8
36 | feeding 414879.5287 | 415020.3706 | 415106.2741 | 38.1986 | 414995.9773 | 415081.8851 | 22.5 7.5 | 158 | 32.5 | -5.5 | 40.0
32 | mixing 413763.1521 | 415141.4643 | 415218.4471 | 35.1902 | 414652.6811 | 414751.1729 | 42.5 2.5 | 216 | 325 | 22,5 | 11.6
33 | validating | 415218.4471 | 415218.4471 | 415241.6881 0 0 | 414797.5073 | 32.5 | 22.5 7.7 1 325 | 225 | 11.6
25 | mixing 414365.2150 | 415280.2958 | 415350.7429 | 38.6077 | 413827.8759 | 413920.7944 | 32.5 | 12.5 | 21.7 | 37.5 | 22.5 | 10.8
31 | mixing 415350.7429 | 415383.3403 | 415453.0674 | 32.5974 | 414529.3765 | 414618.1542 | 37.5 | 17.5 | 21.7 | 47.5 | 22.5 | 11.3
38 | mixing 415453.0674 | 415485.1876 | 415559.6465 | 32.1202 | 415252.9523 | 415344.1132 | 47.5 | 17.5 | 21.5 | 27.5 | 22.5 | 12.3
39 | validating | 415559.6465 | 415559.6465 | 415583.7425 0 0 | 415389.0450 | 27.5 | 22.5 79| 275 | 225 | 12.3
37 | feeding 415008.7673 | 415612.6887 | 415698.5923 | 27.5520 | 415120.0330 | 415205.9408 | 22.5 | 17.5 | 15.8 8.5 | -5.5 | 40.0
43 | mixing 415559.6465 | 415733.9870 | 415809.3626 | 35.3947 | 415703.4461 | 415798.4022 | 27.5 2.5 | 21.3 | 32.5 | 22.5 | 12.8
44 | feeding 415676.6313 | 415849.1597 | 415935.2776 | 39.7971 | 415833.5502 | 415919.6722 7.5 | 125 | 15.6 | 11.5 | -5.5 | 40.0
40 | mixing 415218.4471 | 415970.6041 | 416042.8726 | 35.3265 | 415420.9168 | 415513.7291 | 27.5 7.5 | 21.4 | 425 | 225 | 12.3
41 | mixing 414959.1083 | 416080.7985 | 416149.1026 | 37.9259 | 415537.4120 | 415624.7591 | 37.5 | 12.5 | 21.4 | 47.5 | 22.5 | 12.5
42 | validating | 416149.1026 | 416149.1026 | 416171.9864 0 0 | 415668.1129 | 47.5 | 22.5 8.8 | 475 | 22.5 | 125
47 | mixing 416149.1026 | 416213.4578 | 416284.7620 | 41.4714 | 416209.0421 | 416298.9616 | 42.5 75 | 21.3 | 375 | 22,5 | 13.1
48 | mixing 415809.3626 | 416325.8242 | 416396.9141 | 41.0623 | 416330.5437 | 416420.0346 | 47.5 7.5 | 21.3 | 425 | 22,5 | 13.3
52 | mixing 416396.9141 | 416427.3298 | 416496.3244 | 30.4156 | 416838.7660 | 416921.9990 | 42.5 | 17.5 | 21.0 | 27.5 | 22.5 | 14.1
45 | feeding 415715.3531 | 416529.2352 | 416615.3531 | 32.9108 | 415957.9565 | 416045.9168 | 12.5 | 17.5 | 15.6 | 35.5 | -5.5 | 40.0
50 | mixing 416284.7620 | 416650.8841 | 416724.8669 | 35.5311 | 416582.6008 | 416674.1284 | 47.5 2.5 | 21.1 | 475 | 22,5 | 139
55 | mixing 416724.8669 | 416754.7371 | 416820.0713 | 29.8702 | 417191.7996 | 417271.4689 | 47.5 | 17.5 | 20.8 | 37.5 | 22.5 | 14.5
51 | feeding 416559.0985 | 416988.0594 | 417074.3915 | 30.6625 | 416717.8273 | 416804.1636 | 17.5 7.5 | 154 | 32.5 | -5.5 | 40.0
46 | mixing 416042.8726 | 417109.7862 | 417184.9476 | 35.3947 | 416083.7335 | 416178.2623 | 37.5 2.5 | 21.3 | 275 | 22.5 | 13.0
53 | feeding 416874.5128 | 417218.4720 | 417304.8041 | 33.5244 | 416957.2777 | 417043.6141 | 12.5 | 12.5 | 15.4 8.5 | -5.5 | 40.0
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49 | mixing 417184.9476 | 417342.8715 | 417417.3900 | 38.0674 | 416455.0194 | 416546.9741 | 32.5 2.5 | 21.2 | 32.5 | 22,5 | 13.5
54 | mixing 417417.3900 | 417454.1568 | 417520.2110 | 36.7668 | 417078.5347 | 417162.0259 | 27.5 | 12.5 | 20.9 | 32.5 | 22.5 | 14.1
56 | mixing 416496.3244 | 417560.1824 | 417629.2366 | 39.9714 | 417302.6989 | 417388.4397 | 37.5 7.5 | 20.7 | 42.5 | 22.5 | 14.6
57 | mixing 417520.2110 | 417665.1170 | 417729.9926 | 35.8804 | 417415.9226 | 417497.0554 | 32.5 | 12.5 | 20.7 | 27.5 | 22.5 | 15.0
60 | feeding 417729.9926 | 417759.6415 | 417846.0808 | 29.6489 | 417798.8148 | 417885.2583 7.5 | 175 | 153 | 11.5 | -5.5 | 40.0
61 | mixing 417629.2366 | 417881.9528 | 417954.1141 | 35.8720 | 417923.5523 | 418012.4025 | 27.5 2.5 | 206 | 47.5 | 225 | 15.1
58 | mixing 416820.0713 | 417989.6536 | 418057.3626 | 35.5395 | 417540.0326 | 417621.6586 | 47.5 | 12.5 | 20.7 | 32.5 | 22.5 | 15.0
63 | mixing 418057.3626 | 418086.2782 | 418153.1300 | 28.9156 | 418155.4049 | 418235.9607 | 27.5 | 17.5 | 20.5 | 42.5 | 22.5 | 15.6
65 | mixing 417954.1141 | 418185.3414 | 418245.3636 | 32.2114 | 418398.7336 | 418471.6288 | 32.5 | 17.5 | 20.5 | 27.5 | 22.5 | 15.7
59 | feeding 417571.6484 | 418277.4574 | 418363.8967 | 32.0938 | 417661.2891 | 417754.8260 2.5 | 175 | 153 | 355 | -5.5 | 40.0
62 | mixing 417729.9926 | 418399.7687 | 418471.8229 | 35.8720 | 418043.5873 | 418131.9005 | 32.5 2.5 | 206 | 37.5 | 22.5 | 15.2
64 | feeding 418233.2915 | 418505.5752 | 418592.1217 | 33.7523 | 418275.6550 | 418364.7903 | 12.5 2.5 | 15.2 | 32.5 | -5.5 | 40.0
69 | mixing 418153.1300 | 418628.1300 | 418698.6842 | 36.0083 | 418773.6370 | 418858.9515 | 42.5 2.5 | 204 | 47.5 | 22,5 | 16.4
73 | mixing 418698.6842 | 418733.0646 | 418795.3688 | 34.3804 | 419146.1717 | 419222.1617 | 42.5 | 12.5 | 20.3 | 42.5 | 22.5 | 17.0
74 | validating | 418795.3688 | 418795.3688 | 418819.1289 0 0 | 419256.9246 | 42.5 | 22.5 | 12.8 | 42.5 | 22.5 | 17.0
66 | mixing 418471.8229 | 418846.6809 | 418906.1675 | 27.5520 | 418500.6711 | 418572.4917 | 37.5 | 17.5 | 20.5 | 32.5 | 22.5 | 16.2
67 | validating | 418906.1675 | 418906.1675 | 418929.7567 0 0 | 418607.6054 | 32.5 | 22.5 | 12.1 | 32,5 | 22.5 | 16.2
68 | feeding 418549.6575 | 418955.1448 | 419041.6912 | 25.3881 | 418639.6560 | 418726.2067 | 22.5 | 12.5 | 15.2 8.5 | -5.5 | 40.0
70 | mixing 418245.3636 | 419077.6995 | 419144.2894 | 36.0083 | 418891.7247 | 418971.8941 | 27.5 7.5 | 204 | 27.5 | 22.5 | 16.6
71 | validating | 419144.2894 | 419144.2894 | 419167.3530 0 0 | 419006.4817 | 27.5 | 22.5 | 12.8 | 27.5 | 22.5 | 16.6
75 | feeding 419254.5299 | 419276.6611 | 419363.2075 | 22.1312 | 419293.3453 | 419379.8959 | 17.5 | 17.5 | 15.2 | 35.5 | -5.5 | 40.0
77 | mixing 419144.2894 | 419399.3522 | 419468.8350 | 36.1447 | 419555.9956 | 419638.8458 | 37.5 2.5 | 20.2 | 32.5 | 22,5 | 17.2
76 | feeding 419369.6847 | 420183.0311 | 420269.6847 | 33.2889 | 419426.7711 | 419513.4289 2.5 | 125 | 15.1 | 11.5 | -5.5 | 40.0
72 | mixing 418906.1675 | 420305.9522 | 420372.4349 | 36.2674 | 419038.0639 | 419118.3405 | 32.5 7.5 | 203 | 37.5 | 22,5 | 16.6
78 | mixing 420372.4349 | 420399.9869 | 420457.8663 | 27.5520 | 419665.6961 | 419737.2256 | 42.5 | 17.5 | 20.1 | 47.5 | 22.5 | 17.3
79 | mixing 418795.3688 | 420484.9410 | 420546.0967 | 27.0747 | 419756.8767 | 419827.2188 | 47.5 | 17.5 | 20.1 | 37.5 | 22.5 | 17.7
80 | validating | 420546.0967 | 420546.0967 | 420569.5129 0 0 | 419859.3518 | 37.5 | 22.5 | 13.7 | 37.5 | 22.5 | 17.7
82 | feeding 419934.4346 | 420644.4980 | 420731.1516 | 26.4290 | 419996.9756 | 420083.6334 | 17.5 | 12.5 | 15.1 | 32,5 | -5.5 | 40.0
81 | mixing 419468.8350 | 420767.4327 | 420834.2845 | 36.2811 | 419891.4825 | 419969.2948 | 47.5 7.5 | 200 | 27.5 | 22,5 | 179
85 | feeding 420201.4248 | 420862.8536 | 420949.6143 | 28.5691 | 420335.4190 | 420422.1840 2.5 7.5 | 15.0 85 | -5.5 | 40.0
83 | mixing 420457.8663 | 420985.8954 | 421049.7472 | 36.2811 | 420118.9176 | 420193.4701 | 27.5 | 12.5 | 20.0 | 42.5 | 22.5 | 17.9
84 | mixing 420546.0967 | 421082.9003 | 421143.2760 | 33.1532 | 420217.1531 | 420289.9287 | 32.5 | 12.5 | 20.0 | 42.5 | 22.5 | 18.5
86 | mixing 420834.2845 | 421176.0200 | 421236.3957 | 32.7441 | 420463.2182 | 420534.3866 | 37.5 | 12.5 | 20.0 | 47.5 | 22.5 | 18.5
87 | validating | 421236.3957 | 421236.3957 | 421260.1558 0 0 | 420565.4677 | 47.5 | 22.5 | 14.3 | 47.5 | 22.5 | 18.5
89 | mixing 421143.2760 | 421296.5817 | 421360.2787 | 36.4259 | 420708.3773 | 420783.4039 | 42.5 7.5 | 199 | 27.5 | 22,5 | 18.8
90 | feeding 420775.2526 | 421386.4284 | 421473.1892 | 26.1497 | 420814.9446 | 420904.8753 7.5 7.5 | 150 | 35.5 | -5.5 | 40.0
88 | mixing 421049.7472 | 421509.5384 | 421577.1997 | 36.3492 | 420601.0945 | 420680.9434 | 47.5 2.5 | 199 | 32.5 | 22.5 | 18.6
94 | feeding 421211.5473 | 421606.9923 | 421693.8602 | 29.7926 | 421251.1496 | 421340.6063 7.5 2.5 | 149 | 11.5 | -5.5 | 40.0
91 | mixing 421236.3957 | 421733.1276 | 421796.6104 | 39.2674 | 420940.3640 | 421014.9633 | 37.5 7.5 | 19.7 | 37.5 | 22.5 | 18.8
92 | mixing 421577.1997 | 421816.8979 | 421878.7140 | 20.2875 | 421037.9627 | 421108.1224 | 32.5 | 17.5 | 19.6 | 47.5 | 22.5 | 19.4
95 | mixing 421796.6104 | 421905.0441 | 421963.5983 | 26.3302 | 421385.7315 | 421454.5278 | 47.5 | 12.5 | 19.5 | 42.5 | 22.5 | 19.7
96 | mixing 421878.7140 | 421983.1352 | 422041.3980 | 19.5369 | 421477.7552 | 421542.8662 | 37.5 | 17.5 | 19.5 | 27.5 | 22.5 | 19.8
102 | feeding 422041.3980 | 422072.5835 | 422159.5585 | 31.1854 | 422106.6180 | 422196.1818 2.5 2.5 | 14.8 8.5 | -5.5 | 40.0
99 | mixing 422041.3980 | 422196.3168 | 422261.2137 | 36.7583 | 421766.6340 | 421839.9849 | 27.5 2.5 | 19.3 | 27.5 | 22.5 | 20.5
100 | feeding 421773.9836 | 422278.9863 | 422365.8541 | 17.7726 | 421863.1609 | 421950.0329 | 22.5 | 17.5 | 14.9 | 325 | -5.5 | 40.0
93 | mixing 421360.2787 | 422402.4761 | 422468.5303 | 36.6220 | 421139.3033 | 421215.9294 | 42.5 2.5 | 19.5 | 32.5 | 225 | 19.7
97 | mixing 422468.5303 | 422494.5409 | 422552.6604 | 26.0106 | 421570.6935 | 421637.8348 | 27.5 | 12.5 | 19.4 | 37.5 | 22.5 | 20.0
98 | mixing 421963.5983 | 422578.4155 | 422636.0651 | 25.7551 | 421665.6661 | 421731.3009 | 42.5 | 12.5 | 19.4 | 47.5 | 22.5 | 20.4
103 | mixing 422636.0651 | 422665.0058 | 422725.4513 | 28.9407 | 422234.2615 | 422301.0874 | 32.5 7.5 | 19.2 | 32.5 | 22.5 | 209
110 | feeding 422722.7233 | 422754.1725 | 422841.2546 | 28.7211 | 422842.8601 | 422929.9465 | 12.5 7.5 | 14.7 | 11.5 | -5.5 | 40.0
109 | feeding 422610.8717 | 422881.1493 | 422968.2315 | 39.8947 | 422713.0412 | 422802.7122 | 22.5 2.5 | 14.7 | 35.5 | -5.5 | 40.0
101 | mixing 422552.6604 | 423005.0580 | 423069.5479 | 36.8265 | 421988.2815 | 422061.5367 | 32.5 2.5 | 19.2 | 42,5 | 22,5 | 20.7
105 | mixing 423069.5479 | 423098.0578 | 423157.4466 | 28.5099 | 422428.5825 | 422494.0559 | 47.5 7.5 | 19.1 | 475 | 22.5 | 214
104 | mixing 422261.2137 | 423185.0142 | 423245.3040 | 27.5676 | 422332.6696 | 422401.1487 | 27.5 7.5 | 19.1 | 37.5 | 22.5 | 20.9
106 | mixing 422725.4513 | 423269.8253 | 423324.7531 | 24.5213 | 422521.0848 | 422581.3166 | 37.5 | 12.5 | 19.1 | 27.5 | 22.5 | 21.7
107 | validating | 423324.7531 | 423324.7531 | 423348.5132 0 0 | 422605.8922 | 27.5 | 22.5 | 17.5 | 27.5 | 22.5 | 21.7
108 | mixing 423245.3040 | 423365.2198 | 423419.9634 | 16.7066 | 422625.5456 | 422678.4080 | 27.5 | 17.5 | 19.1 | 37.5 | 22.5 | 21.7
113 | mixing 423324.7531 | 423446.4720 | 423503.1622 | 26.5086 | 423072.9777 | 423129.7113 | 42.5 7.5 | 189 | 47.5 | 225 | 22.1
111 | mixing 423157.4466 | 423518.2562 | 423567.0931 | 15.0940 | 422975.1625 | 423023.9021 | 47.5 | 17.5 | 19.0 | 42.5 | 22.5 | 22.0
112 | validating | 423567.0931 | 423567.0931 | 423589.9769 0 0 | 423046.6879 | 42.5 | 22.5 | 18.3 | 42.5 | 22.5 | 22.0
118 | mixing 423503.1622 | 423619.2337 | 423676.5668 | 29.2569 | 423366.5561 | 423423.9325 | 47.5 2.5 | 188 | 42.5 | 17.5 | 22.6
114 | mixing 423419.9634 | 423683.3593 | 423736.2224 6.7926 | 423148.0825 | 423200.9975 | 42.5 | 17.5 | 18.9 | 32.5 | 22.5 | 22.2
115 | validating | 423736.2224 | 423736.2224 | 423759.1062 0 0 | 423223.7833 | 32.5 | 22.5 | 18.5 | 32.5 | 22.5 | 22.2
121 | feeding 423562.0895 | 423788.6369 | 423875.7191 | 29.5307 | 423652.3037 | 423739.3901 | 12.5 | 17.5 | 14.7 8.5 | -5.5 | 40.0
120 | feeding 423469.4132 | 423915.6138 | 424002.6959 | 39.8947 | 423526.3195 | 423613.4059 | 22.5 7.5 | 14.7 | 32.5 | -5.5 | 40.0
116 | mixing 423567.0931 | 424039.7952 | 424100.5568 | 37.0992 | 423253.1417 | 423313.9476 | 37.5 2.5 | 188 | 37.5 | 22.5 | 22.3
117 | validating | 424100.5568 | 424100.5568 | 424123.9730 0 0 | 423337.3419 | 37.5 | 22.5 | 183 | 37.5 | 22.5 | 22.3
122 | mixing 424100.5568 | 424139.4955 | 424193.0015 | 15.5226 | 423780.2425 | 423833.7995 | 37.5 | 17.5 | 18.8 | 47.5 | 17.5 | 22.7
119 | mixing 423736.2224 | 424215.6750 | 424269.2581 | 22.6735 | 423445.0163 | 423498.6378 | 32.5 | 12.5 | 18.8 | 27.5 | 22.5 | 22.6
123 | mixing 423676.5668 | 424285.3163 | 424343.0780 | 16.0583 | 423857.8352 | 423915.6402 | 32.5 | 17.5 | 18.6 | 37.5 2.5 | 22.8
124 | mixing 424269.2581 | 424350.1920 | 424407.5250 7.1140 | 423927.8373 | 423985.2137 | 37.5 2.5 | 188 | 32.5 | 17.5 | 22.6
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127 | mixing 424407.5250 | 424414.5319 | 424472.0792 7.0069 | 424136.8923 | 424194.4830 | 32.5 | 17.5 | 18.7 | 37.5 2.5 | 22.7
126 | mixing 424343.0780 | 424479.1932 | 424536.7405 7.1140 | 424067.1045 | 424124.6952 | 37.5 2.5 | 18.7 | 32.5 | 17.5 | 22.7
125 | mixing 424193.0015 | 424543.8545 | 424601.4018 7.1140 | 423997.3166 | 424054.9073 | 32.5 | 17.5 | 18.7 | 37.5 2.5 | 22.7
128 | mixing 424601.4018 | 424627.8730 | 424685.6346 | 26.4711 | 424219.2751 | 424277.0801 | 42.5 | 17.5 | 18.6 | 47.5 2.5 | 22.8
129 | mixing 424536.7405 | 424693.0700 | 424750.1293 7.4354 | 424289.5519 | 424346.5614 | 47.5 2.5 | 185 | 32.5 | 12,5 | 229
132 | mixing 424472.0792 | 424757.0290 | 424812.8025 6.8997 | 424628.1980 | 424683.9276 | 32.5 | 12.5 | 19.1 | 47.5 2.5 | 223
133 | mixing 424685.6346 | 425008.5707 | 425062.7966 | 19.5488 | 424705.0083 | 424759.2819 | 37.5 7.5 | 185 | 42.5 | 17.5 | 229
130 | feeding 424307.5629 | 425096.1844 | 425183.3737 | 33.3878 | 424374.2618 | 424464.0400 | 17.5 2.5 | 146 | 35.5 | -5.5 | 40.0
131 | feeding 424410.8765 | 425223.4730 | 425310.8765 | 40.0992 | 424504.6424 | 424592.0502 | 12.5 | 12.5 | 14.4 | 11.5 | -5.5 | 40.0
137 | feeding 424968.4674 | 425350.9758 | 425438.3794 | 40.0992 | 425011.9154 | 425102.8003 2.5 | 175 | 144 | 32.5 | -5.5 | 40.0
143 | feeding 425430.1501 | 425478.4786 | 425565.8822 | 40.0992 | 425515.7143 | 425603.1221 7.5 | 175 | 144 8.5 | -5.5 | 40.0
136 | mixing 425062.7966 | 425603.9496 | 425658.0684 | 38.0674 | 424923.9171 | 424978.0783 | 32.5 2.5 | 186 | 27.5 | 12.5 | 22.9
134 | mixing 424750.1293 | 425665.6110 | 425719.9440 7.5426 | 424783.0852 | 424837.4659 | 27.5 | 12.5 | 18.5 | 32.5 2.5 | 23.0
135 | mixing 424812.8025 | 425726.9509 | 425779.9982 7.0069 | 424849.5688 | 424902.6586 | 32.5 2.5 | 19.1 | 27.5 | 12,5 | 224
138 | mixing 425719.9440 | 425786.3622 | 425839.4095 6.3640 | 425138.6981 | 425191.7879 | 27.5 | 12.5 | 19.1 | 32.5 2.5 | 224
139 | mixing 425779.9982 | 426055.5673 | 426106.0113 7.0069 | 425203.8908 | 425254.2368 | 32.5 2.5 | 18.5 | 32.5 7.5 | 23.0
140 | mixing 425658.0684 | 426113.2324 | 426162.8193 7.2211 | 425266.5268 | 425316.0132 | 32.5 7.5 | 189 | 32.5 2.5 | 22.6
144 | mixing 426162.8193 | 426184.9571 | 426243.6235 | 22.1378 | 425688.3627 | 425746.9806 | 47.5 | 12.5 | 19.2 | 27.5 | 12.5 | 22.3
142 | mixing 426106.0113 | 426250.4160 | 426310.3681 6.7926 | 425412.7314 | 425472.6347 | 27.5 | 12.5 | 18.6 | 47.5 | 12.5 | 229
141 | mixing 425839.4095 | 426317.9107 | 426378.0771 7.5426 | 425340.0529 | 425400.1705 | 47.5 | 12.5 | 18.5 | 27.5 | 12,5 | 23.0
145 | mixing 426378.0771 | 426394.6711 | 426445.1150 | 16.5940 | 425764.4604 | 425814.8052 | 27.5 | 17.5 | 18.5 | 32.5 | 17.5 | 23.0
149 | mixing 426445.1150 | 426452.0147 | 426500.9587 6.8997 | 426086.9764 | 426135.8200 | 32.5 | 17.5 | 19.2 | 27.5 | 17.5 | 22.3
148 | mixing 426243.6235 | 426507.7513 | 426557.9810 6.7926 | 426024.9355 | 426075.0662 | 27.5 | 17.5 | 18.6 | 32.5 | 17.5 | 22.9
146 | mixing 426310.3681 | 426565.3093 | 426615.3247 7.3283 | 425827.2770 | 425877.1920 | 32.5 | 17.5 | 18.7 | 27.5 | 17.5 | 22.8
147 | feeding 425827.2057 | 426639.8021 | 426727.2057 | 24.4774 | 425901.2889 | 425988.6967 | 17.5 | 17.5 | 14.4 | 35.5 | -5.5 | 40.0
150 | feeding 426097.8309 | 426767.4413 | 426855.0592 | 40.2356 | 426160.3871 | 426248.0092 | 17.5 7.5 | 142 | 11.5 | -5.5 | 40.0
157 | feeding 426654.2174 | 426895.2948 | 426982.9126 | 40.2356 | 426754.6192 | 426842.2413 7.5 | 125 | 14.2 | 32.5 | -5.5 | 40.0
159 | feeding 426934.3547 | 427023.1483 | 427110.7661 | 40.2356 | 426967.4128 | 427055.0349 | 22.5 | 12.5 | 14.2 8.5 | -5.5 | 40.0
151 | mixing 426615.3247 | 427152.6419 | 427212.8083 | 41.8758 | 426284.3161 | 426344.4380 | 27.5 | 22.5 | 18.5 | 47.5 | 22.5 | 23.0
152 | validating | 427212.8083 | 427212.8083 | 427236.3975 0 0 | 426368.0322 | 47.5 | 22.5 | 18.9 | 47.5 | 22.5 | 23.0
153 | mixing 426557.9810 | 427243.6186 | 427302.9279 7.2211 | 426380.3222 | 426439.5826 | 47.5 | 22.5 | 189 | 27.5 | 22,5 | 22.6
156 | mixing 427302.9279 | 427318.9861 | 427380.7120 | 16.0583 | 426604.6559 | 426712.0851 | 32.5 | 22.5 | 18.6 | 47.5 2.5 | 23.0
155 | mixing 427212.8083 | 427387.9332 | 427449.0162 7.2211 | 426531.2386 | 426592.3660 | 47.5 2.5 | 189 | 32.5 | 22.5 | 22.7
154 | mixing 426500.9587 | 427456.3445 | 427518.2847 7.3283 | 426456.8726 | 426518.8571 | 32.5 | 22.5 | 18.5 | 47.5 2.5 | 23.1
158 | mixing 427518.2847 | 427525.6130 | 427586.6960 7.3283 | 426881.6944 | 426942.8230 | 47.5 2.5 | 189 | 32.5 | 22,5 | 22.7
162 | mixing 427586.6960 | 427593.5957 | 427654.6788 6.8997 | 427240.2459 | 427301.3733 | 32.5 | 22.5 | 18.9 | 47.5 2.5 | 22.7
161 | mixing 427380.7120 | 427661.6856 | 427722.9829 7.0069 | 427166.8014 | 427228.1430 | 47.5 2.5 | 188 | 32.5 | 22.5 | 22.8
160 | mixing 427449.0162 | 427730.2041 | 427791.7157 7.2211 | 427092.9555 | 427154.5114 | 32.5 | 22.5 | 18.7 | 47.5 2.5 | 229
163 | mixing 427791.7157 | 427799.0440 | 427860.5556 7.3283 | 427313.5704 | 427375.1263 | 47.5 2.5 | 18.7 | 32.5 | 22,5 | 229
166 | mixing 427860.5556 | 427867.8839 | 427929.3955 7.3283 | 427533.3770 | 427594.9329 | 32.5 | 22.5 | 18.7 | 47.5 2.5 | 229
165 | mixing 427654.6788 | 427936.4024 | 427997.2711 7.0069 | 427460.3610 | 427521.2741 | 47.5 2.5 | 19.0 | 32.5 | 22,5 | 22.6
164 | mixing 427722.9829 | 428004.0637 | 428065.1467 6.7926 | 427387.3235 | 427448.4508 | 32.5 | 22.5 | 18.9 | 47.5 2.5 | 22.7
167 | mixing 428065.1467 | 428071.7250 | 428132.1652 6.5783 | 427606.8431 | 427667.3276 | 47.5 2.5 | 19.2 | 32.5 | 22,5 | 224
170 | feeding 427776.4951 | 428159.5530 | 428247.2780 | 27.3878 | 427834.9169 | 427922.6461 | 17.5 | 12.5 | 14.1 | 11.5 | -5.5 | 40.0
171 | feeding 427832.4478 | 428287.6500 | 428375.4822 | 40.3720 | 427965.4401 | 428061.2969 2.5 2.5 | 140 | 35.5 | -5.5 | 40.0
168 | mixing 427997.2711 | 428412.8541 | 428463.5124 | 37.3720 | 427696.0278 | 427746.5881 | 32.5 2.5 | 18.4 | 32.5 7.5 | 23.1
169 | mixing 427929.3955 | 428470.5193 | 428519.4632 7.0069 | 427758.6910 | 427807.5346 | 32.5 7.5 | 19.2 | 32.5 2.5 | 22.3
174 | mixing 428519.4632 | 428525.8272 | 428575.1998 6.3640 | 428234.8539 | 428284.1261 | 32.5 2.5 | 19.0 | 37.5 2.5 | 22,5
172 | mixing 428132.1652 | 428582.4209 | 428633.0792 7.2211 | 428101.0909 | 428151.6512 | 37.5 2.5 | 184 | 32.5 2.5 | 231
173 | mixing 428463.5124 | 428639.4432 | 428691.9315 6.3640 | 428163.1565 | 428215.2028 | 32.5 2.5 | 19.8 | 37.5 2.5 | 21.7
175 | mixing 428633.0792 | 428707.2398 | 428757.8981 | 15.3083 | 428301.4161 | 428351.9741 | 32.5 7.5 | 184 | 37.5 7.5 | 23.1
176 | mixing 428691.9315 | 428765.3335 | 428815.1346 7.4354 | 428364.4459 | 428414.1467 | 37.5 7.5 | 188 | 32.5 7.5 | 22.7
179 | mixing 428815.1346 | 428822.1415 | 428871.9426 7.0069 | 428551.4559 | 428601.1568 | 32.5 7.5 | 188 | 37.5 7.5 | 22.7
178 | mixing 428757.8981 | 428879.2709 | 428929.7149 7.3283 | 428488.7307 | 428539.0744 | 37.5 7.5 | 185 | 32.5 7.5 | 23.0
177 | mixing 428575.1998 | 428937.1503 | 428987.1657 7.4354 | 428426.3438 | 428476.2589 | 32.5 7.5 | 18.7 | 37.5 7.5 | 22.8
180 | mixing 428987.1657 | 428993.8511 | 429042.7951 6.6854 | 428612.8679 | 428661.7116 | 37.5 7.5 | 19.2 | 32.5 7.5 | 22.3
185 | mixing 429042.7951 | 429049.6948 | 429100.1388 6.8997 | 429077.7592 | 429128.3309 | 32.5 7.5 | 185 | 37.5 7.5 | 23.0
182 | mixing 428871.9426 | 429107.2528 | 429156.6253 7.1140 | 428736.2597 | 428785.5319 | 37.5 7.5 | 19.0 | 32.5 7.5 | 225
181 | mixing 428929.7149 | 429163.7393 | 429214.1833 7.1140 | 428673.7189 | 428724.0626 | 32.5 7.5 | 185 | 37.5 7.5 | 23.0
186 | mixing 429214.1833 | 429221.0830 | 429270.0270 6.8997 | 429140.3382 | 429189.1845 | 37.5 7.5 | 19.2 | 32.5 7.5 | 22.3
183 | feeding 428783.5311 | 429303.4144 | 429391.2465 | 33.3878 | 428818.8690 | 428909.1565 7.5 2.5 | 14.0 8.5 | -5.5 | 40.0
184 | feeding 428837.1435 | 429431.6182 | 429519.4504 | 40.3720 | 428951.9505 | 429042.4523 | 12.5 2.5 | 140 | 325 | -5.5 | 40.0
191 | feeding 429455.2010 | 429561.1178 | 429648.9500 | 41.6674 | 429503.7024 | 429591.5388 2.5 | 125 | 14.0 | 11.5 | -5.5 | 40.0
192 | feeding 429512.7786 | 429689.3899 | 429777.3292 | 40.4401 | 429630.9821 | 429718.9256 | 22.5 | 17.5 | 13.9 | 35.5 | -5.5 | 40.0
187 | mixing 429156.6253 | 429814.6867 | 429865.3450 | 37.3719 | 429213.2798 | 429263.8389 | 47.5 7.5 | 18.4 | 42.5 7.5 | 23.1
188 | mixing 429100.1388 | 429872.4431 | 429921.6013 7.1140 | 429276.0360 | 429325.0940 | 42.5 7.5 | 19.1 | 47.5 7.5 | 224
189 | mixing 429270.0270 | 429937.6391 | 429992.0022 | 16.0583 | 429342.2911 | 429396.7061 | 42.5 | 12.5 | 18.4 | 32,5 | 17.5 | 23.1
190 | mixing 429865.3450 | 429999.0066 | 430051.6554 7.0069 | 429408.8090 | 429461.5075 | 32.5 | 17.5 | 19.2 | 42.5 | 12.5 | 22.3
193 | mixing 429921.6013 | 430074.3516 | 430132.7561 | 22.6735 | 429755.3008 | 429813.7486 | 27.5 | 17.5 | 18.4 | 27.5 2.5 | 23.2
194 | mixing 429992.0022 | 430140.4058 | 430198.1674 7.6497 | 429826.3974 | 429884.2024 | 27.5 2.5 | 18.7 | 27.5 | 17.5 | 229
196 | mixing 430132.7561 | 430206.1237 | 430264.0996 7.4354 | 429977.5322 | 430035.5515 | 27.5 | 17.5 | 18.6 | 27.5 2.5 | 23.0
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197 | mixing | 430198.1674 | 430270.9993 | 430327.6895 6.8997 | 430047.5588 | 430104.2923 | 27.5 2.5 | 19.2 | 27.5 | 17.5 | 224
195 | mixing | 430051.6554 | 430333.7321 | 430391.7650 6.0426 | 429895.9136 | 429952.2186 | 27.5 | 17.5 | 19.4 | 27.5 2.5 | 22.2
198 | mixing | 430391.7650 | 430398.7718 | 430449.6444 7.0069 | 430129.0845 | 430179.8581 | 27.5 2.5 | 18.3 | 32.5 2.5 | 23.2
201 | mixing | 430449.6444 | 430456.5441 | 430507.2879 6.8997 | 430316.2755 | 430364.6906 | 32.5 2.5 | 194 | 27.5 2.5 | 22.1
200 | mixing | 430327.6895 | 430514.1876 | 430565.0601 6.8997 | 430253.4960 | 430304.2682 | 27.5 2.5 | 183 | 32.5 2.5 | 23.2
199 | mixing | 430264.0996 | 430572.2813 | 430621.4395 7.2211 | 430192.1481 | 430241.2060 | 32.5 2.5 | 19.1 | 27.5 2.5 | 224
205 | feeding | 430621.4395 | 430642.4264 | 430730.4728 | 20.9868 | 430658.8639 | 430749.3657 | 22.5 2.5 | 13.8 8.5 | -5.5 | 40.0
202 | feeding | 430334.6877 | 430770.9811 | 430859.0276 | 40.5083 | 430389.2193 | 430479.8546 | 17.5 2.5 | 13.8 | 32.5 | -5.5 | 40.0
206 | mixing | 430507.2879 | 430896.4677 | 430947.3403 | 37.4402 | 430793.7278 | 430844.5031 | 37.5 2.5 | 183 | 32.5 7.5 | 23.2
204 | mixing | 430565.0601 | 430954.4543 | 431003.3983 7.1140 | 430582.6892 | 430631.5328 | 32.5 7.5 | 19.2 | 37.5 2.5 | 22.3
203 | mixing | 430621.4395 | 431010.5123 | 431061.3848 7.1140 | 430519.7167 | 430570.4921 | 37.5 2.5 | 183 | 32.5 7.5 | 23.2
207 | mixing | 431061.3848 | 431068.9274 | 431118.7285 7.5426 | 430857.0640 | 430906.7648 | 32.5 7.5 | 188 | 37.5 2.5 | 22.7
209 | mixing | 430947.3403 | 431125.4140 | 431174.5722 6.6854 | 430986.8906 | 431035.9485 | 37.5 2.5 | 19.1 | 42.5 2.5 | 224
208 | mixing | 431003.3983 | 431181.7934 | 431232.6659 7.2211 | 430923.8257 | 430974.6007 | 42.5 2.5 | 183 | 37.5 2.5 | 23.2
211 | mixing | 431232.6659 | 431239.7799 | 431288.7239 7.1140 | 431110.8066 | 431159.6502 | 37.5 2.5 | 19.2 | 42.5 2.5 | 22.3
210 | mixing | 431118.7285 | 431295.7308 | 431346.3890 7.0069 | 431048.1457 | 431098.7036 | 42.5 2.5 | 184 | 37.5 2.5 | 23.1
212 | mixing | 431174.5722 | 431354.2530 | 431404.9113 7.8640 | 431177.0032 | 431227.5611 | 37.5 2.5 | 184 | 42.5 2.5 | 231
214 | mixing | 431346.3890 | 431412.3467 | 431462.1478 7.4354 | 431402.1665 | 431451.8699 | 42.5 2.5 | 188 | 37.5 2.5 | 22.7
215 | mixing | 431288.7239 | 431469.0476 | 431518.6344 6.8997 | 431463.8772 | 431513.3637 | 37.5 2.5 | 189 | 42.5 2.5 | 22.6
216 | mixing | 431404.9113 | 431541.7251 | 431599.3201 | 23.1021 | 431537.0780 | 431594.6247 | 27.5 7.5 | 183 | 42.5 7.5 | 23.2
217 | mixing | 431462.1478 | 431665.9831 | 431722.2923 7.4354 | 431607.0965 | 431663.3576 | 42.5 7.5 | 189 | 27.5 7.5 | 22.6
219 | mixing | 431518.6344 | 431729.2991 | 431786.0369 7.0069 | 431818.3696 | 431875.0634 | 27.5 7.5 | 18.7 | 42.5 7.5 | 22.8
222 | mixing | 431786.0369 | 431792.7223 | 431848.3887 6.6854 | 432023.2077 | 432078.8259 | 42.5 7.5 | 19.2 | 27.5 7.5 | 22.3
221 | mixing | 431722.2923 | 431855.3955 | 431912.7762 7.0069 | 431953.7723 | 432011.1048 | 27.5 7.5 | 18.4 | 42.5 7.5 | 23.1
220 | mixing | 431599.3201 | 431919.5574 | 431977.0236 6.7926 | 431886.6725 | 431941.8622 | 42.5 7.5 | 19.4 | 27.5 7.5 | 22.1
213 | feeding | 431198.4546 | 432010.4081 | 432098.4546 | 33.3878 | 431269.9346 | 431362.6453 2.5 7.5 | 13.8 | 35.5 | -5.5 | 40.0
218 | feeding | 431629.1729 | 432138.9629 | 432227.0094 | 40.5083 | 431694.1483 | 431782.1990 7.5 7.5 | 13.8 | 11.5 | -5.5 | 40.0
225 | feeding | 432197.7827 | 432267.5859 | 432355.7395 | 40.5765 | 432246.7000 | 432334.8578 | 12.5 7.5 | 13.7 | 32.5 | -5.5 | 40.0
223 | mixing | 431977.0236 | 432457.3189 | 432511.8963 | 37.4401 | 432096.0231 | 432150.6523 | 32.5 7.5 | 183 | 42,5 | 12.5 | 23.2
227 | mixing | 432511.8963 | 432519.6532 | 432573.5877 7.7569 | 432436.9256 | 432490.9098 | 42.5 | 12.5 | 18.6 | 32.5 7.5 | 229
226 | mixing | 431848.3887 | 432581.1189 | 432635.2677 7.5426 | 432370.1648 | 432424.3647 | 32.5 7.5 | 185 | 42.5 | 12,5 | 23.0
224 | mixing | 431912.7762 | 432642.3703 | 432695.4477 7.1140 | 432163.0339 | 432216.1610 | 42.5 | 12.5 | 19.0 | 32.5 7.5 | 22.5
228 | mixing | 432695.4477 | 432702.4546 | 432756.3891 7.0069 | 432503.3816 | 432557.3659 | 32.5 7.5 | 18.6 | 42.5 | 12.5 | 22.9
232 | mixing | 432756.3891 | 432764.0388 | 432818.4019 7.6497 | 432849.8318 | 432904.2438 | 42.5 | 12.5 | 18.4 | 32.5 7.5 | 23.1
230 | mixing | 432573.5877 | 432825.9445 | 432879.6648 7.5426 | 432633.7861 | 432687.5561 | 32.5 7.5 | 18.7 | 42.5 | 12.5 | 22.8
229 | mixing | 432635.2677 | 432886.3388 | 432938.9876 6.6854 | 432569.2761 | 432621.9747 | 42.5 | 12.5 | 19.2 | 32.5 7.5 | 22.3
233 | mixing | 432938.9876 | 432945.7802 | 432999.7147 6.7926 | 432916.8926 | 432970.8769 | 32.5 7.5 | 18.6 | 42.5 | 12,5 | 229
237 | mixing | 432999.7147 | 433006.6145 | 433059.4776 6.8997 | 433258.0880 | 433311.0008 | 42.5 | 12.5 | 19.1 | 32.5 7.5 | 224
236 | mixing | 432818.4019 | 433066.6987 | 433121.2761 7.2211 | 433191.1724 | 433245.7980 | 32.5 7.5 | 183 | 42.5 | 12.5 | 23.2
234 | mixing | 432879.6648 | 433128.5704 | 433181.6477 7.3283 | 432982.9798 | 433036.1069 | 42.5 | 12.5 | 19.0 | 32.5 7.5 | 22.5
238 | mixing | 433181.6477 | 433188.7617 | 433242.9106 7.1140 | 433323.1037 | 433377.3023 | 32.5 7.5 | 185 | 42.5 | 12,5 | 23.0
242 | mixing | 433242.9106 | 433250.1317 | 433303.4234 7.2211 | 433679.4669 | 433732.8074 | 42.5 | 12.5 | 18.9 | 32.5 7.5 | 22.6
240 | mixing | 433059.4776 | 433310.5147 | 433364.4492 7.1140 | 433455.1308 | 433509.1151 | 32.5 7.5 | 18.6 | 42.5 | 12.5 | 22.9
239 | mixing | 433121.2761 | 433371.5290 | 433424.8207 7.1140 | 433389.5923 | 433442.9337 | 42.5 | 12.5 | 18.9 | 32.5 7.5 | 22.6
231 | feeding | 432637.9792 | 433449.8257 | 433537.9792 | 25.0131 | 432717.7989 | 432805.9567 | 22.5 7.5 | 13.7 8.5 | -5.5 | 40.0
235 | feeding | 433034.9815 | 433578.6237 | 433666.8844 | 40.6447 | 433066.4641 | 433154.7291 | 12.5 | 17.5 | 13.6 | 35.5 | -5.5 | 40.0
241 | feeding | 433482.8578 | 433707.5973 | 433795.9652 | 40.7129 | 433549.0606 | 433637.4327 7.5 | 175 | 13.5 | 11.5 | -5.5 | 40.0
248 | feeding | 434045.9770 | 434086.7580 | 434175.2330 | 40.7811 | 434135.3016 | 434227.3690 2.5 | 175 | 134 | 32.5 | -5.5 | 40.0
251 | feeding | 434329.4821 | 434370.3313 | 434458.9135 | 40.8492 | 434414.8869 | 434503.4733 | 12.5 | 12.5 | 13.3 8.5 | -5.5 | 40.0
245 | mixing | 433303.4234 | 434496.9612 | 434551.5386 | 38.0674 | 433876.9941 | 433931.6212 | 32.5 7.5 | 183 | 42,5 | 12.5 | 23.2
244 | mixing | 433364.4492 | 434559.0698 | 434612.5758 7.5426 | 433810.8775 | 433864.4332 | 42.5 | 12.5 | 18.8 | 32.5 7.5 | 22.7
243 | mixing | 433424.8207 | 434645.5710 | 434699.2912 7.1140 | 433744.9104 | 433798.6804 | 32.5 7.5 | 18.7 | 42.5 | 12.5 | 22.8
246 | mixing | 434699.2912 | 434705.7624 | 434760.2110 6.4711 | 433943.6285 | 433995.8985 | 42.5 | 12.5 | 19.4 | 32.5 7.5 | 22.1
249 | mixing | 434551.5386 | 434767.1134 | 434819.7622 6.9024 | 434262.1987 | 434314.8986 | 32.5 7.5 | 19.2 | 425 | 12,5 | 22.3
247 | mixing | 434612.5758 | 434826.7802 | 434881.1433 7.0069 | 434043.4889 | 434097.9002 | 42.5 | 12.5 | 18.4 | 32.5 7.5 | 23.1
252 | mixing | 434881.1433 | 434887.9359 | 434938.6797 6.7926 | 434541.4166 | 434590.0597 | 32.5 7.5 | 194 | 37.5 7.5 | 22.1
250 | mixing | 434760.2110 | 434945.5681 | 434996.4406 6.8997 | 434332.0957 | 434383.0983 | 37.5 7.5 | 183 | 32.5 7.5 | 23.2
253 | mixing | 434819.7622 | 435004.4004 | 435055.0587 7.9711 | 434607.6920 | 434658.2499 | 32.5 7.5 | 184 | 37.5 7.5 | 23.1
257 | mixing | 435055.0587 | 435062.0656 | 435111.0096 7.0069 | 434937.0557 | 434985.9017 | 37.5 7.5 | 19.2 | 32.5 7.5 | 22.3
255 | mixing | 434938.6797 | 435118.1236 | 435168.9961 7.1140 | 434730.5824 | 434781.3547 | 32.5 7.5 | 183 | 37.5 7.5 | 23.2
254 | mixing | 434996.4406 | 435175.8845 | 435226.6282 6.8997 | 434670.1600 | 434718.5752 | 37.5 7.5 | 194 | 32.5 7.5 | 22.1
261 | feeding | 435183.9617 | 435260.6574 | 435349.3467 | 34.0307 | 435252.5177 | 435343.7958 7.5 25 | 13.2 | 11.5 | -5.5 | 40.0
256 | feeding | 434726.1158 | 435390.1946 | 435478.7767 | 40.8492 | 434812.6397 | 434901.2261 | 17.5 | 17.5 | 13.3 | 35.5 | -5.5 | 40.0
258 | mixing | 435226.6282 | 435516.1970 | 435574.7086 | 37.4401 | 435009.8413 | 435068.3975 | 47.5 7.5 | 183 | 47.5 | 22.5 | 23.2
262 | mixing | 435574.7086 | 435581.9297 | 435638.7271 7.2211 | 435388.9437 | 435445.7844 | 47.5 | 22.5 | 19.1 | 47.5 7.5 | 22.4
260 | mixing | 435111.0096 | 435645.9467 | 435704.4583 7.2212 | 435150.6104 | 435209.1654 | 47.5 7.5 | 183 | 47.5 | 22.5 | 23.2
259 | mixing | 435168.9961 | 435711.8937 | 435769.1196 7.4354 | 435080.8693 | 435138.1386 | 47.5 | 22.5 | 18.9 | 47.5 7.5 | 22.6
263 | mixing | 435769.1196 | 435776.1265 | 435833.7809 7.0069 | 435457.6945 | 435515.3924 | 47.5 7.5 | 18.7 | 47.5 | 22.5 | 22.8
266 | mixing | 435833.7809 | 435840.6806 | 435897.6923 6.8997 | 435666.9753 | 435724.0303 | 47.5 | 22.5 | 19.0 | 47.5 7.5 | 22.5
265 | mixing | 435638.7271 | 435904.5920 | 435962.2464 6.8997 | 435597.2702 | 435654.9680 | 47.5 7.5 | 18.7 | 47.5 | 22.5 | 22.8
264 | mixing | 435704.4583 | 435969.3604 | 436026.8006 7.1140 | 435527.5895 | 435585.0730 | 47.5 | 22.5 | 18.8 | 47.5 7.5 | 22.7
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267 | mixing | 436026.8006 | 436034.1289 | 436092.2120 7.3283 | 435736.2274 | 435794.3538 | 47.5 7.5 | 185 | 47.5 | 22,5 | 23.0
271 | mixing | 436092.2120 | 436099.6474 | 436157.3019 7.4354 | 436099.6430 | 436157.3408 | 47.5 | 22.5 | 18.7 | 47.5 7.5 | 22.8
269 | mixing | 435897.6923 | 436164.4159 | 436221.8560 7.1140 | 435874.6987 | 435932.1823 | 47.5 7.5 | 18.8 | 47.5 | 22.5 | 22.7
268 | mixing | 435962.2464 | 436228.4343 | 436285.0174 6.5783 | 435806.3611 | 435862.9875 | 47.5 | 22.5 | 19.2 | 47.5 7.5 | 22.3
272 | mixing | 436285.0174 | 436291.3814 | 436348.3930 6.3640 | 436169.3481 | 436226.4031 | 47.5 7.5 | 19.0 | 47.5 | 22.5 | 225
274 | mixing | 436221.8560 | 436355.3998 | 436413.2686 7.0069 | 436399.2116 | 436457.1237 | 47.5 | 22.5 | 18.6 | 47.5 7.5 | 229
276 | mixing | 436348.3930 | 436420.9183 | 436479.2156 7.6497 | 436550.9210 | 436609.2617 | 47.5 7.5 | 184 | 47.5 | 225 | 23.1
277 | mixing | 436413.2686 | 436485.9011 | 436544.8388 6.6854 | 436621.0732 | 436677.0553 | 47.5 | 22.5 | 19.5 | 47.5 7.5 | 22.0
275 | mixing | 436157.3019 | 436551.7412 | 436608.5386 6.9024 | 436469.1310 | 436525.9717 | 47.5 7.5 | 19.1 | 47.5 | 22.5 | 224
270 | feeding | 435904.5737 | 436648.8907 | 436737.5800 | 40.3521 | 435972.1942 | 436063.4724 | 12.5 2.5 | 13.2 | 32.5 | -5.5 | 40.0
273 | feeding | 436181.4157 | 436778.4974 | 436867.1867 | 40.9174 | 436263.5293 | 436352.2228 | 17.5 7.5 | 13.2 8.5 | -5.5 | 40.0
280 | feeding | 436867.1867 | 436908.3087 | 436997.3194 | 41.1220 | 436920.8657 | 437012.5460 2.5 2.5 | 129 | 11.5 | -5.5 | 40.0
279 | feeding | 436732.3444 | 437038.2368 | 437126.9261 | 40.9174 | 436781.3781 | 436870.0717 | 22.5 | 12.5 | 13.2 | 35.,5 | -5.5 | 40.0
281 | mixing | 436479.2156 | 437163.9572 | 437217.5402 | 37.0311 | 437051.9991 | 437105.6258 | 27.5 2.5 | 189 | 32.5 | 12,5 | 22.7
278 | mixing | 436608.5386 | 437225.0828 | 437279.9516 7.5426 | 436701.4594 | 436756.3667 | 32.5 | 12.5 | 18.3 | 27.5 2.5 | 23.3
283 | mixing | 437279.9516 | 437286.6370 | 437342.4769 6.6854 | 437184.9094 | 437236.8013 | 27.5 2.5 | 19.7 | 32.5 | 12,5 | 21.9
282 | mixing | 436544.8388 | 437349.1623 | 437404.0311 6.6854 | 437118.1867 | 437173.0979 | 32.5 | 12.5 | 18.3 | 27.5 2.5 | 23.3
285 | mixing | 437404.0311 | 437411.2522 | 437464.1924 7.2211 | 437315.8139 | 437368.7965 | 27.5 25 | 19.2 | 325 | 125 | 224
284 | mixing | 437217.5402 | 437471.4135 | 437526.2823 7.2211 | 437248.6128 | 437303.5239 | 32.5 | 12.5 | 18.3 | 27.5 2.5 | 23.3
286 | mixing | 437342.4769 | 437534.2534 | 437588.6936 7.9711 | 437390.1507 | 437444.6333 | 27.5 2.5 | 185 | 32.5 | 12,5 | 23.1
287 | mixing | 437526.2823 | 437595.9148 | 437649.2835 7.2211 | 437456.9233 | 437510.3345 | 32.5 | 12.5 | 19.0 | 27.5 2.5 | 22.6
288 | mixing | 437464.1924 | 437656.6118 | 437711.2663 7.3283 | 437522.7160 | 437577.4129 | 27.5 2.5 | 184 | 32.5 | 12,5 | 23.2
290 | mixing | 437588.6936 | 437718.3803 | 437771.3205 7.1140 | 437729.8159 | 437782.7985 | 32.5 | 12.5 | 19.2 | 27.5 2.5 | 224
293 | mixing | 437711.2663 | 437777.4702 | 437830.1961 6.1497 | 438005.6376 | 438058.4060 | 27.5 2.5 | 193 | 32.5 | 12,5 | 22.3
292 | mixing | 437649.2835 | 437837.3101 | 437892.1788 7.1140 | 437938.5293 | 437993.4405 | 32.5 | 12.5 | 18.3 | 27.5 2.5 | 23.3
294 | mixing | 437771.3205 | 437900.2571 | 437954.9116 8.0783 | 438079.7601 | 438134.4570 | 27.5 2.5 | 184 | 32.5 | 12,5 | 23.2
295 | mixing | 437892.1788 | 437962.2399 | 438015.6086 7.3283 | 438146.8386 | 438200.2497 | 32.5 | 12.5 | 19.0 | 27.5 2.5 | 22.6
299 | mixing | 438015.6086 | 438022.2941 | 438075.6628 6.6854 | 438488.4819 | 438541.8931 | 27.5 2.5 | 19.0 | 32.5 | 12,5 | 22.6
291 | feeding | 437699.4120 | 438101.5331 | 438190.5438 | 25.8703 | 437811.5711 | 437900.5860 | 22.5 | 17.5 | 12.9 85 | -5.5 | 40.0
289 | feeding | 437569.0981 | 438231.6658 | 438320.6765 | 41.1220 | 437605.9712 | 437694.9862 | 17.5 | 12.5 | 12.9 | 32.5 | -5.5 | 40.0
296 | mixing | 437830.1961 | 438357.9121 | 438412.1380 | 37.2356 | 438212.4469 | 438266.7152 | 27.5 2.5 | 186 | 32.5 | 12,5 | 23.0
298 | mixing | 437954.9116 | 438419.3592 | 438472.9422 7.2211 | 438422.9463 | 438476.5718 | 32.5 | 12.5 | 18.9 | 27.5 2.5 | 22.7
301 | mixing | 438472.9422 | 438479.5205 | 438532.4607 6.5783 | 438619.9603 | 438672.9429 | 27.5 2.5 | 19.2 | 32.5 | 12,5 | 224
300 | mixing | 438412.1380 | 438539.2532 | 438593.2649 6.7926 | 438553.9960 | 438608.0501 | 32.5 | 12.5 | 18.7 | 27.5 2.5 | 229
302 | mixing | 438075.6628 | 438600.9146 | 438655.5690 7.6497 | 438694.1413 | 438748.8382 | 27.5 2.5 | 184 | 32.5 | 12,5 | 23.2
306 | mixing | 438655.5690 | 438663.2188 | 438717.2304 7.6497 | 439039.9779 | 439094.0320 | 32.5 | 12.5 | 18.7 | 27.5 2.5 | 229
305 | mixing | 438532.4607 | 438724.4515 | 438778.2488 7.2211 | 438973.8482 | 439027.6879 | 27.5 2.5 | 188 | 32.5 | 12.5 | 22.8
304 | mixing | 438593.2649 | 438785.2557 | 438838.8387 7.0069 | 438908.1198 | 438961.7452 | 32.5 | 12.5 | 18.9 | 27.5 2.5 | 22.7
297 | feeding | 438225.7881 | 438864.9233 | 438954.0412 | 26.0845 | 438295.2054 | 438386.9121 | 17.5 2.5 | 12.8 | 35.5 | -5.5 | 40.0
303 | feeding | 438695.5282 | 438995.2313 | 439084.3492 | 41.1902 | 438782.9635 | 438872.0856 7.5 | 125 | 12.8 | 11.5 | -5.5 | 40.0
307 | feeding | 439060.7106 | 439125.6075 | 439214.8325 | 41.2583 | 439128.2781 | 439220.5589 2.5 | 125 | 12.7 | 32.5 | -5.5 | 40.0
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B.3 Mix/Stack+Feed

Nr | Type | Release | Starting | Completion | Travel | Start Sim | End Sim | Origin | Destination

2 mixing 1735417.9960 1735417.9960 1735469.0820 0.0000 1735440.1510 1735491.1410 7.5 22.5 17.1 2.5 17.5 | 22.2
1 mixing 1735330.1710 1735486.3190 1735544.1290 17.2368 1735360.2350 1735417.9960 2.5 22.5 17.1 17.5 12.5 | 22.2
0 | mixing 1735239.1040 | 1735567.8140 | 1735629.4330 | 23.6854 | 1735268.5070 | 1735330.1710 | 17.5 | 22.5 | 17.2 2.5 25 | 21.5
3 | mixing 1735629.4330 | 1735659.9750 | 1735711.0620 | 30.5426 | 1735512.8680 | 1735563.8570 | 12.5 | 22.5 | 17.1 7.5 | 17.5 | 22.2
8 | mixing 1735711.0620 | 1735729.4780 | 1735789.4890 | 18.4154 | 1736042.4710 | 1736102.5260 2.5 | 22.5 | 16.0 2.5 7.5 | 22.3
5 | mixing 1735544.1290 | 1735818.2100 | 1735881.8650 | 28.7211 | 1735725.4140 | 1735789.1130 7.5 | 22.5 | 16.1 | 12.5 2.5 | 22.3
6 | mixing 1735469.0820 | 1735914.3360 | 1735977.9900 | 32.4711 1735819.8670 | 1735883.5660 | 12.5 | 22.5 | 16.1 17.5 2.5 | 22.3
7 | feeding | 1735822.9420 | 1736004.6920 | 1736082.9890 | 26.7018 | 1735916.1590 | 1735994.4590 | 27.5 | 12.5 | 22.9 | 35.5 -5.5 | 40.0
4 | feeding | 1735528.7210 | 1736117.2920 | 1736195.6990 | 34.3038 | 1735605.2970 | 1735687.4710 | 32.5 7.5 | 22.9 8.5 -5.5 | 40.0
11 | mixing 1735789.4890 | 1736237.5750 | 1736298.6580 | 41.8758 | 1736305.1910 | 1736366.3170 | 12.5 | 22.5 | 15.0 | 17.5 7.5 | 22.3
10 | mixing 1735977.9900 1736328.3430 1736389.2120 | 29.6854 1736217.0060 1736277.9180 2.5 22.5 15.2 12.5 7.5 | 22.3
9 | mixing 1735881.8650 1736418.4690 1736478.9090 | 29.2569 1736129.3870 1736189.8700 17.5 22.5 15.6 7.5 7.5 | 22.3
12 | mixing 1736478.9090 | 1736508.9160 | 1736569.1890 | 30.0069 | 1736394.1580 | 1736454.3820 | 17.5 | 22.5 | 14.9 25 | 12.5 | 22.3
14 | mixing 1736389.2120 | 1736595.5530 | 1736653.1010 | 26.3640 | 1736617.8230 | 1736675.4130 7.5 | 22.5 | 14.8 7.5 | 12,5 | 22.3
16 | mixing 1736298.6580 | 1736680.1070 | 1736738.2980 | 27.0069 | 1736845.2860 | 1736903.5190 25 | 22,5 | 14.2 | 12,5 | 12,5 | 22.3
17 | mixing 1736569.1890 | 1736765.4120 | 1736819.8200 | 27.1140 | 1736927.6540 | 1736981.9640 | 17.5 | 22.5 | 14.1 | 12.5 | 17.5 | 22.3
19 | mixing 1736738.2980 | 1736840.9140 | 1736907.9970 | 21.0940 | 1737082.2300 | 1737149.3530 7.5 | 22.5 | 13.6 7.5 2.5 | 23.0
13 | feeding | 1736373.6510 | 1736940.2560 | 1737018.7210 | 32.2593 | 1736498.6090 | 1736578.9930 | 32.5 | 17.5 | 22.8 | 11.5 -5.5 | 40.0
15 | feeding | 1736662.7060 | 1737057.9880 | 1737136.4990 | 39.2674 | 1736719.5320 | 1736798.0470 | 37.5 | 12.5 | 22.7 | 32.5 -5.5 | 40.0
22 | mixing 1736907.9970 | 1737178.3750 | 1737242.8860 | 41.8758 | 1737376.8330 | 1737441.3880 7.5 | 22.5 | 12.6 2.5 7.5 | 23.1
20 | mixing 1736819.8200 1737275.5720 1737339.3340 | 32.6854 1737182.0810 1737245.8860 2.5 22.5 13.2 7.5 7.5 | 23.0
18 | mixing 1736653.1010 1737371.2690 1737425.9990 | 31.9354 1737002.5530 1737057.1820 12.5 22.5 13.8 17.5 17.5 | 22.3
21 | mixing 1737425.9990 | 1737447.7360 | 1737515.5690 | 21.7368 | 1737275.5000 | 1737343.3770 | 17.5 | 22.5 | 13.0 2.5 2.5 | 23.1
26 | mixing 1737515.5690 | 1737553.1830 | 1737617.4200 | 37.6140 | 1737808.4110 | 1737872.6000 | 17.5 | 22.5 | 12.1 25 | 17.5 | 23.2
27 | mixing 1737242.8860 | 1737641.1930 | 1737698.8150 | 23.7726 | 1737895.4990 | 1737953.0220 2.5 | 22.5 | 12.0 7.5 | 17.5 | 23.2
25 | mixing 1737339.3340 | 1737722.1590 | 1737783.1350 | 23.3440 | 1737719.1030 | 1737780.1220 | 12.5 | 22.5 | 12.4 2.5 | 12,5 | 23.1
28 | mixing 1737783.1350 | 1737813.5710 | 1737879.1540 | 30.4354 | 1737975.5880 | 1738041.2110 | 12.5 | 22.5 | 11.8 | 12.5 7.5 | 23.3
23 | feeding | 1737391.7930 | 1737904.9870 | 1737983.6050 | 25.8331 1737481.5400 | 1737562.7540 | 27.5 2.5 | 22.6 8.5 -5.5 | 40.0
30 | mixing 1737698.8150 | 1738026.0220 | 1738091.5460 | 42.4174 | 1738161.2540 | 1738226.7310 2.5 | 225 | 11.0 | 17.5 | 12,5 | 23.3
31 | mixing 1737879.1540 | 1738123.1600 | 1738193.5640 | 31.6140 | 1738254.4800 | 1738324.9290 | 12.5 | 22.5 | 109 | 17.5 2.5 | 234
24 | feeding | 1737495.4050 | 1738212.5840 | 1738291.2020 | 19.0200 | 1737596.2650 | 1737674.8870 | 22.5 7.5 | 22.6 | 35.5 -5.5 | 40.0
29 | mixing 1737617.4200 1738333.2100 1738395.2580 | 42.0083 1738071.4830 1738133.5730 7.5 22.5 11.6 12.5 12.5 | 23.3
32 mixing 1738395.2580 1738426.9790 1738486.1010 | 31.7211 1738360.0660 1738419.0900 17.5 22.5 10.8 12.5 175 | 234
36 | mixing 1738193.5640 | 1738512.5530 | 1738576.8500 | 26.4511 | 1738785.7260 | 1738850.0660 | 12.5 | 22.5 9.7 7.5 | 12.5 | 23.5
35 | mixing 1738091.5460 | 1738609.4280 | 1738676.9400 | 32.5783 | 1738685.9660 | 1738753.5210 7.5 | 22.5 | 10.2 | 17.5 7.5 | 23.5
34 | feeding | 1738409.2230 | 1738695.6750 | 1738774.5070 | 18.7350 | 1738565.1640 | 1738644.0000 | 22.5 | 12.5 | 22.4 | 11.5 -5.5 | 40.0
39 | mixing 1738576.8500 | 1738818.1520 | 1738883.0150 | 43.6447 | 1739082.5680 | 1739147.4830 7.5 | 22.5 9.2 | 17.5 | 17.5 | 23.7
38 | mixing 1738676.9400 | 1738909.8940 | 1738977.3470 | 26.8797 | 1738986.4850 | 1739053.8870 | 17.5 | 22.5 9.6 2.5 | 12.5 | 23.7
37 | mixing 1738486.1010 | 1739010.7820 | 1739082.7940 | 33.4354 | 1738878.5870 | 1738950.6430 2.5 | 22.5 9.6 | 12.5 2.5 | 23.6
33 | feeding | 1738346.7070 | 1739108.2510 | 1739186.9760 | 25.4574 | 1738452.7870 | 1738531.5160 | 27.5 7.5 | 22.5 | 325 -5.5 | 40.0
40 | mixing 1739082.7940 | 1739230.8930 | 1739304.1910 | 43.9174 | 1739172.4350 | 1739245.7730 | 17.5 | 22.5 8.8 2.5 2.5 | 24.0
44 | mixing 1738883.0150 1739346.7330 1739416.8160 | 42.5426 1739633.0340 1739703.1610 12.5 22.5 8.4 2.5 7.5 | 24.1
45 mixing 1739304.1910 1739455.9300 1739526.3350 | 39.1140 1739736.5470 1739806.9950 7.5 22.5 8.2 7.5 7.5 | 24.2
43 | mixing 1738977.3470 | 1739565.2350 | 1739638.8530 | 38.8997 | 1739522.1890 | 1739595.8520 2.5 | 22.5 8.5 7.5 2.5 | 24.0
41 | feeding | 1739175.4090 | 1739669.7800 | 1739748.6120 | 30.9266 | 1739287.5480 | 1739366.3840 | 32.5 | 12.5 | 22.4 | 35.5 -5.5 | 40.0
46 | mixing 1739638.8530 | 1739793.0750 | 1739863.6940 | 44.4629 | 1739840.5860 | 1739911.2480 | 17.5 | 22.5 8.0 | 12.5 7.5 | 24.2
42 | feeding | 1739241.9250 | 1739888.3820 | 1739967.2140 | 24.6879 | 1739400.0320 | 1739479.0640 | 27.5 | 17.5 | 22.4 8.5 -5.5 | 40.0
47 | mixing 1739416.8160 | 1740012.1540 | 1740075.8840 | 44.9402 | 1739945.3160 | 1740009.1750 | 12.5 | 22.5 7.3 7.5 | 17.5 | 24.2
51 | mixing 1739863.6940 | 1740105.9780 | 1740174.1320 | 30.0940 | 1740396.2130 | 1740464.4100 7.5 | 22.5 7.1 2.5 | 12.5 | 245
54 | mixing 1740174.1320 1740212.2820 1740277.8330 | 38.1497 1740712.9680 1740778.4210 12.5 22.5 6.0 12.5 17.5 | 24.6
52 | mixing 1740075.8840 | 1740308.5700 | 1740379.7720 | 30.7368 | 1740498.1990 | 1740569.3530 | 17.5 | 22.5 6.9 25 | 17.5 | 245
48 | mixing 1739526.3350 | 1740410.0800 | 1740481.8770 | 30.3083 | 1740036.0320 | 1740107.8680 2.5 | 22.5 72 | 17.5 7.5 | 24.5
50 | feeding 1740173.7280 1740498.9710 1740578.1240 17.0931 1740265.5600 1740347.3830 | 22.5 2.5 | 22.1 32.5 -5.5 | 40.0
49 | feeding 1740064.3930 1740612.9050 1740692.5120 | 34.7811 1740142.4470 1740228.2890 | 37.5 2.5 | 222 11.5 -5.5 | 40.0

7



53 | mixing 1740481.8770 | 1740738.3380 | 1740815.2780 | 45.8265 | 1740596.7590 | 1740673.7400 2.5 | 225 6.0 | 17.5 2.5 | 24.6
59 | feeding 1741176.3840 | 1741199.5820 | 1741278.9500 | 23.1986 | 1741249.4600 | 1741328.8320 | 32.5 7.5 | 219 | 35.5 | -5.5 | 40.0
58 | mixing 1740277.8330 | 1741325.3220 | 1741395.7270 | 46.3720 | 1741148.7820 | 1741219.2290 | 17.5 | 22.5 5.2 | 175 | 12.5 | 24.7
55 | feeding 1740737.6820 | 1741412.4330 | 1741491.5870 | 16.7066 | 1740806.6260 | 1740885.7840 | 22.5 | 17.5 | 22.1 8.5 | -5.5 | 40.0
56 | mixing 1740379.7720 | 1741537.4820 | 1741614.6360 | 45.8947 | 1740930.6820 | 1741007.8810 7.5 | 22.5 5.9 | 12.5 2.5 | 24.7
61 | feeding 1741408.1050 | 1741637.5610 | 1741716.9290 | 22.9253 | 1741471.5340 | 1741550.9060 | 27.5 | 12.5 | 21.9 | 11.5 | -5.5 | 40.0
63 | mixing 1741395.7270 | 1741763.7100 | 1741834.8650 | 46.7811 | 1741714.8570 | 1741786.0540 7.5 | 22.5 4.6 7.5 | 125 | 24.8
60 | mixing 1741614.6360 | 1741874.4070 | 1741941.1370 | 39.5426 | 1741377.5940 | 1741444.2250 | 12.5 | 22.5 5.0 | 175 | 17.5 | 24.7
57 | mixing 1740815.2780 | 1741973.0520 | 1742042.7070 | 31.9154 | 1741047.2450 | 1741116.9420 | 17.5 | 22.5 5.9 | 125 | 12.5 | 24.7
62 | mixing 1742042.7070 | 1742082.3570 | 1742160.7970 | 39.6497 | 1741596.5530 | 1741675.0380 2.5 | 225 4.8 2.5 2.5 | 24.8
68 | feeding 1742006.2250 | 1742195.3660 | 1742274.7340 | 34.5691 | 1742095.3590 | 1742174.7310 | 37.5 | 17.5 | 21.9 | 32.5 | -5.5 | 40.0
64 | mixing 1741941.1370 | 1742321.7190 | 1742397.3740 | 46.9856 | 1741818.8250 | 1741894.5230 2.5 | 225 4.3 2.5 7.5 | 25.2
65 | validating | 1742397.3740 | 1742397.3740 | 1742421.1340 0.0000 0.0000 | 1741918.3160 2.5 7.5 | 21.0 2.5 7.5 | 25.2
66 | mixing 1742160.7970 | 1742465.8190 | 1742545.5450 | 44.6854 | 1741954.9980 | 1742034.7680 | 17.5 | 22.5 4.1 2.5 2.5 | 25.3
67 | validating | 1742545.5450 | 1742545.5450 | 1742569.4740 0.0000 0.0000 | 1742058.7580 2.5 2.5 | 21.0 2.5 2.5 | 25.3
70 | feeding 1742243.3160 | 1742603.7190 | 1742685.1260 | 34.2449 | 1742336.4590 | 1742421.8410 | 37.5 7.5 | 21.8 8.5 | -5.5 | 40.0
69 | mixing 1741834.8650 | 1742732.5890 | 1742812.8500 | 47.4629 | 1742222.6970 | 1742303.0030 | 12.5 | 22.5 3.6 7.5 2.5 | 25.3
75 | feeding 1742835.7010 | 1742864.0530 | 1742943.6350 | 28.3521 | 1742882.3030 | 1742964.4740 | 32.5 2.5 | 21.7 | 35,5 | -5.5 | 40.0
72 | mixing 1742545.5450 | 1742991.2350 | 1743067.9600 | 47.5992 | 1742583.0150 | 1742659.7840 2.5 | 225 3.4 | 125 7.5 | 25.3
76 | mixing 1743067.9600 | 1743083.6970 | 1743137.3870 | 15.7368 | 1743004.9170 | 1743058.6510 7.5 7.5 | 21.6 7.5 | 175 | 25.5
73 | mixing 1742812.8500 | 1743176.6510 | 1743249.8410 | 39.2631 | 1742697.0790 | 1742770.3120 | 17.5 | 22.5 3.3 | 125 | 125 | 25.4
79 | feeding 1743085.2800 | 1743278.3000 | 1743357.9060 | 28.4592 | 1743183.2600 | 1743266.7600 | 37.5 | 12.5 | 21.7 | 11.5 | -5.5 | 40.0
71 | mixing 1742397.3740 | 1743405.4370 | 1743482.0560 | 47.5311 | 1742468.3750 | 1742545.0370 7.5 | 22.5 3.5 7.5 7.5 | 25.3
74 | mixing 1743482.0560 | 1743497.7930 | 1743555.2330 | 15.7368 | 1742791.5720 | 1742849.0550 7.5 2.5 | 21.6 2.5 | 175 | 25.5
77 | mixing 1743249.8410 | 1743562.5620 | 1743616.4960 7.3283 | 1743075.7830 | 1743129.7670 2.5 | 175 | 21.3 | 12,5 | 17.5 | 25.6
78 | validating | 1743616.4960 | 1743616.4960 | 1743639.9120 0.0000 0.0000 | 1743153.1610 | 12.5 | 17.5 | 21.6 | 12.5 | 17.5 | 25.6
80 | mixing 1743555.2330 | 1743647.0260 | 1743700.3180 7.1140 | 1743300.9530 | 1743354.2950 | 12.5 | 17.5 | 21.6 2.5 | 175 | 25.3
81 | mixing 1743137.3870 | 1743707.0030 | 1743760.0810 6.6854 | 1743366.1060 | 1743419.2340 2.5 | 175 | 21.7 | 12,5 | 17.5 | 25.2
82 | mixing 1743616.4960 | 1743782.6950 | 1743833.1390 | 22.6140 | 1743440.4320 | 1743490.7790 | 12.5 7.5 | 21.2 | 17.5 7.5 | 25.7
83 | validating | 1743833.1390 | 1743833.1390 | 1743857.4000 0.0000 0.0000 | 1743515.1600 | 17.5 7.5 | 21.2 | 17.5 7.5 | 25.7
84 | mixing 1743700.3180 | 1743865.0490 | 1743915.4930 7.6497 | 1743527.8090 | 1743578.1530 | 17.5 7.5 | 21.2 | 12.5 7.5 | 25.7
85 | mixing 1743760.0810 | 1743922.0720 | 1743973.3700 6.5783 | 1743589.8640 | 1743638.0630 | 12.5 7.5 | 222 | 17.5 7.5 | 24.7
88 | feeding 1743680.8780 | 1743988.4640 | 1744068.1540 | 15.0940 | 1743761.6140 | 1743841.3070 | 22.5 7.5 | 21.6 | 32.5 | -5.5 | 40.0
90 | feeding 1743926.3800 | 1744106.2790 | 1744185.9690 | 38.1258 | 1743964.2570 | 1744046.4990 | 32.5 | 17.5 | 21.6 8.5 | -56.5 | 40.0
96 | feeding 1744369.9900 | 1744405.2480 | 1744485.0450 | 35.2583 | 1744420.7150 | 1744500.5150 | 27.5 7.5 | 21.5 | 35.5 | -5.5 | 40.0
91 | mixing 1743973.3700 | 1744522.5120 | 1744576.4470 | 37.4674 | 1744080.8960 | 1744134.8810 | 12.5 | 12.5 | 21.3 2.5 | 125 | 25.6
89 | mixing 1743915.4930 | 1744583.9890 | 1744638.1380 7.5426 | 1743883.0230 | 1743937.2210 2.5 | 125 | 21.2 | 12,5 | 12,5 | 25.7
86 | mixing 1743833.1390 | 1744645.7880 | 1744699.9360 7.6497 | 1743655.9960 | 1743710.1970 | 12.5 | 12.5 | 21.2 2.5 | 125 | 25.7
87 | validating | 1744699.9360 | 1744699.9360 | 1744724.1970 0.0000 0.0000 | 1743734.5780 2.5 | 125 | 21.2 2.5 | 125 | 25.7
92 | mixing 1744699.9360 | 1744731.0970 | 1744783.7460 6.8997 | 1744146.7910 | 1744199.4900 2.5 | 125 | 21.9 | 12,5 | 12,5 | 25.0
93 | mixing 1744638.1380 | 1744799.6970 | 1744850.3550 | 15.9511 | 1744216.8430 | 1744267.6310 | 12.5 7.5 | 21.1 7.5 2.5 | 25.8
94 | mixing 1744576.4470 | 1744857.1480 | 1744907.8920 6.7926 | 1744279.5410 | 1744327.9590 7.5 2.5 | 22.1 | 12,5 7.5 | 24.8
98 | mixing 1744907.8920 | 1744914.6840 | 1744965.3430 6.7926 | 1744604.1790 | 1744654.7370 | 12.5 7.5 | 21.1 7.5 2.5 | 25.8
95 | mixing 1744783.7460 | 1744973.0990 | 1745023.5430 7.7569 | 1744345.7400 | 1744396.0830 7.5 2.5 | 21.2 | 12,5 7.5 | 25.7
97 | mixing 1744850.3550 | 1745030.4430 | 1745079.3870 6.8997 | 1744537.7540 | 1744586.8260 | 12.5 7.5 | 21.9 7.5 2.5 | 25.0
99 | mixing 1745023.5430 | 1745086.2870 | 1745136.7310 6.8997 | 1744667.4720 | 1744717.8160 7.5 2.5 | 21.2 | 12,5 7.5 | 25.7
100 | mixing 1745079.3870 | 1745143.7380 | 1745192.8960 7.0069 | 1744729.9190 | 1744778.9770 | 12.5 7.5 | 21.8 7.5 2.5 | 25.1
104 | mixing 1745192.8960 | 1745199.2600 | 1745248.4180 6.3640 | 1745048.2660 | 1745097.3240 7.5 2.5 | 21.8 | 12,5 7.5 | 25.1
103 | mixing 1745136.7310 | 1745255.3180 | 1745305.5480 6.8997 | 1744986.1290 | 1745036.2580 | 12.5 7.5 | 21.3 7.5 2.5 | 25.6
102 | mixing 1744965.3430 | 1745312.8760 | 1745362.8910 7.3283 | 1744923.8290 | 1744973.7480 7.5 2.5 | 214 | 125 7.5 | 25.5
101 | feeding 1744764.0080 | 1745385.6720 | 1745465.4680 | 22.7807 | 1744806.2800 | 1744886.0810 | 27.5 | 17.5 | 21.5 | 11.5 | -5.5 | 40.0
108 | feeding 1745218.5800 | 1745500.7950 | 1745580.6980 | 35.3265 | 1745283.3990 | 1745365.8920 | 27.5 2.5 | 21.4 | 325 | -5.5 | 40.0
105 | mixing 1745362.8910 | 1745616.3660 | 1745670.9130 | 35.6674 | 1745114.5210 | 1745169.1110 | 12.5 | 12.5 | 21.1 | 17.5 2.5 | 25.8
106 | validating | 1745670.9130 | 1745670.9130 | 1745694.6730 0.0000 0.0000 | 1745192.9040 | 17.5 2.5 | 21.6 | 17.5 2.5 | 25.8
110 | mixing 1745670.9130 | 1745702.4300 | 1745756.7630 7.7569 | 1745467.1430 | 1745521.5190 | 17.5 2.5 | 21.2 | 12.5 | 12,5 | 25.7
109 | mixing 1745248.4180 | 1745763.9840 | 1745817.4600 7.2211 | 1745401.3350 | 1745454.8530 | 12.5 | 12.5 | 21.6 | 17.5 2.5 | 25.3
107 | mixing 1745305.5480 | 1745824.2530 | 1745877.7290 6.7926 | 1745205.2860 | 1745258.8040 | 17.5 2.5 | 21.6 | 125 | 12.5 | 25.3
111 | mixing 1745877.7290 | 1745883.9860 | 1745938.6180 6.2569 | 1745533.3300 | 1745585.7770 | 12.5 | 12.5 | 22.1 | 17.5 2.5 | 24.8
113 | mixing 1745756.7630 | 1745945.5210 | 1745998.3540 6.9024 | 1745673.8810 | 1745726.7570 | 17.5 2.5 | 219 | 125 | 12,5 | 25.0
112 | mixing 1745817.4600 | 1746005.3610 | 1746059.9080 7.0069 | 1745607.1890 | 1745661.7780 | 12.5 | 12.5 | 21.1 | 17.5 2.5 | 25.8
116 | mixing 1746059.9080 | 1746075.8590 | 1746131.4180 | 15.9511 | 1745954.1560 | 1746009.6690 | 17.5 7.5 | 21.9 2.5 2.5 | 24.9
114 | mixing 1745938.6180 | 1746138.4250 | 1746195.9130 7.0069 | 1745747.9550 | 1745805.3960 2.5 2.5 | 21.0 | 17.5 7.5 | 25.8
118 | feeding 1746057.9210 | 1746212.5070 | 1746292.5180 | 16.5940 | 1746105.0590 | 1746185.0740 | 22.5 | 12.5 | 21.3 | 35.5 | -5.5 | 40.0
115 | feeding 1745770.4500 | 1746327.8440 | 1746409.2510 | 35.3265 | 1745832.9550 | 1745920.1670 | 37.5 2.5 | 214 8.5 | -5.5 | 40.0
117 | mixing 1745998.3540 | 1746444.8500 | 1746495.6150 | 35.5992 | 1746027.0220 | 1746077.9170 2.5 7.5 | 21.0 2.5 | 125 | 25.8
119 | mixing 1746195.9130 | 1746502.9440 | 1746552.4230 7.3283 | 1746228.5180 | 1746277.8990 2.5 | 125 | 21.6 2.5 7.5 | 25.2
122 | mixing 1746552.4230 | 1746559.7520 | 1746610.5170 7.3283 | 1746413.8910 | 1746464.5560 2.5 7.5 | 21.0 2.5 | 125 | 25.8
121 | mixing 1746495.6150 | 1746617.6310 | 1746666.6820 7.1140 | 1746352.7430 | 1746401.6940 2.5 | 125 | 21.8 2.5 7.5 | 25.0
120 | mixing 1746131.4180 | 1746673.6890 | 1746724.2400 7.0069 | 1746290.1890 | 1746340.6400 2.5 7.5 | 21.1 2.5 | 125 | 25.7
123 | mixing 1746724.2400 | 1746731.0330 | 1746781.4270 6.7926 | 1746476.5630 | 1746525.0860 2.5 | 12,5 | 22.0 2.5 7.5 | 24.8
125 | mixing 1746610.5170 | 1746787.7910 | 1746837.4850 6.3640 | 1746605.7000 | 1746655.2940 2.5 7.5 | 21.5 7.5 7.5 | 25.3
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124 | mixing | 1746666.6820 | 1746844.9200 | 1746895.6850 7.4354 | 1746542.5630 | 1746593.2290 7.5 7.5 | 21.0 2.5 7.5 | 25.8
127 | mixing | 1746895.6850 | 1746902.7990 | 1746951.8510 7.1140 | 1746730.6280 | 1746779.5790 2.5 7.5 | 21.8 7.5 7.5 | 25.0
126 | mixing | 1746781.4270 | 1746958.9650 | 1747009.7300 7.1140 | 1746667.7660 | 1746718.4310 7.5 7.5 | 21.0 2.5 7.5 | 25.8
128 | mixing | 1746837.4850 | 1747017.7010 | 1747068.4670 7.9711 | 1746796.7760 | 1746847.4410 2.5 7.5 | 21.0 7.5 7.5 | 25.8
131 | mixing | 1747009.7300 | 1747075.7950 | 1747125.2740 7.3283 | 1747106.3860 | 1747155.9930 7.5 7.5 | 21.6 2.5 7.5 | 25.2
132 | mixing | 1746951.8510 | 1747132.3880 | 1747182.7250 7.1140 | 1747168.1910 | 1747218.4300 2.5 7.5 | 21.2 7.5 7.5 | 25.6
133 | mixing | 1747068.4670 | 1747189.7320 | 1747238.9980 7.0069 | 1747230.5330 | 1747279.6980 7.5 7.5 | 21.7 2.5 7.5 | 25.1
129 | feeding | 1746786.7560 | 1747264.5640 | 1747344.5750 | 25.5664 | 1746871.5900 | 1746951.6050 | 22.5 | 17.5 | 21.3 | 11.5 | -5.5 | 40.0
130 | feeding | 1746875.6240 | 1747380.8420 | 1747460.9600 | 36.2674 | 1746987.8210 | 1747067.9430 | 32.5 | 12.5 | 21.2 | 32.5 | -5.5 | 40.0
135 | mixing | 1747182.7250 | 1747496.2870 | 1747552.9170 | 35.3265 | 1747366.9870 | 1747423.5690 | 17.5 | 12.5 | 21.4 2.5 | 125 | 25.4
134 | mixing | 1747125.2740 | 1747560.4600 | 1747617.9480 7.5426 | 1747296.9880 | 1747354.4260 2.5 | 125 | 21.0 | 17.5 | 12.5 | 25.8
137 | mixing | 1747617.9480 | 1747625.0620 | 1747680.8350 7.1140 | 1747503.7510 | 1747559.4770 | 17.5 | 12.5 | 21.8 2.5 | 125 | 25.0
136 | mixing | 1747238.9980 | 1747687.4130 | 1747743.8300 6.5783 | 1747435.6720 | 1747492.0400 2.5 | 125 | 21.5 | 17.5 | 12,5 | 25.3
142 | feeding | 1747895.1610 | 1747918.3700 | 1747998.8100 | 23.2092 | 1747936.1020 | 1748016.5460 | 32.5 7.5 | 20.9 | 35,5 | -5.5 | 40.0
139 | feeding | 1747625.4600 | 1748034.4770 | 1748114.9160 | 35.6674 | 1747663.7520 | 1747746.7800 | 22.5 2.5 | 209 8.5 | -5.5 | 40.0
138 | mixing | 1747552.9170 | 1748150.5160 | 1748204.9860 | 35.5992 | 1747580.4970 | 1747635.0170 | 12.5 | 12.5 | 21.0 2.5 | 12,5 | 25.8
140 | mixing | 1747743.8300 | 1748211.5640 | 1748267.2200 6.5783 | 1747780.4970 | 1747832.2110 2.5 | 125 | 22.3 | 125 | 12,5 | 24.5
143 | mixing | 1748204.9860 | 1748274.7520 | 1748327.5080 7.5319 | 1748053.8520 | 1748106.6600 | 12.5 | 12.5 | 21.8 2.5 | 125 | 25.0
141 | mixing | 1747680.8350 | 1748334.5150 | 1748388.7700 7.0069 | 1747853.8940 | 1747908.2000 2.5 | 125 | 21.1 | 12,5 | 12.5 | 25.7
145 | mixing | 1748388.7700 | 1748395.8840 | 1748448.8550 7.1140 | 1748184.8610 | 1748237.8810 | 12.5 | 12.5 | 21.7 2.5 | 125 | 25.1
144 | mixing | 1748267.2200 | 1748455.8620 | 1748509.9030 7.0069 | 1748118.6670 | 1748172.7580 2.5 | 125 | 21.2 | 12,5 | 12.5 | 25.6
147 | mixing | 1748509.9030 | 1748517.2320 | 1748570.8450 7.3283 | 1748315.2440 | 1748368.9070 | 12.5 | 12.5 | 21.4 2.5 | 125 | 25.4
146 | mixing | 1748327.5080 | 1748577.8520 | 1748631.2500 7.0069 | 1748249.6930 | 1748303.1410 2.5 | 125 | 21.5 | 12,5 | 12.5 | 25.3
149 | mixing | 1748631.2500 | 1748637.8290 | 1748690.5850 6.5783 | 1748446.5780 | 1748499.3840 | 12.5 | 12.5 | 21.8 2.5 | 125 | 25.0
148 | mixing | 1748448.8550 | 1748697.2700 | 1748750.8830 6.6854 | 1748381.1040 | 1748434.7670 25 | 125 | 21.4 | 125 | 125 | 25.4
153 | mixing | 1748750.8830 | 1748757.6760 | 1748810.6460 6.7926 | 1748850.2840 | 1748903.3040 | 12.5 | 12.5 | 21.7 2.5 | 125 | 25.1
152 | mixing | 1748570.8450 | 1748817.7600 | 1748872.0160 7.1140 | 1748783.7820 | 1748838.0860 2.5 | 125 | 21.1 | 12.5 | 12,5 | 25.7
155 | mixing | 1748872.0160 | 1748878.7010 | 1748933.4450 6.6854 | 1748981.6180 | 1749033.7810 | 12.5 | 12.5 | 22.1 2.5 | 12,5 | 24.7
154 | mixing | 1748690.5850 | 1748940.1300 | 1748994.3860 6.6854 | 1748915.5010 | 1748969.8060 2.5 | 125 | 21.1 | 12,5 | 12.5 | 25.7
156 | mixing | 1748810.6460 | 1749002.2500 | 1749056.7210 7.8640 | 1749055.0150 | 1749109.5350 | 12.5 | 12.5 | 21.0 2.5 | 12,5 | 25.8
157 | mixing | 1748994.3860 | 1749063.8350 | 1749116.5910 7.1140 | 1749121.7320 | 1749174.5380 2.5 | 125 | 21.8 | 12,5 | 12.5 | 25.0
150 | feeding | 1748462.7660 | 1749145.4780 | 1749225.9180 | 28.8878 | 1748535.6670 | 1748619.3740 | 37.5 | 17.5 | 20.9 | 11.5 | -5.5 | 40.0
151 | feeding | 1748555.6180 | 1749262.1850 | 1749342.7320 | 36.2674 | 1748659.0310 | 1748742.2470 | 32.5 2.5 | 20.8 | 32.5 | -5.5 | 40.0
158 | mixing | 1748933.4450 | 1749378.3310 | 1749435.9260 | 35.5992 | 1749191.7350 | 1749249.2800 | 17.5 | 12.5 | 21.0 2.5 2.5 | 25.9
159 | mixing | 1749056.7210 | 1749443.4680 | 1749499.9920 7.5426 | 1749261.8410 | 1749318.3170 2.5 2.5 | 215 | 17.5 | 125 | 254
163 | mixing | 1749499.9920 | 1749507.3200 | 1749564.4860 7.3283 | 1749599.3180 | 1749656.4400 | 17.5 | 12.5 | 21.2 2.5 2.5 | 25.7
161 | mixing | 1749435.9260 | 1749571.8150 | 1749628.3380 7.3283 | 1749400.5930 | 1749457.0680 2.5 2.5 | 215 | 17.5 | 125 | 25.4
166 | mixing | 1749628.3380 | 1749635.3450 | 1749691.8690 7.0069 | 1749873.8590 | 1749930.3350 | 17.5 | 12.5 | 21.5 2.5 2.5 | 254
167 | mixing | 1749564.4860 | 1749699.1970 | 1749756.3630 7.3283 | 1749942.7160 | 1749999.8340 2.5 2.5 | 21.2 | 175 | 12.5 | 25.7
170 | mixing | 1749756.3630 | 1749763.4770 | 1749819.5720 7.1140 | 1750149.5570 | 1750205.6030 | 17.5 | 12.5 | 21.7 2.5 2.5 | 25.2
169 | mixing | 1749691.8690 | 1749826.1510 | 1749882.2450 6.5783 | 1750081.7990 | 1750137.8450 2.5 2.5 | 21.7 | 17.5 | 12.5 | 25.2
164 | feeding | 1749640.1560 | 1749902.4370 | 1749982.9840 | 20.1917 | 1749686.6730 | 1749767.2240 | 27.5 | 12.5 | 20.8 8.5 | -5.5 | 40.0
162 | feeding | 1749396.0580 | 1750024.0510 | 1750104.5970 | 41.0674 | 1749484.3010 | 1749564.8520 | 37.5 7.5 | 208 | 35.5 | -5.5 | 40.0
160 | mixing | 1749116.5910 | 1750140.1290 | 1750197.5090 | 35.5311 | 1749330.7880 | 1749388.1210 | 17.5 | 12.5 | 21.1 2.5 2.5 | 25.8
165 | mixing | 1750197.5090 | 1750205.0520 | 1750261.7900 7.5426 | 1749804.9720 | 1749861.6620 2.5 2.5 | 21.4 | 175 | 12,5 | 25.5
168 | mixing | 1750261.7900 | 1750269.2250 | 1750326.3910 7.4354 | 1750012.4830 | 1750069.6010 | 17.5 | 12.5 | 21.2 2.5 2.5 | 25.7
171 | mixing | 1750326.3910 | 1750334.0410 | 1750391.2070 7.6497 | 1750217.8000 | 1750274.9190 2.5 2.5 | 21.2 | 17.5 | 12,5 | 25.7
173 | mixing | 1749882.2450 | 1750398.5360 | 1750455.0590 7.3283 | 1750407.6610 | 1750464.1400 | 17.5 | 12.5 | 21.5 2.5 2.5 | 254
174 | mixing | 1749819.5720 | 1750462.3880 | 1750519.5540 7.3283 | 1750476.5220 | 1750533.6400 2.5 2.5 | 21.2 | 175 | 12.5 | 25.7
175 | mixing | 1750391.2070 | 1750526.5610 | 1750582.4410 7.0069 | 1750545.7430 | 1750601.5750 | 17.5 | 12.5 | 21.8 2.5 2.5 | 25.1
176 | mixing | 1750455.0590 | 1750589.3410 | 1750646.2930 6.8997 | 1750613.5830 | 1750670.4860 2.5 2.5 | 21.3 | 17.5 | 12.5 | 25.6
178 | mixing | 1750519.5540 | 1750653.1930 | 1750709.0740 6.8997 | 1750817.5620 | 1750873.3950 | 17.5 | 12.5 | 21.8 2.5 2.5 | 25.1
181 | mixing | 1750709.0740 | 1750715.9730 | 1750772.9250 6.8997 | 1751022.9630 | 1751079.8660 2.5 2.5 | 21.3 | 17.5 | 12.5 | 25.6
180 | mixing | 1750646.2930 | 1750779.9320 | 1750836.0270 7.0069 | 1750954.8130 | 1751010.8600 | 17.5 | 12.5 | 21.7 2.5 2.5 | 25.2
179 | mixing | 1750582.4410 | 1750843.1410 | 1750900.3080 7.1140 | 1750885.4980 | 1750942.6160 2.5 2.5 | 21.2 | 17.5 | 12,5 | 25.7
172 | feeding | 1750238.2470 | 1750917.4370 | 1750998.0910 | 17.1297 | 1750292.7410 | 1750373.3990 | 22.5 7.5 | 20.7 | 325 | -5.5 | 40.0
177 | feeding | 1750637.8720 | 1751033.8950 | 1751114.5480 | 35.8038 | 1750698.7240 | 1750783.5050 | 37.5 | 12.5 | 20.7 | 11.5 | -5.5 | 40.0
182 | feeding | 1751072.0520 | 1751150.4200 | 1751231.1810 | 35.8720 | 1751101.7650 | 1751182.5300 | 27.5 7.5 | 206 | 35.5 | -5.5 | 40.0
183 | mixing | 1750900.3080 | 1751266.3710 | 1751322.6800 | 35.1902 | 1751216.9730 | 1751273.2380 | 17.5 | 12.5 | 21.6 2.5 2.5 | 25.3
184 | mixing | 1750836.0270 | 1751330.0090 | 1751387.3890 7.3283 | 1751285.6200 | 1751342.9520 2.5 2.5 | 21.1 | 17.5 | 12.5 | 25.8
185 | mixing | 1750772.9250 | 1751394.2890 | 1751450.9490 6.8997 | 1751354.9600 | 1751410.3640 | 17.5 | 12.5 | 22.0 2.5 2.5 | 24.9
189 | mixing | 1751450.9490 | 1751473.1940 | 1751530.8490 | 22.2449 | 1751723.6030 | 1751781.3000 | 17.5 2.5 | 214 7.5 | 17.5 | 25.5
186 | mixing | 1751322.6800 | 1751538.4980 | 1751597.0100 7.6497 | 1751435.4690 | 1751494.0240 7.5 | 175 | 21.0 | 17.5 2.5 | 25.9
188 | mixing | 1751387.3890 | 1751603.8030 | 1751662.7400 6.7926 | 1751641.8620 | 1751697.8450 | 17.5 2.5 | 22.2 7.5 | 17.5 | 24.7
191 | mixing | 1751597.0100 | 1751669.1040 | 1751726.7590 6.3640 | 1751928.7590 | 1751986.4570 7.5 | 175 | 21.4 | 17.5 2.5 | 25.5
192 | mixing | 1751662.7400 | 1751734.0870 | 1751791.9560 7.3283 | 1751998.8380 | 1752056.7500 | 17.5 2.5 | 21.3 7.5 | 17.5 | 25.6
193 | mixing | 1751530.8490 | 1751799.0700 | 1751856.2960 7.1140 | 1752068.9480 | 1752126.2170 7.5 | 175 | 21.6 | 17.5 2.5 | 25.3
187 | feeding | 1751480.8920 | 1751883.4100 | 1751964.1700 | 27.1140 | 1751520.5910 | 1751604.6590 | 32.5 | 17.5 | 20.6 8.5 | -5.5 | 40.0
190 | feeding | 1751740.4710 | 1752002.2960 | 1752083.2710 | 38.1258 | 1751809.2000 | 1751890.1790 | 27.5 | 17.5 | 20.4 | 32.5 | -5.5 | 40.0
194 | mixing | 1751726.7590 | 1752121.3970 | 1752178.9920 | 38.1258 | 1752150.9410 | 1752208.4890 | 17.5 | 17.5 | 21.0 2.5 7.5 | 25.9
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195 | mixing | 1751791.9560 | 1752186.2130 | 1752242.0940 7.2211 | 1752220.7790 | 1752276.6120 2.5 7.5 | 21.8 | 17.5 | 17.5 | 25.1
196 | mixing | 1751856.2960 | 1752248.6720 | 1752304.9810 6.5783 | 1752288.3230 | 1752344.5840 | 17.5 | 17.5 | 21.6 2.5 7.5 | 25.3
200 | mixing | 1752304.9810 | 1752312.2020 | 1752362.6460 7.2211 | 1752619.2370 | 1752669.5810 2.5 7.5 | 21.2 7.5 | 125 | 25.7
199 | mixing | 1752242.0940 | 1752370.1890 | 1752420.4190 7.5426 | 1752556.5470 | 1752606.6770 7.5 | 125 | 21.3 2.5 7.5 | 25.6
198 | mixing | 1752178.9920 | 1752428.1750 | 1752479.0480 7.7569 | 1752493.0360 | 1752543.8120 2.5 7.5 | 21.0 7.5 | 125 | 25.9
201 | mixing | 1752479.0480 | 1752486.8050 | 1752537.0350 7.7569 | 1752682.1420 | 1752732.2710 7.5 | 125 | 21.3 2.5 7.5 | 25.6
202 | mixing | 1752420.4190 | 1752544.1490 | 1752593.7350 7.1140 | 1752744.4690 | 1752793.9550 2.5 7.5 | 21.6 7.5 | 12.5 | 25.3
207 | mixing | 1752593.7350 | 1752601.0640 | 1752651.7220 7.3283 | 1753209.8590 | 1753260.6450 7.5 | 125 | 21.1 2.5 7.5 | 25.8
205 | mixing | 1752537.0350 | 1752659.0500 | 1752708.6370 7.3283 | 1753002.6890 | 1753052.1790 2.5 7.5 | 21.6 7.5 | 12.5 | 25.3
204 | mixing | 1752362.6460 | 1752715.6440 | 1752765.6590 7.0069 | 1752940.4430 | 1752990.5870 7.5 | 125 | 21.4 2.5 7.5 | 25.5
197 | feeding | 1752331.3040 | 1752795.7260 | 1752876.8080 | 30.0664 | 1752374.8990 | 1752458.4340 | 27.5 2.5 | 203 | 11.5 | -5.5 | 40.0
203 | feeding | 1752733.6690 | 1752912.8840 | 1752993.9670 | 36.0765 | 1752819.0270 | 1752900.1140 | 22.5 | 12.5 | 20.3 | 35.5 | -5.5 | 40.0
206 | feeding | 1753004.5100 | 1753040.6540 | 1753122.0610 | 36.1447 | 1753085.8310 | 1753175.3250 | 37.5 2.5 | 20.2 8.5 | -5.5 | 40.0
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Appendix C

Output Rolling Horizon

This appendix shows the schedule for the stacking period as generated with the rolling horizon
approach explained in Section 6.2.3. Besides the orders and their characteristics, also the truck

arrivals and drop zone location assignment are incorporated.

Order Type [ Starting Time [ Completion Time [ Travel Time [ Handling Time [ x_from [ y-from [ z_from [ x_to [ y-to [ z_to

3720 22.5

feeding 3828 3900 24 72 32.5 12.5 24 10 | -5.5 40
4356 2.5

feeding 4344 4416 36 72 32.5 2.5 24 34 | -5.5 40
stacking 4548 4620 36 72 22.5 22.5 5 | 22.5 | 17.5 11
stacking 4656 4728 36 72 22.5 22.5 4 | 125 | 12.5 11
4740 7.5

stacking 4764 4836 36 72 22.5 22.5 3| 225 | 12,5 11
feeding 4860 4932 24 72 27.5 7.5 24 10 | -5.5 40
feeding 5172 5244 36 72 42.5 12.5 24 34 | -5.5 40
5244 37.5

5328 47.5

stacking 5292 5364 36 72 2.5 22.5 4 7.5 | 17.5 11
stacking 5388 5460 24 72 2.5 22.5 3 2.5 | 17.5 10
stacking 5484 5556 24 72 7.5 22.5 4| 125 | 17.5 10
stacking 5580 5652 24 72 7.5 22.5 3| 17.5 | 12.5 11
feeding 5688 5772 36 84 27.5 12.5 23 10 | -5.5 40
5940 7.5

feeding 6012 6084 36 72 37.5 2.5 24 34 | -5.5 40
stacking 6132 6216 48 84 37.5 22.5 4 7.5 | 17.5 12
stacking 6276 6360 60 84 37.5 22.5 3| 225 2.5 10
stacking 6408 6492 48 84 47.5 22.5 4| 225 2.5 11
feeding 6528 6612 36 84 27.5 2.5 23 10 | -5.5 40
stacking 6660 6732 48 72 7.5 22.5 4 2.5 | 17.5 11
6792 17.5

6816 22.5

stacking 6768 6840 36 72 7.5 22.5 3 2.5 | 12.5 11
feeding 6876 6948 36 72 47.5 7.5 24 34 | -5.5 40
stacking 6984 7068 36 84 47.5 22.5 3 | 225 7.5 11
feeding 7296 7380 24 84 27.5 17.5 24 10 | -5.5 40
stacking 7428 7500 36 72 17.5 22.5 4| 175 | 17.5 11
stacking 7536 7608 36 72 17.5 22.5 3 7.5 | 12.5 11
stacking 7716 7788 48 72 22.5 22.5 5 | 12.5 | 125 12
7884 32.5

feeding 7836 7908 48 72 37.5 12.5 24 34 | -5.5 40
7980 2.5

stacking 7956 8028 48 72 22.5 22.5 4 | 225 | 12,5 12
stacking 8052 8124 24 72 22.5 22.5 3| 17.5 | 17.5 12
8148 27.5

feeding 8160 8244 36 84 27.5 12.5 22 10 | -5.5 40
8484 7.5

feeding 8484 8556 36 72 47.5 12.5 24 34 | -5.5 40
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order type [ starting time [ completion time [ travel time [ handling time [ x_from [ y_from [ z_from [ X_to [ y_to [ z_to

stacking 8640 8712 36 72 32.5 22.5 5| 225 | 17.5 12
stacking 8760 8832 48 72 32.5 22.5 4| 225 | 17.5 13
stacking 8856 8940 24 84 32.5 22.5 3| 22.5 2.5 12
feeding 9084 9168 36 84 32.5 7.5 23 10 | -5.5 40
stacking 9204 9276 36 72 27.5 22.5 5| 12,5 | 17.5 11
9276 2.5

stacking 9300 9372 24 72 27.5 22.5 4 | 225 | 17.5 14
feeding 9408 9492 36 84 27.5 7.5 23 34 | -5.5 40
stacking 9540 9612 48 72 7.5 22.5 5 | 17.5 | 17.5 13
9684 12.5

stacking 9660 9732 48 72 7.5 22.5 4 7.5 | 17.5 13
stacking 9768 9840 36 72 7.5 22.5 3 7.5 | 17.5 14
feeding 9888 9972 48 84 27.5 12.5 21 10 | -5.5 40
stacking 10020 10104 48 84 27.5 22.5 3 7.5 7.5 11
stacking 10152 10224 48 72 2.5 22.5 7 2.5 7.5 11
feeding 10272 10356 48 84 32.5 7.5 22 34 | -5.5 40
10368 17.5

stacking 10404 10476 48 72 2.5 22.5 6 2.5 | 125 12
10512 47.5

stacking 10512 10584 36 72 2.5 22.5 5 | 12.5 | 17.5 12
10596 42.5

stacking 10620 10692 24 72 12.5 22.5 5 | 22.5 | 12,5 13
feeding 10728 10812 36 84 32.5 7.5 21 10 | -5.5 40
stacking 10848 10920 36 72 2.5 22.5 4 2.5 | 17.5 12
10956 2.5

feeding 10944 11016 24 72 42.5 2.5 24 34 | -5.5 40
stacking 11052 11124 36 72 12.5 22.5 4| 175 | 17.5 14
stacking 11160 11232 36 72 12.5 22.5 3| 12.5 | 17.5 13
stacking 11292 11376 60 84 42.5 22.5 4| 175 | 12.5 12
11496 22.5

stacking 11496 11568 48 72 17.5 22.5 4 7.5 | 12.5 12
11676 12.5

feeding 11616 11700 48 84 27.5 12.5 20 10 | -5.5 40
stacking 11748 11820 48 72 2.5 22.5 5 2.5 | 17.5 13
stacking 11856 11940 36 84 2.5 22.5 4| 125 | 12,5 13
11976 2.5

feeding 11976 12060 36 84 27.5 2.5 22 34 | -5.5 40
stacking 12108 12192 48 84 17.5 22.5 3| 12.5 2.5 10
12216 7.5

12324 42.5

stacking 12252 12336 36 84 42.5 22.5 3| 22.5 2.5 13
stacking 12360 12444 24 84 47.5 22.5 4 | 225 | 12.5 14
feeding 12468 12552 24 84 42.5 7.5 23 10 | -5.5 40
stacking 12600 12684 48 84 22.5 22.5 4 7.5 | 12.5 13
12744 22.5

stacking 12732 12816 48 84 22.5 22.5 3| 17.5 | 12,5 13
12840 37.5

feeding 12852 12924 36 72 47.5 2.5 24 34 | -5.5 40
stacking 12972 13044 36 72 2.5 22.5 5 2.5 | 12.5 13
stacking 13080 13164 36 84 12.5 22.5 4 | 125 2.5 11
stacking 13200 13284 36 84 12.5 22.5 3| 22.5 7.5 12
feeding 13332 13416 36 84 32.5 12.5 23 10 | -5.5 40
stacking 13464 13548 36 84 7.5 22.5 4 | 12,5 2.5 12
stacking 13584 13668 36 84 2.5 22.5 4 | 225 7.5 13
13692 2.5

feeding 13704 13788 36 84 32.5 7.5 20 34 | -5.5 40
stacking 13836 13920 48 84 7.5 22.5 3 2.5 | 12.5 14
13956 42.5

stacking 13956 14040 36 84 22.5 22.5 4 | 12,5 | 12.5 14
stacking 14076 14160 36 84 37.5 22.5 5 | 12.5 2.5 13
14268 47.5

feeding 14196 14280 36 84 37.5 17.5 24 10 | -5.5 40
stacking 14316 14400 36 84 37.5 22.5 4 | 175 7.5 11
stacking 14436 14520 36 84 37.5 22.5 3| 17.5 | 12.5 14
feeding 14556 14640 36 84 37.5 7.5 23 34 | -5.5 40
stacking 14676 14760 36 84 22.5 22.5 3| 17.5 7.5 12
stacking 14796 14880 36 84 2.5 22.5 5| 17.5 7.5 13
stacking 14916 15000 36 84 47.5 22.5 6 | 22.5 7.5 14
feeding 15024 15108 24 84 27.5 2.5 21 10 | -5.5 40
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order type [ starting time [ completion time [ travel time [ handling time [ x_from [ y_from [ z_from [ x_to [ y_to [ z_to
stacking 15156 15240 36 84 2.5 22.5 4 7.5 2.5 11
stacking 15276 15360 36 84 42.5 22.5 6 | 17.5 7.5 14
feeding 15396 15480 36 84 32.5 12.5 22 34 | -5.5 40
15552 7.5

stacking 15528 15612 36 84 47.5 22.5 5 | 12.5 7.5 11
stacking 15660 15744 36 84 42.5 22.5 5 | 12.5 7.5 12
feeding 15780 15864 36 84 27.5 12.5 19 10 | -5.5 40
15912 47.5

15960 32.5

stacking 15912 15996 36 84 42.5 22.5 4 | 12.5 7.5 13
stacking 16044 16128 48 84 2.5 22.5 3 2.5 7.5 12
16200 42.5

stacking 16164 16248 36 84 42.5 22.5 3| 17.5 2.5 10
16332 2.5

feeding 16284 16368 36 84 27.5 12.5 18 34 | -5.5 40
feeding 16404 16488 36 84 27.5 2.5 20 10 | -5.5 40
stacking 16572 16656 36 84 7.5 22.5 4 2.5 7.5 13
16692 17.5

16716 27.5

16728 7.5

stacking 16704 16788 36 84 7.5 22.5 3 2.5 2.5 11
stacking 16824 16908 36 84 47.5 22.5 6 | 17.5 2.5 11
17004 47.5

stacking 16944 17028 36 84 32.5 22.5 4 | 175 2.5 12
feeding 17064 17148 36 84 32.5 7.5 19 34 | -5.5 40
stacking 17184 17268 36 84 32.5 22.5 3| 175 2.5 13
stacking 17364 17448 36 84 27.5 22.5 4 7.5 7.5 12
feeding 17484 17568 36 84 27.5 17.5 23 10 | -5.5 40
stacking 17604 17688 36 84 27.5 22.5 3| 12,5 7.5 14
stacking 17724 17808 36 84 2.5 22.5 4 7.5 | 12.5 14
stacking 17844 17928 36 84 2.5 22.5 3 7.5 2.5 12
feeding 17964 18048 36 84 27.5 12.5 17 34 | -5.5 40
stacking 18084 18168 36 84 17.5 22.5 5 2.5 2.5 12
stacking 18204 18288 36 84 17.5 22.5 4 7.5 7.5 13
feeding 18324 18408 36 84 27.5 2.5 19 10 | -5.5 40
18516 2.5

stacking 18444 18528 36 84 17.5 22.5 3 2.5 7.5 14
18624 7.5

stacking 18576 18660 36 84 7.5 22.5 3 7.5 2.5 13
stacking 18696 18792 36 96 42.5 22.5 3 7.5 7.5 14
feeding 18828 18912 36 84 27.5 12.5 16 34 | -5.5 40
stacking 18948 19044 36 96 47.5 22.5 7 2.5 2.5 13
stacking 19080 19176 36 96 47.5 22.5 6 7.5 2.5 14
19248 12.5

feeding 19212 19296 36 84 32.5 12.5 21 10 | -5.5 40
stacking 19332 19416 36 84 7.5 22.5 4 2.5 2.5 14
19464 17.5

feeding 19452 19536 36 84 47.5 2.5 23 34 | -5.5 40
validating 19572 19584 36 12 7.5 17.5 15 7.5 | 17.5 15
stacking 19620 19692 36 72 7.5 22.5 3 7.5 | 17.5 15
stacking 19728 19800 36 72 2.5 22.5 4 7.5 | 17.5 16
stacking 19836 19920 36 84 2.5 22.5 3 7.5 | 17.5 17
feeding 19956 20040 36 84 32.5 12.5 20 10 | -5.5 40
validating 20076 20088 36 12 17.5 17.5 15 | 17.5 | 17.5 15
stacking 20124 20196 36 72 12.5 22.5 4 | 175 | 17.5 15
stacking 20232 20316 36 84 12.5 22.5 3 7.5 | 17.5 18
20340 27.5

stacking 20352 20448 36 96 47.5 22.5 5| 17.5 | 17.5 16
feeding 20484 20568 36 84 27.5 7.5 22 34 | -5.5 40
20652 2.5

stacking 20604 20688 36 84 17.5 22.5 4 | 175 | 17.5 17
stacking 20724 20808 36 84 17.5 22.5 3| 175 | 17.5 18
feeding 20844 20928 36 84 27.5 7.5 21 10 | -5.5 40
21072 47.5

validating 21168 21180 36 12 22.5 17.5 15 | 22.5 | 17.5 15
21252 22.5

stacking 21204 21276 24 72 27.5 22.5 4 | 225 | 17.5 15
feeding 21300 21384 24 84 32.5 17.5 24 34 | -5.5 40
stacking 21432 21516 36 84 2.5 22.5 4 | 225 | 17.5 16
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order type [ starting time [ completion time [ travel time

[ handling time

[ x_from [ y_from [ z_from [

x_to [ y-to [ z_to

21588 32.5

21612 2.5

stacking 21540 21624 24 84 2.5 22.5 3| 225 | 175 17
21720 37.5

stacking 21648 21732 24 84 27.5 22.5 3| 225 | 17.5 18
feeding 21756 21840 24 84 27.5 17.5 22 10 | -5.5 40
validating 21876 21888 36 12 22.5 7.5 15 | 22.5 7.5 15
21912 12.5

feeding 21912 21996 24 84 27.5 2.5 18 34 | -5.5 40
stacking 22056 22140 36 84 47.5 22.5 6 | 22.5 7.5 15
stacking 22164 22248 24 84 47.5 22.5 5 | 22.5 7.5 16
22308 7.5

stacking 22272 22356 24 84 22.5 22.5 4 | 225 7.5 17
stacking 22380 22464 24 84 22.5 22.5 3| 22.5 7.5 18
validating 22488 22500 24 12 22.5 17.5 19 | 22.5 | 17.5 19
feeding 22524 22608 24 84 27.5 17.5 21 10 | -5.5 40
stacking 22644 22728 36 84 37.5 22.5 4| 225 | 17.5 19
stacking 22752 22836 24 84 37.5 22.5 3| 22.5 | 17.5 20
stacking 22860 22944 24 84 12.5 22.5 4 | 225 | 17.5 21
feeding 22968 23052 24 84 27.5 17.5 20 34 | -5.5 40
stacking 23088 23172 36 84 32.5 22.5 4 | 225 | 17.5 22
feeding 23196 23280 24 84 27.5 17.5 19 10 | -5.5 40
validating 23724 23736 36 12 22.5 12.5 15 | 22.5 | 12.5 15
feeding 23760 23844 24 84 27.5 17.5 18 34 | -5.5 40
23856 12.5

23916 32.5

stacking 23880 23964 36 84 2.5 22.5 4| 225 | 12.5 15
stacking 23988 24072 24 84 2.5 22.5 3| 22.5 | 12,5 16
24108 47.5

stacking 24096 24180 24 84 7.5 22.5 4 | 225 | 12.5 17
feeding 24204 24288 24 84 27.5 7.5 20 10 | -5.5 40
24348 17.5

stacking 24324 24408 36 84 7.5 22.5 3| 225 | 12,5 18
validating 24432 24444 24 12 2.5 12.5 15 2.5 | 12.5 15
feeding 24480 24564 36 84 27.5 2.5 17 34 | -5.5 40
stacking 24600 24684 36 84 12.5 22.5 5 2.5 | 12.5 15
stacking 24720 24804 36 84 12.5 22.5 4 2.5 | 12.5 16
stacking 24840 24924 36 84 12.5 22.5 3 2.5 | 12.5 17
feeding 24960 25044 36 84 32.5 12.5 19 10 | -5.5 40
validating 25080 25092 36 12 22.5 12.5 19 | 22.5 | 12.5 19
25176 32.5

stacking 25116 25200 24 84 17.5 22.5 4 | 225 | 12.5 19
stacking 25224 25332 24 108 47.5 22.5 6 2.5 | 12.5 18
stacking 25368 25452 36 84 17.5 22.5 3| 225 | 12,5 20
feeding 25476 25560 24 84 27.5 17.5 17 34 | -5.5 40
25644 7.5

stacking 25596 25692 36 96 47.5 22.5 5 | 22.5 | 12,5 21
25752 2.5

stacking 25716 25812 24 96 47.5 22.5 4 | 225 | 12.5 22
feeding 25836 25920 24 84 32.5 7.5 18 10 | -5.5 40
26064 47.5

26148 12.5

validating 26160 26172 36 12 7.5 7.5 15 7.5 7.5 15
feeding 26208 26292 36 84 32.5 7.5 17 34 | -5.5 40
stacking 26376 26460 36 84 32.5 22.5 7 7.5 7.5 15
stacking 26496 26580 36 84 2.5 22.5 4 7.5 7.5 16
stacking 26616 26700 36 84 32.5 22.5 6 7.5 7.5 17
feeding 26736 26820 36 84 37.5 7.5 22 10 | -5.5 40
26880 22.5

stacking 26856 26940 36 84 12.5 22.5 4 7.5 7.5 18
feeding 26976 27060 36 84 32.5 7.5 16 34 | -5.5 40
27360 47.5

feeding 27504 27588 36 84 37.5 2.5 23 10 | -5.5 40
27792 37.5

validating 27828 27840 36 12 22.5 7.5 19 | 22.5 7.5 19
stacking 27864 27948 24 84 22.5 22.5 5 | 22.5 7.5 19
28044 27.5

feeding 27972 28056 24 84 37.5 2.5 22 34 | -5.5 40
28092 17.5
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order type [ starting time

[ completion time

[ travel time

[ handling time

[ x_from [ y_from [ z_from [ X_to [ y_to [ z_to

stacking 28092 28176 36 84 32.5 22.5 5 | 22.5 7.5 20
stacking 28200 28296 24 96 47.5 22.5 8 | 22.5 7.5 21
feeding 28392 28476 24 84 27.5 2.5 16 10 | -5.5 40
stacking 28512 28608 36 96 7.5 22.5 4 | 225 7.5 22
feeding 28632 28716 24 84 32.5 17.5 23 34 | -5.5 40
28860 47.5
28872 42.5
feeding 29160 29244 36 84 32.5 7.5 15 10 | -5.5 40
29328 37.5
29400 32.5
feeding 29484 29568 36 84 37.5 17.5 23 34 | -5.5 40
29784 12.5
feeding 30012 30096 36 84 32.5 12.5 18 10 | -5.5 40
validating 30132 30144 36 12 2.5 12.5 19 2.5 | 12.5 19
stacking 30180 30264 36 84 7.5 22.5 3 2.5 | 12.5 19
stacking 30300 30384 36 84 2.5 22.5 3 2.5 | 12.5 20
stacking 30420 30504 36 84 17.5 22.5 4 2.5 | 12.5 21
feeding 30540 30624 36 84 42.5 7.5 22 34 | -5.5 40
stacking 30804 30888 36 84 12.5 22.5 5 2.5 | 12.5 22
feeding 30924 31008 36 84 47.5 7.5 23 10 | -5.5 40
31032 47.5
31296 12.5
feeding 31248 31332 36 84 27.5 12.5 15 34 | -5.5 40
validating 31368 31380 36 12 12.5 12.5 15 | 12.5 | 125 15
stacking 31416 31500 36 84 37.5 22.5 7| 12,5 | 12.5 15
stacking 31536 31620 36 84 17.5 22.5 3| 12.5 | 12,5 16
stacking 31656 31740 36 84 37.5 22.5 6 | 12.5 | 12.5 17
31752 17.5
feeding 31776 31860 36 84 42.5 12.5 23 10 | -5.5 40
validating 31896 31908 36 12 17.5 17.5 19 | 17.5 | 17.5 19
feeding 31944 32028 36 84 27.5 2.5 15 34 | -5.5 40
stacking 32064 32136 36 72 12.5 22.5 7| 17.5 | 17.5 19
stacking 32172 32256 36 84 22.5 22.5 4| 125 | 12,5 18
32544 2.5
feeding 32496 32580 36 84 37.5 2.5 21 10 | -5.5 40
32736 42.5
32784 7.5
feeding 32820 32904 36 84 32.5 12.5 17 34 | -5.5 40
stacking 32940 33024 36 84 47.5 22.5 13 | 17.5 | 17.5 20
stacking 33060 33144 36 84 17.5 22.5 5| 17.5 | 17.5 21
stacking 33180 33264 36 84 27.5 22.5 4| 175 | 17.5 22
33360 32.5
feeding 33300 33384 36 84 42.5 17.5 24 10 | -5.5 40
33624 12.5
validating 33624 33636 36 12 17.5 12.5 15 | 17.5 | 12.5 15
feeding 33672 33756 36 84 27.5 7.5 19 34 | -5.5 40
33804 42.5
stacking 33792 33876 36 84 47.5 22.5 12 | 17.5 | 12.5 15
stacking 33912 33996 36 84 27.5 22.5 3| 17.5 | 12.5 16
34032 27.5
stacking 34032 34116 36 84 17.5 22.5 4| 175 | 12.5 17
stacking 34152 34236 36 84 32.5 22.5 8 | 17.5 | 12.5 18
feeding 34272 34356 36 84 42.5 7.5 21 10 | -5.5 40
34368 17.5
34512 7.5
34584 22.5
validating 34596 34608 36 12 7.5 17.5 19 7.5 | 17.5 19
stacking 34644 34716 36 72 12.5 22.5 8 7.5 | 17.5 19
34764 37.5
feeding 34752 34836 36 84 32.5 17.5 22 34 | -5.5 40
stacking 34872 34956 36 84 12.5 22.5 7 7.5 | 17.5 20
stacking 34992 35076 36 84 2.5 22.5 4 7.5 | 17.5 21
35076 42.5
35160 12.5
feeding 35112 35196 36 84 47.5 7.5 22 10 | -5.5 40
validating 35232 35244 36 12 7.5 12.5 15 7.5 | 12.5 15
stacking 35280 35352 36 72 7.5 22.5 7 7.5 | 12.5 15
stacking 35388 35472 36 84 22.5 22.5 6 7.5 | 12.5 16
35472 17.5
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order type [ starting time [ completion time [ travel time

[ handling time

[ x_from [ y_from [ z_from [

x_to [ y-to [ z_to

feeding 35508 35592 36 84 27.5 7.5 18 34 | -5.5 40
stacking 35628 35712 36 84 2.5 22.5 3 7.5 | 17.5 22
35772 2.5

stacking 35748 35832 36 84 22.5 22.5 5 7.5 | 12.5 17
stacking 35868 35952 36 84 7.5 22.5 6 7.5 | 12.5 18
feeding 35988 36072 36 84 32.5 17.5 21 10 | -5.5 40
validating 36108 36120 36 12 12.5 7.5 15 | 12.5 7.5 15
stacking 36180 36264 48 84 42.5 22.5 11 | 12,5 7.5 15
stacking 36300 36384 36 84 22.5 22.5 4 | 125 7.5 16
feeding 36420 36504 36 84 32.5 17.5 20 34 | -5.5 40
stacking 36540 36624 36 84 27.5 22.5 4 | 125 7.5 17
stacking 36660 36744 36 84 7.5 22.5 5 | 12.5 7.5 18
feeding 36780 36864 36 84 37.5 2.5 20 10 | -5.5 40
validating 36900 36912 36 12 7.5 12.5 19 7.5 | 12.5 19
stacking 36948 37032 36 84 12.5 22.5 8 7.5 | 12.5 19
stacking 37068 37152 36 84 22.5 22.5 3 7.5 | 12.5 20
feeding 37188 37272 36 84 32.5 2.5 23 34 | -5.5 40
stacking 37308 37392 36 84 7.5 22.5 4 7.5 | 12.5 21
stacking 37428 37512 36 84 17.5 22.5 9 7.5 | 12.5 22
feeding 37548 37632 36 84 37.5 2.5 19 10 | -5.5 40
validating 37668 37680 36 12 12.5 12.5 19 | 12.5 | 125 19
stacking 37716 37800 36 84 32.5 22.5 7| 12.5 | 12.5 19
stacking 37836 37920 36 84 12.5 22.5 7| 12.5 | 12.5 20
stacking 37956 38040 36 84 17.5 22.5 8 | 12.5 | 12.5 21
feeding 38076 38160 36 84 37.5 12.5 23 34 | -5.5 40
validating 38196 38208 36 12 7.5 7.5 19 7.5 7.5 19
stacking 38244 38328 36 84 2.5 22.5 5 7.5 7.5 19
stacking 38364 38448 36 84 2.5 22.5 4 7.5 7.5 20
feeding 38484 38568 36 84 47.5 2.5 22 10 | -5.5 40
stacking 38604 38688 36 84 12.5 22.5 6 | 12.5 | 12.5 22
stacking 38724 38808 36 84 17.5 22.5 7 7.5 7.5 21
feeding 38844 38928 36 84 47.5 12.5 23 34 | -5.5 40
validating 38964 38976 36 12 2.5 7.5 15 2.5 7.5 15
stacking 39012 39096 36 84 32.5 22.5 6 2.5 7.5 15
stacking 39132 39216 36 84 12.5 22.5 5 2.5 7.5 16
stacking 39252 39336 36 84 17.5 22.5 6 7.5 7.5 22
feeding 39372 39456 36 84 47.5 17.5 23 10 | -5.5 40
stacking 39492 39576 36 84 7.5 22.5 3 2.5 7.5 17
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