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Introduction

Over the past years, air travel demand has recovered from the impacts of the COVID-19 pandemic and is
projected to grow with an annual compound growth rate of 3.6% between 2023 and 2042 [215]. This extra
demand will put more stress on the already scarce airport and airspace resources. Therefore, a more efficient
and robust orchestration of the components that drive air travel is required than is the case today. One of
the main components that facilitates air travel is the aircraft ground-handling process. From the moment
the aircraft arrives at the stand until it is ready for departure, a series of ground-handling processes unfold
that prepare the aircraft for its next flight. Currently, the ground-handling process forms a black box for air-
ports and many operational partners, such as Air Navigation Service Providers (ANSPs) and aircraft operators.

This study proposes a novel machine learning approach for ground-handling end time adherence predic-
tions, using data from camera systems that automatically track ground-handling processes ongoing at the
aircraft stand. The approach is inherently interpretable, providing transparency into the decision-making
process of the model, an area of research which has not yet seen much coverage in literature. Modelling the
ground-handling process using interpretable machine learning allows the operational partners to not only
gain insights into how the model’s predictions came about, but also gain insights into the turnaround system
and how the ground-handling processes interact with the onset of delays. The model’s predictions and in-
sights can be used by the operational partners to improve decision-making and operational efficiency, and in
turn, facilitate an increase in the robustness of the air traffic network and resource utilization.

This thesis report is organized as follows: In Part I, the scientific paper is presented. Part II contains the
relevant Literature Study that supports the research. Finally, in Part III, some additional results are presented.
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An Interpretable Machine Learning Approach for Predicting
Ground-Handling End Time Adherence

L.J. Dijkstra*
Delft University of Technology, Delft, The Netherlands

Abstract

To accommodate the rising demand for airport resources and airspace capacity, a more
efficient and robust orchestration of the components that facilitate air travel is required than
is the case today. Over recent years, camera systems for automatic identification of ground-
handling events were developed, providing the opportunity to automatically detect ground-
handling delays as they manifest. Detecting ground-handling delays early allows the Air
Navigation Service Providers (ANSPs), ground handlers and aircraft operators to reallocate
their resources, facilitating more stable planning and robustness of the air traffic network.
This study proposes a novel interpretable machine learning approach to predict initial ground-
handling end time adherence. This approach is based on a discrete Bayesian network composed
of a central network structure and modular sub-networks, representing distinct turnaround
processes often found on the critical path. The Bayesian network structure and discretization
were found to be adequate to model most ground-handling operations for narrow-body aircraft.
The model proved to be more accurate than the ground handler in predicting initial Target Off-
Block Time (TOBT) adherence at all prediction moments. At the initial TOBT-0 [minutes],
a maximum in model accuracy was obtained amounting to 65.76%. In addition, the model
demonstrated the capability to detect ground-handling delays earlier. At the initial TOBT-
20 [minutes], an average recall of 50.4% was obtained for delays within 5 and 15 minutes.
In contrast, the ground handler identified only 4.3% of small ground-handling delays at this
prediction moment. The discrete Bayesian network approach is also inherently interpretable,
providing transparency into the decision-making process of the model.

1 Introduction

In recent years, air travel demand recovered from the impacts of COVID-19 and is projected to surpass the
2019 level of demand for the first time since the onset of the global pandemic, with a compound annual growth
rate of 3.6% between 2023 to 2042 [51]. Consequently, airlines will strive to operate more flights to fill this
increasing demand for air travel, further straining the already scarce airport resources and airspace capacity.
To accommodate the rising demand for airport resources and airspace capacity, a more efficient orchestration
and robustness of the components that facilitate air travel is required than is the case today.

Airport Collaborative Decision Making (A-CDM) is already implemented at various airports in Europe to
enhance the robustness of the air traffic network. A-CDM enhances the overall efficiency at airports and improves
the Air Traffic Flow and Capacity Management (ATFCM), by tackling unharmonized processes [18, 39]. To
effectuate this, A-CDM strives to improve the predictability of events and optimise the utilisation of resources.
In A-CDM, operational partners such as the Air Navigation Service Providers (ANSPs), ground handlers and
airlines are encouraged to work more transparently and collaboratively by sharing information on the status of
a flight [50, 14]. A flight’s status is defined by a milestone and describes a significant event in the planning or
progress of a flight [39]. An important milestone is the Target Off-Block Time (TOBT), the time instance the
aircraft operator or handling agent estimates the aircraft ground-handling process is finished and able to start-
up and push-back immediately when clearance is obtained from the ANSP [13]. Based on the TOBT, Estimated
Taxi-Out Time (EXOT) and runway capacity, the ANSP’s Departure Manager (DMAN) creates a departure
sequence from the runway. Subsequently, a Target Take-Off Time (TTOT) is issued for every flight. This time
indicates when a flight is expected to begin its take-off roll. Accurate TOBTs are therefore crucial for realising
the optimal departure flow. From the moment the aircraft arrives at the stand until it is ready for departure,
a series of ground-handling processes unfold that prepare the aircraft for its next flight. If ground-handling
cannot be completed within TOBT+5 [minutes|, then the handler or aircraft operator must update the TOBT.
Subsequently, the ANSP issues a new TTOT [39]. Early identification of TOBT non-compliance enables the
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reallocation of departure slots, mitigating the disruptive effects of ground-handling delays and improving the
overall departure capacity utilization [49].

In recent years, academics have already focused on modelling aircraft ground-handling delays. Although in
the past probabilistic approaches were more commonplace (e.g. [15, 4, 35]), nowadays most researchers opt for
advanced machine learning models (e.g. [20, 19, 17, 27]) offering higher model accuracy and enhanced abilities
to capture complex data relationships. Previous work primarily focused on predicting ground-handling delays
before the flight’s arrival, rather than updating predictions during the turnaround based on observed events.
This was likely due to the researchers having limited or no access to information regarding turnaround events,
as automatic turnaround sub-process identification systems were not available yet. However, recent advance-
ments in computing and computer vision have enabled the development of systems such as Deep Turnaround
[40]. These systems open up a new area of research for predicting ground-handling delays based on real-time
observations of ground-handling processes, an area largely unexplored until now.

Within this area of research, Luo et al. [27] utilized data from automatic turnaround process identification
systems to predict the total aircraft ground-handling duration and confirm TOBT adherence at the final TOBT
update milestone, which in A-CDM is a milestone before boarding commences. To predict TOBT adherence,
Luo et al. [27] employed tree-based machine learning models. Similarly, Schiphol Group Aviation Solutions [40]
uses data from automatic turnaround process identification systems for the Predicted End Ground-handling
Time (PEGT) model, predicting the ground-handling end time of a flight every 5 [minutes] using a black-box
machine learning model. Within the area of dynamical predictions, Beltman [6] employed Random Forest,
CatBoost and Deep Neural Networks to update his belief on the flight departure delay during the turnaround.
However, for this, Beltman [6] did not utilize data from automatic sub-process identification systems. In the
aforementioned approaches, the interpretability of the underlying model(s) is limited, where interpretability
refers to the degree to which the decision or prediction process is understandable by an expert in the field.
While obtaining accurate predictions on ground-handling delays is important, understanding how the model
arrived at its predictions can be considered equally important. After all, an interpretable approach can foster
a user’s trust in the model and allow one to gain insights into the underlying system, trading model accuracy
for model interpretability and system understanding.

To be able to detect ground-handling delays as early as possible and to explore an interpretable approach
in this research area, the objective of this research can be formulated as follows: To develop and evaluate an
interpretable machine learning model to predict initial ground-handling end time adherence. In this context, the
initial TOBT when the aircraft arrives at the stand is regarded as the initial ground-handling end time. To
arrive at the ground-handling delay, the initial TOBT is compared with the Actual End of Ground-handling
Time (AEGT). Initial ground-handling end time adherence is predicted at various moments before the initial
TOBT, ranging from initial TOBT-50 to initial TOBT-0 [minutes] with a 10-minute prediction interval. A visual
representation of these prediction instances is provided in Figure 1. The start at initial TOBT-50 [minutes] of
the prediction horizon was influenced by the typical turnaround time for narrow-body aircraft at Schiphol of
the particular aircraft operator and to provide predictions early within the turnaround process. A 10-minute
prediction interval was selected to reduce the complexity and computational cost of the model.

el ) e )

P: prediction D
moment

\/\
Initial Initial Initial Initial
AIBT  TOBT-50 TOBT-40 = = = TOBT-10 TOBT-0 AOBT
[minutes] [minutes] [minutes] [minutes]

Figure 1: Visual representation of the prediction instances.

To accomplish the objective, this paper proposes a discrete Bayesian network approach that accommodates
the temporal aspect of the aircraft ground handling process and supports multiple prediction moments. A
Bayesian network is a probabilistic graphical model, where the underlying relationships between the variables are
explicitly defined through edges. In the approach, the Bayesian network structure is split into a set of modular
sub-networks representing distinct turnaround processes and a central network structure, which processes the
information propagated from the modular sub-networks to predict initial TOBT adherence. This results in
a novel interpretable machine learning approach for ground-handling end time adherence modelling, which
provides transparency into the model’s decision-making process.

The paper is organized as follows. Initially, in section 2, we present an overview of the turnaround system
and the associated challenges. Following that, the Bayesian network theory, conceptual framework and imple-
mentation are elaborated on in section 3. Next, the Bayesian network structure is discussed in section 4. The
model evaluation results on various Key Performance Indicators (KPIs) are presented and discussed in section 5.



A discussion on the model, among other things its limitations and broader implications, is provided in section 6.
Lastly, we conclude the paper in section 7 with the main conclusions of this research and opportunities for
future work.

2 Aircraft Ground-Handling

An aircraft turnaround consists of many individual ground-handling processes, which together prepare the
aircraft for its next flight. Ground-handling processes commence as soon as the aircraft arrives at the stand,
and may be provided by one or more service providers [41]. An overview of the main processes in aircraft
ground-handling for narrow-body aircraft is presented in Figure 2.

Water & lavatory
service
. . Start of passenger| End of passenger
Cabin cleaning boarding }_> boarding _]

Eng ofbpas;enger Catering service
€-boarding . Jet bridge Ready for
Cabin door closed >
departure

disconnected
First cargo and/or luggage Last cargo and/or luggage
unloaded from the aircraft loaded onto the aircraft Cargo door closed
| Start of aircraft End of aircraft
refuelling refueling
_Start of - _End of
maintenance maintenance

Figure 2: Main ground-handling processes for narrow-body aircraft at connected aircraft stands (based on [55]).

Jet bridge Cabin door
connected opened

Start of passenger|

R —>
Aircraft arrives in de-boarding
block

Cargo door
opened

When a narrow-body aircraft halts into position at the stand, a jet bridge or set of stairs is connected to the
aircraft. After a short handshake between the crew and staff, the passenger disembarking process starts. Parallel
to this process, the cargo doors are opened, the cargo is unloaded and other processes such as maintenance start.
When passenger de-boarding has finished, the aircraft cabin is cleaned, and the catering provider exchanges the
in-flight catering trolleys to limit the disturbance to passengers [41]. In parallel, the fuel service provider loads
the required fuel onto the aircraft for its next flight. Generally, when previous processes are finished, passenger
embarking starts and the last pieces of baggage are loaded onto the aircraft. After passenger boarding is
completed, the crew closes the aircraft doors and the ground staff disconnects the set of stairs or jet-bridge.
When all ground-handling processes have finished and start-up clearance is obtained from ATC, a push-back
truck pushes the aircraft back from its parking position so that it can commence its journey on its power.

In aircraft ground-handling, some processes are dependent on other processes due to operational, legal or
technical dependencies and therefore have to be executed sequentially, as Figure 2 indicates [15, 45]. In general,
aircraft ground-handling processes follow a strict chronological order due to the dependencies between processes,
regulations and limitations in space in and around the aircraft [41]. However, some processes can be executed in
parallel. The critical path, i.e. the longest sequence of parallel and sequential activities, defines the total aircraft
ground-handling time. When activities on the critical path are delayed, the whole process is delayed [34]. Due
to the complex nature of the aircraft ground-handling operations, the processes are stochastic resulting in a
variable critical path [3, 4, 52]. Hence, the critical path may vary between turnarounds and no unique critical
path can be defined.

The onset of ground-handling delays is not immediate. Rather, they manifest at some point within the
turnaround process in one or more of the ground-handling processes. At a given moment, the ground-handling
process may be on track. However, delays may potentially manifest later on, and only then the ground-handling
process becomes delayed. For example, passengers may be missing during the boarding process or complications
may arise in the aircraft refuelling process, delaying the ground-handling process. Next to this, as the critical
path is variable and not all activities lie on the critical path, a delay in a particular process doesn’t necessarily
lead to a departure delay. Suppose a small delay manifests in the baggage loading and unloading process but
is not part of the critical path for this flight. In this case, the projected ground-handling end time remains
unaffected. Conversely, a minor delay in passenger boarding, generally found on the critical path, may already
manifest a ground-handling delay.

Next to passenger boarding, the baggage loading and unloading, aircraft refuelling, cabin cleaning, catering
and passenger de-boarding processes are often found on the critical path for narrow-body aircraft [41, 43, 3].
The duration of these processes is subject to many variables and uncertainties. For example, the duration of the



passenger boarding process is influenced by various variables. A summarized list of influential variables for this
particular process is presented below. The many variables and uncertainties at play make accurately predicting
the total duration of a process rather challenging:

o Number of outbound passengers [36, 41, 43, 44, o Boarding scheme [44]

47] o Passengers with Reduced Mobility (PRM) [20]
e Airport infrastructure  Passenger anthropometrics [41]
o Missing (transfer) passengers [47] o Amount of hand luggage [38, 41, 42]

o Layout of the aircraft cabin [41]

Moreover, not all ground-handling processes are executed in every aircraft turnaround. For example, airlines
may opt to fuel at airports with lower fuel costs, thus omitting the aircraft refuelling process from the ground-
handling planning at the destination airport. In this case, the savings in fuel cost outweigh the cost of carrying
extra fuel on the flight to the destination airport. Next to this, for short-haul flights, airlines usually only
exchange catering trolleys and clean the aircraft cabin at their hub bases. The turnaround schedule of ground-
handling activities between airlines also varies. As an example, one major European Low-Cost Carrier (LCC)
has opted to remove the seat pockets on the aircraft seats to reduce the duration of the cabin security check
[48]. Differences in turnaround schedules inherently lead to differences in the critical path.

3 Methodology

In this section, the methodology of this research is elaborated on. First, the theory behind Bayesian networks
and the conceptual framework of this thesis are elaborated on in section 3.1. Next, the implementation of the
conceptual framework is discussed in section 3.2.

3.1 Bayesian Networks

This section discusses Bayesian networks, a probabilistic machine learning model, and the conceptual framework
implemented in this study. First, section 3.1.1 elaborates on the theory behind Bayesian networks after which
the conceptual framework on which this research was built is discussed in section 3.1.2.

3.1.1 Theory

A Bayesian network is a graphical representation of a Joint Probability Distribution (JPD) over a set of random
variables and can represent knowledge about an uncertain domain [26, 53]. In a Bayesian network, the underlying
system is modelled as a network of interactions between variables, where the underlying relationships between
the variables are explicitly defined from root cause to the target outcome [11]. A Bayesian Network is composed
of two elements: (1) a Direct Acyclic Graph (DAG) and (2) Conditional Probability Tables (CPTs) defining
the strength of the relationships between the variables for all nodes in the network [25]. The DAG and CPTs
define the qualitative and quantitative aspects of the network, respectively [37].

Figure 3: Example Direct Acyclic Graph (DAG).

The DAG comprises a set of nodes and directed edges, representing the random variables and the direct
probabilistic dependencies between the random variables [10]. An example DAG is presented in Figure 3. A
directed edge between nodes X; and X; denotes a statistical dependence of X; on X;, and a lack thereof indicates
no direct dependency of X; on X;. In other words, the state of variable X; depends on the state variable X;
takes [7]. Within the structure of the DAG, no loops or edges connecting the node to itself on a directed
path are allowed, as this violates the acyclic nature of the DAG [53]. Bayesian networks assume conditional



independence, and the DAG encodes the set of conditional independence statements [7, 30]. Consider the two
variables A and B and a third variable C. Variables A and B are conditionally independent given the state of
the third variable C' when knowledge of the state of A does not provide additional information on the state of
B [21].

In discrete Bayesian networks, when evidence (input) is observed, the probability distribution of the observed
node is updated. In turn, the posterior probability distribution of the unobserved parent and child nodes are
affected, and so on, propagating through the network [25]. This evidence propagates along unblocked paths. A
path from X; to X; can be considered blocked, or D-separated when one or more nodes in the set of interior
nodes satisfy one of the following properties: (1) a collider node is considered and neither it nor one of its
descendants are in the evidence node set E or (2) a non-collider node is considered and the node is in the set
of evidence nodes E [7, 32]. To illustrate property (1), consider the path between A and B in Figure 3, given
by A — D < B. The only interior node within this path is node D, a collider node along the path between A
and B. If neither node D nor its descendants E or F are in the set of evidence nodes E, then the path between
A and B can be considered blocked. When node D or one of its descendants are in the evidence set E, the
path between A and B opens, creating a conditional dependence between the variables. To illustrate property
(2), consider the path between nodes A and F, given by A - D — E — F. Here, the interior nodes are D
and F', none of which is a collider along the path. Therefore, the path between A and F' can be considered
open. However, A and F' become D-separated when D, E or both become part of the set of evidence nodes E.
The forward and backward propagation of information allows Bayesian networks to be used for bottom-up, i.e.
diagnostic, and top-down, i.e. explanatory, reasoning.

More formally, the qualitative and quantitative components of a Bayesian Network are defined as follows [16,
7, 30]. The Direct Acyclic Graph is denoted by G, representing the relationships between the random variables
V. The quantitative element, the conditional probability tables, is given by the set ©. In the set ©, for every
possible state of node X; conditioned on the parents of X; in G, m;, the conditional probability of X; given its
parents x|, is present. The local probability distribution of root nodes is unconditional, as root nodes have
no parents. The joint probability distribution over the set of random variables V' can then be described by
Equation 1 [7]. Consequently, the joint probability distribution of the DAG in Figure 3 can be represented by
Equation 2.

n

P(Xy,... Xy) =[P Xilrx,) = H9xi|m (1)
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P(A,....F)=P(F | E)-P(E|C,D)-P(C)-P(D| A, B)-P(A) - P(B) (2)

Variable elimination can be employed to compute the marginal distribution over a set of variables of interest,
describing the probabilities of the variables of interest taking on a specific value, regardless of the values of the
other variables [54]. Variables that are irrelevant to the query are eliminated by summing over all their possible
values. For each variable to be eliminated, two operations are performed [24]. The first operation sums out
the variable by creating a new factor that represents the sum of the values of the original factor over all
possible values of the variable. Next, the factor is multiplied by the remaining factors in the network, which is
subsequently normalized to represent a valid probability distribution. After all variables have been eliminated,
the marginal probability of the variable(s) of interest remains. To illustrate the variable elimination algorithm,
suppose that we want to eliminate variable A from Equation 2. We then first sum Equation 2 over all possible
values of A, where factors without variable A remain unaffected. Variable A can is then represented by the factor
Aa(B,D) =), P(D|A,B) - P(A), which is the sum over all possible values of A. This factor is subsequently
multiplied by the remaining factors in the network and normalized to represent a valid probability distribution.

3.1.2 Conceptual Framework

An aircraft turnaround is a large, complex and temporal system, which can be decomposed into a set of individual
ground-handling processes. In decomposable systems, the Bayesian network structure can be broken down into
network fragments [8, 9]. This enhances model interpretability, as the underlying system can be more easily
conceptualised [31]. In this paper, the Bayesian network structure is split into a set of modular sub-networks,
representing distinct turnaround processes, each connected to one central network structure. This structure
processed the information propagated from the various network fragments and computed the distribution of the
ground-handling delay classes.

The central network structure, of which a schematic is presented in Figure 4, was composed of several nodes.
In this structure, the most important node was the ground-handling delay node. This node formed the centre of
the structure, as the modular sub-network structures and several other nodes were all connected to this node.
As a result, all information from the nodes in the complete network structure propagated towards the ground-
handling delay node. One of the nodes within the central network structure represented the current time to



the initial target off-block time. This node provided the crucial temporal context to the ground-handling delay
node. Next to this, a set of context nodes were also connected to the ground-handling delay node. These nodes
represented differentiating elements between aircraft turnarounds. One example from this set was the initial
total available turnaround time, as flights with longer initial total turnaround times often have larger buffers,
increasing the likelihood of adhering to the initial TOBT.
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Figure 4: Schematic of the central Bayesian network Figure 5: General model Bayesian network structure
structure. of the turnaround sub-processes.

The modular sub-network structures for the individual ground-handling processes did not require the same
temporal context as the central network structure. Rather, the modular sub-network structure accommodated
the various states the particular process takes on. To reduce model complexity and improve the overall un-
derstanding of the inner workings of the network structures, a uniform modular sub-network structure was
implemented for the main processes in the ground-handling process often found on the critical path. This gen-
eral sub-network structure is illustrated in Figure 5 and comprised of four types of nodes, namely: (1) a set of
context nodes X closely related to the duration of the process, (2) a dynamic node D representing the current
progression in the ground-handling process as a measure of time, (3) a milestone node M denoting the current
state of the process and (4) the target variable Pq, which represented the expected total time remaining in the
particular process. The set of context nodes X and the nodes D, M served as evidence (input) in the Bayesian
network. Together, they served as input to the node Py.

To illustrate the various types of nodes, the aircraft fueling process is used as an example. This running
example will also be used to explain the data discretization methodology in section 3.2.2. The model structure
of the aircraft fueling process is presented in Figure 6. The figure shows that the set of context nodes X was
formed by the outbound flight distance and aircraft type nodes. The current total time that the fueling truck
was in position represented the dynamic node D, and the milestone node M was illustrated by the fueling status
node. This node denoted the status of the process, i.e. whether it has not started, is ongoing or has finished,
and changed state when a certain milestone was observed. Here, a fueling truck moving out of position serves
as an example milestone. The nodes served as an input to node Pq4, depicting the remaining estimated that the
fueling truck will be in position during the turnaround.

(D) Current total time
fueling truck in position

(X) Aircraft type

(Pg) Expected time fueling
truck in position remaining

(X) Outbound flight
distance

(M) Fueling status

______ Yoo

Central network
structure 1

Figure 6: Model structure of the aircraft (re)fueling process. Letters indicate the type of node.

To demonstrate how the sub-network structure in Figure 6 accommodated the various states the fueling
process can take on, we illustrate its inner workings through an example. When the fueling process had not
commenced yet, the expected total time remaining in a sub-process was equal to the expected total duration of
the process. In this case, the distribution of node P4 was solely determined by the states of the aircraft type
and outbound flight distance nodes, set X, as the evidence states of nodes D and M in all cases indicated that
the process has not started. This made the expected distribution of the total duration independent of nodes D
and M, as only changes to the states of the nodes in set X could be affiliated to changes in node Pgq’s state.
When the process commenced, the state of the dynamic node D and milestone node M changed. Here, the



milestone node M indicated the current status of the process, i.e. that the process is ongoing, while the current
total time that the fueling truck has been in position during the turnaround served as a proxy of progression
in the fueling process. The state of the set of context nodes X remained unchanged as they are independent
of the current status of the process. Together, these nodes formed inputs to node Pg4, where the distribution
of the expected time remaining that the fueling truck will be in position during the turnaround was computed.
When the process had finished, the state of milestone M changed to a state that could only be attributed to
the condition in which the process had finished, indicating that the total time remaining of the fueling truck in
position had to be zero.

3.2 Model Development Pipeline

This subsection will elaborate on the model development process and the implementation of the conceptual
framework, explained within the context of a machine learning pipeline.

3.2.1 Data Ingestion

For this study, data on flights arriving and departing from Amsterdam Airport Schiphol (AAS) between the
1st of July 2021 to the 17th of October 2023 was acquired from several sources. The core of the dataset
was formed by detections from the Deep Turnaround system, a system developed and implemented at AAS.
Deep Turnaround utilises cameras and computer vision to track over 70 turnaround events in 30 turnaround
processes [40]. The system comprises two cameras on each flank of the aircraft, a schematic of which is presented
in Figure 7, tracking distinct turnaround processes ongoing at the aircraft stand. Every 5 seconds, the cameras
at the stand capture an image and forward this to the computer vision model [40]. From the computer vision
model, a set of detections of turnaround events is obtained, containing information on the current state of the
turnaround. Examples of turnaround events include a fuel truck moved into position, or the appearance of a
catering truck at the aircraft stand. However, the set of detections at a specific moment in time provides little
to no context on the previous evolution of the turnaround system, as detections only contain information on the
current turnaround state. Therefore, detections obtained from the Deep Turnaround system were converted to
time-series data.

Start of
time grid

Figure 7: Schematic of the Deep Figure 8: Example time grid for a delayed flight.
Turnaround camera setup [40].

To assist in converting the computer vision detections to time-series data, a time grid was constructed with
an interval of 5 minutes. The time grid for a flight was based on its initial target off-block time and spans
from the Actual In-Block Time (AIBT) to the Actual Off-Block Time (AOBT), visualized in Figure 8. While
prediction moments beyond the initial target off-block time were beyond the study’s scope, time grid elements
beyond the initial TOBT to the AOBT were included for delayed flights. These records contained information
on the future evolution of the turnaround system in case ground-handling was delayed, which was utilized in the
data pre-processing and feature engineering process. This means that the time grid was essentially composed
of two elements: (1) the nominal time grid elements between the AIBT and initial TOBT and (2) the time grid
elements between the initial TOBT and the AOBT.

As a next step, for every time grid element and every possible event, the cumulative time duration and event
count, describing how often the process has started and has come to a halt, of the particular event between the
AIBT and specific time grid element was computed. From this, the current total duration of a process and total
event count at a particular time instance were obtained. This yielded a vertical dataset for every flight, where
a flight was represented by multiple time grid elements. These records contained the cumulative time duration
and event count at any time grid element throughout the flight’s ground-handling process.

Data on the passenger turnaround processes was obtained from people counters, elements of the passenger
flow measurement system at Schiphol. For flights for which Deep Turnaround detections were available, data
from the passenger flow measurement system was processed. The flow measurement system counts the number
of people passing a particular point in a particular amount of time [5]. Therefore, the flow measurement data
was only available in a specific time resolution and created a new time grid. With the time grid and set of



measurements, start- and end-criterion were set up to determine the start time and end time of the turnaround
passenger processes. Using these start and time grid elements, the cumulative sum of the total duration of the
passenger process over the time grid elements between the start and end elements was obtained. This denoted
the current total duration at a specific instance of time that the process has been ongoing.

Next, the dataset was enriched with flight information. For example, the outbound flight distance (calculated
using the Haversine function), aircraft type, expected number of inbound passengers, and expected number of
outbound passengers. These attributes were added to all time-grid elements of the particular flights, expanding
the vertical dataset with a set of columns that were invariant with time.

3.2.2 Data pre-processing

Data pre-processing aims to clean, transform, and prepare the dataset obtained from the data ingestion step so it
can be utilized in model development. For discrete Bayesian networks, the data pre-processing process consists
of two elements: (1) data cleaning and (2) data discretization. These are discussed in the next paragraphs.

Data cleaning

Data cleaning is the process of fixing or removing incomplete, duplicate, incorrect, and irrelevant records.
Records were considered relevant when they were within the research scope and when sufficient supporting data
was available. The research scope for this thesis consisted of the elements presented below:

e Turnarounds with inbound and outbound handling;

e Turnarounds on connected aircraft ramps;

¢ One aircraft operator;

o Initial total available turnaround time between 25 and 180 [minutes];
e Narrow-body aircraft;

Flights that did not fall within these criteria were removed from the dataset. Hence, wide-body aircraft,
multiple airlines, tow-in or tow-out turnarounds, overnight stays, and semi-connected and remote turnarounds
were not considered in this research. These elements have been removed from the research scope, as they
significantly differentiate turnarounds from one another and contribute to model complexity.

Due to the inherent nature of computer vision techniques, turnaround event detections are never 100%
accurate. Rather, they may be subject to blank detections [27]. Flights with blank detections, the situation
in which a system fails to detect an object, vehicle or process, have been removed with the help of a set of
business rules presented below this paragraph. The business rules were set based on the minimum expected
process duration and were verified by an expert in aircraft ground-handling. To evaluate the business rules, a
flight was represented as a horizontal record which captured the information of the last time grid element. This
record lies beyond the AOBT of the flight, Figure 8, and therefore contains the most information on the total
process duration of the various processes. When the data in the horizontal record of a flight did not meet all
business rules, the specific flight was removed from the dataset.

e During the turnaround, one or more catering trucks have been in position for at least 360 [s].
o During the turnaround, one or more beltloaders have been in position for at least 840 [s].
o During the turnaround, the fueling truck has been in position for at least 540 [s].

Data discretization

Discrete Bayesian networks are unable to deal with continuous input data and therefore require continuous
data to be converted to a set of discrete mutually exclusive states. Ideally, one wants to set the boundaries
of the intervals at breakpoints or regions of interest. These breakpoints may be essential to achieve model
objectives or describe a significant state change [11]. For this, domain knowledge can be employed. However, in
most circumstances, breakpoints cannot be defined solely with domain knowledge due to, for example, complex
data patterns, precision or time constraints. In these case, various data discretization algorithms available in
literature can be utilized.

The most commonly used and simplistic discretization algorithms are equal-width and equal-frequency dis-
cretization [11]. The former splits the domain between the minimum and maximum values in user-defined
equal-sized intervals. However, ideally, one prioritizes high resolution in regions that encapsulate a lot of infor-
mation, i.e. have many observations. Equal-frequency discretization splits the data into equal-sized intervals,
where all intervals contain roughly the same number of observations. Equal-frequency discretization therefore
prioritizes high resolution in regions that encapsulate a significant amount of information, ensuring that the in-
tervals are more true to the underlying distribution. Moreover, equal-frequency discretization consistently yields
a singular discretization, a characteristic the popular K-means clustering algorithm lacks. K-means selects the



initial clusters at random and therefore does not guarantee a unique clustering [23]. Next to this, K-means is
more susceptible to outliers, as it is a distant-based algorithm. Therefore, due to its simplistic nature, high
resolution in regions that encapsulate a lot of information, and the consistent discretization set, a combination
of domain knowledge and equal-frequency discretization was selected to establish the breakpoints.

For an overview of the discretization techniques used in the discretization process for the various variables,
one is referred to Supporting Work A.2. The static nodes in the set of context nodes X were either numerical
or categorical. Numerical static variables, e.g. the expected number of outbound passengers, were generally
discretized using equal-frequency discretization across 5 intervals, to accommodate sufficient resolution in the
network structures and to limit model complexity. An exception to this is the ground-handling delay node, which
was discretized into three states: (-inf, 5), [5, 15) and [15, inf). These states refer to a timely ground-handling
execution, a small ground-handling and a significant ground-handling delay, respectively. These intervals have
been selected based on operational significance and required actions. The breakpoint at 5 minutes was chosen
as aircraft operators must report any change to their TOBT larger than +5 minutes to the A-CDM system
at Schiphol [39]. A second breakpoint was defined for ground-handling delays of 15 minutes or larger as when
the departure time deviates more than 15 minutes from the scheduled departure time, the flight is considered
delayed [12]. Categorical static variables were discretized using domain knowledge, and the number of states
was discussed and verified with an expert.

The milestone nodes M, e.g. fueling status, were discretized into three states using either the event of the
particular process or the time between the current time grid element and the last time a particular event of the
process was detected. Generally, one state indicated that the process has not started, one state indicated that
the process is in progress and one state indicated that the process was expected to be finished.

For the nodes Pyq and D, a different approach was required. The mutually exclusive set of discrete states
for these nodes should accommodate the states the node adopts at the start of the process, states it may adopt
when the process is finished and any intermediate states representing the states the node can adopt when the
process is ongoing. For these nodes, the following number of states were selected, based on the expected required
resolution, interpretability, and model objectives:

o One state denoting the process has not started (D) or has finished (Pgq).

e In general, three intermediate states were chosen to represent possible states when the process is ongoing
for both nodes D and Pq, based on the average total process duration and model prediction horizon.
Given the short average total duration of the catering process, one intermediate state was removed, while
an additional state was added for the baggage loading/unloading process.

o Two states denoting the states the node can adopt when the process has finished (D) or has not started

(Pa).

To illustrate the methodology to obtain the aforementioned states for node Pq, we reuse the aircraft fuelling
process example introduced in section 3.1.2. Please note that throughout this example, the unit [seconds] is
used in the intervals. In the example, node P4 denoted the expected total time remaining that the fueling truck
will be in position at the aircraft stand. First, a state [0, 1) was defined, indicating that it is expected that the
fueling truck will no longer be in position during the turnaround. As a next step, states the node can adopt
when the process has not started, where the expected time remaining equals the total process duration, were
defined. For this, the vertical dataset for every flight was reduced to one row which encapsulated information
on the overall total duration of the sub-process, creating a horizontal dataset. This row was either the first row
of the vertical dataset for node P4 or the last row for node D, as these variables show a consistent decrease
and increase in parameter value as time progresses, respectively. The resulting horizontal dataset, where every
flight was represented by one record, was subsequently subjected to equal-frequency discretization across three
bins. In Figure 9, the distribution of the total time spent by fueling trucks in position at the aircraft stand is
visualized and accompanying bin edges obtained from equal-frequency discretization are indicated with dotted
lines. From this, the last two states, [1079, 1374) and [1374, inf), were selected to represent the total distribution
when the process has not commenced, facilitating room for any intermediate states in the interval [1, 1079).
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The intermediate states in the interval [1, 1079) were obtained as follows. Figure 10 presents the distribution
of the time that the fueling truck will remain in position during the rest of the turnaround, of the instances
where the remaining time of the fueling truck in position was in the interval [1, 1079). To obtain the set of
intermediate states that the node can adopt while the process is ongoing, the distribution was subjected to
equal frequency binning across three bins. The discretization set for node P4 in the fueling sub-process network
therefore consisted of the intervals [0, 1), [1, 341), [341, 682), [682, 1079), [1079, 1374) and [1374, inf). To
illustrate the resulting temporal behaviour with this set of mutually exclusive states of node Pq within the

aircraft fueling general sub-network structure, a visual example is provided in Figure 11.
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Figure 11: Example of the temporal behaviour of node Pq within the fuelling process sub-network structure,
describing the expected total time remaining in the fuelling process. Units in seconds.

3.2.3 Feature engineering

Feature engineering involves creating new features from the available data and selecting relevant features to
be used as variables in the Bayesian network model. First, for the sub-process networks, two variables with
strong associations with the ground-handling process were selected, forming the set of context nodes X for this
sub-process. Here, the number of context nodes was limited to two. This reduces computational complexity,
increases model interpretability and requires fewer flights to accurately learn the model’s parameters [11, 29].
Subsequently, this set of variables was verified with experts in a structured interview, guided by knowledge
elicitation functions and probes from Shadbolt and Smart [46]. If the expert interview revealed additional asso-
ciations with the duration of the sub-process than defined previously, then the set X was expanded accordingly.
For the nodes, D, P4 and M, a turnaround detection for the particular sub-process was selected that has a clear
meaning in the turnaround context and marked the beginning and end of a process. As discussed previously,
for the central network structure, context nodes were identified and evaluated that provided crucial context to
the ground-handling delay node, where crucial context is defined as nodes that differentiate turnarounds from
one another.

3.2.4 Model Training & Analysis

After feature engineering, the dataset was reduced to the prediction moments and the model was constructed
and evaluated using pgmpy, a Python package for probabilistic modelling [2]. From the Bayesian network, the
marginal distribution of the ground-handling delay was obtained. This distribution describes the probabilities
associated with the different delay classes. To convert this marginal distribution to a single point estimate,
we employed Maximum A Posteriori (MAP) predictions. With MAP predictions, the most probable state is
always selected from the marginal distribution, even when the differences between the classes are small. Model
results were obtained using stratified K-cross validation, where the dataset was split into 5 folds. This choice
aligns with the findings of Marcot and Hanea [28], who found that & = 5 generally suffices for large samples
(n > 5000).

Stratified K-cross validation offers a statistically more robust estimate of the model performance relative to
a training, validation and test split as it allows for assessing the robustness of the model. In stratified K-cross
validation, the underlying class distribution of the strata ground-handling delay was preserved in every fold. To
prevent non-i.d.d. data group leakage, i.e. the instance where flight information is spread over multiple folds,
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the folds were created on a horizontal dataset where each flight was represented as one record. After the flights
were randomly split over the folds per strata, the vertical dataset concerning the particular flights in a fold was
retrieved. Subsequently, the model was trained on k — 1 folds and evaluated on the remaining fold. This process
was repeated for the remaining folds until all folds were used in the training set £ — 1 times and once as a test
set. Subsequently, performance metrics were averaged yielding the results presented in section 5.

4 Model Description

This section elaborates on the model structures resulting from the implementation of the conceptual framework.
The Direct Acyclic Graph (DAG) structure is not elaborated on as a whole but rather discussed separately for
better readability. First, the central network structure is discussed in section 4.1. Next, the modular sub-
networks for the passenger boarding and the baggage loading and unloading processes are elaborated on. These
are discussed in section 4.2 and section 4.3, respectively. The rest of the modular sub-networks are presented
in Supporting Work B.1. For the figures in this section, the accompanying legend is presented in Figure 12, to
help distinguish between regular, network structures and evidence (input) nodes in the network.

-~ Network ™ ]
‘ ") (Evidence node
* . _ structure__-

Figure 12: Legend to distinguish between regular nodes, network structures and evidence (input) nodes.

4.1 Central network structure

The central network structure of the Bayesian network model is presented in Figure 13, and was composed of
3 nodes and 5 network structures. In the figure, the modular sub-networks of the processes within the research
scope are represented by their target nodes. All network structures were directly connected to the ground-
handling delay node, aligning with the conceptual framework described in section 3.1.2. Two nodes served as
input to the central network structure, with the time to the initial TOBT node providing the essential temporal
context to the ground handling delay node. Due to modelling approach limitations, discussed in section 6.1,
the initial total turnaround time served as the sole differentiating static element between turnarounds.
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Figure 13: Central network structure of the Bayesian network model.
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4.2 Passenger boarding sub-network structure

The modular sub-network in Figure 14 represented the passenger boarding process and follows the general
sub-network structure proposed in section 3.1.2. The network composed 6 nodes, three of which belong to the
set of context nodes X: (1) expected total outbound passengers, (2) aircraft type and (3) destination type. The
latter served as a proxy for the longer boarding times caused by the increase in hand luggage, especially trolleys
[38, 42]. The current total boarding time node served as a measure for the progress in the passenger boarding
process, node D. The boarding status formed the milestone node M, and was discretized into three states: (1)
not started, (2) in progress and (3) no passenger in the last 5 minutes. The latter state was assigned to the node
when no passengers passed the people counter within the previous five minutes, as the true end of passenger
boarding is unknown when only the sensor’s data is used.
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Figure 14: Bayesian sub-network of the passenger boarding process. Letters indicate the type of node.

4.3 Baggage loading and unloading sub-network structure

The sub-network structure for the baggage loading and unloading process is presented in Figure 15, and signifi-
cantly differs from the general sub-network structure proposed in Figure 5. This is because the baggage loading
and unloading process can be executed in various ways. For example, a handler might use two belt loaders to
(un)load baggage and leave them at the stand for the entire turnaround. The handler can also use one belt
loader to first unload the front and rear cargo hold, subsequently move the belt loader to another stand, and at
a later moment in time return to load the baggage for the outbound flight. Any other possible combination of
previous examples is also possible. The general sub-network structure and associated discretization were found
unable to handle this variability and associated complexity in process execution. Therefore, the sub-network
structure was split into two connected components: (1) a component representing the expected time baggage
(un)loading remaining and (2) a component representing the expected time remaining that the belt loader will
remain in position during the turnaround. Within the two components, elements of the general sub-network
structure can be identified.

) Expected total inbound

S (X) Destination type

(X) Expected total (D) Current total time BA
outbound passengers loading & unloading

(Pq) Expected time
Time to the initial TOBT BAX loading & unloading
remaining
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(D) Current total time
A belt loader in position
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belt loader in position
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(X) Initial total turnaround
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(M) Beltloader status
______ Yoo
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structure

.............

Figure 15: Bayesian sub-network of the baggage loading & unloading process. Letters indicate the type of node.

The first component computed the expected time that baggage (BAX) loading or unloading would occur
during the rest of the ground-handling process, based on the number of inbound and outbound passengers, type
of destination and the current observed time of baggage loading and unloading. For this component, the time
since the baggage loading and unloading process last came to a halt was used as the milestone node, as there
are no observable indicators that baggage loading and unloading is finished other than the closure of the cargo
doors. However, cargo doors are also closed when the ground crew leaves the stand, as the aircraft may not be
left unattended. Therefore, no unique turnaround event could be selected as a milestone node, and the time
since the last time baggage loading and unloading came to a halt was used. As this event generally came to a
true halt twice, once after baggage unloading and once after baggage loading, the network structure required
additional context. After all, a significant amount of time between the last baggage loading and unloading
event and the current time grid element can be associated with both the unloading and loading of baggage
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being finished. This additional context was provided by the time to initial TOBT node, which helped the
model to distinguish between the two.

The expected time remaining for baggage loading or unloading propagated to the second component. In this
component, the belt loader status represented the milestone node. This node indicated whether a belt loader
was not yet observed in position during the turnaround, was in position or has been observed in position and
moved out of position. In the network structure, the time to initial TOBT was also used, serving as a measure
of context, as a belt loader that moved into and out of position did not necessarily indicate that the process
was finished. Therefore, the same additional temporal context as for the first component was provided to this
node.

5 Results

This section elaborates on the model’s ability to model ground-handling delays and the model’s sensitivity to
changes in discretization. The model’s effectiveness in predicting ground-handling delays was assessed using
a set of Key Performance Indicators (KPIs). First, the model’s accuracy is elaborated on in section 5.1, and
simply describes the share of correct predictions made by the model out of all predictions. In this section, the
model’s accuracy is also compared to the handler’s accuracy, to determine the model’s performance relative
to the handler. However, while accuracy provides a simple measure of the overall correctness of the model,
precision, recall and the F1-score offer a more nuanced insight into the model’s performance. These metrics are
discussed in section 5.2. Precision defines the model’s ability to identify instances of a particular class correctly.
Recall then refers to the fraction of instances in a class that the model correctly classified out of all instances
in that class. The Fl-score forms the harmonic mean of precision and recall and penalizes classifiers favouring
one of the two metrics. In section 5.3, the confusion matrices over the prediction moments are presented to
help understand the errors the model is making, as it summarises the model’s classification results. Lastly, the
model’s sensitivity to changes in the discretization technique and number of bins was also assessed. The results
of these interventions are elaborated on in section 5.4.

5.1 Accuracy & Predictions Over Time

The predictive accuracy of the model over the prediction horizon between TOBT-50 and TOBT-0 [minutes] is
visualised in Figure 16. The figure shows that, in general, the predictive accuracy of the model increased as time
progressed to a maximum of 65.76% at TOBT-0 [minutes]. This increasing behaviour and maximum at TOBT-0
[minutes] was expected, as the onset of ground-handling delays was not immediate. Rather, the ground-handling
delay(s) manifested at some point of time within the turnaround process in one or more of the ground-handling
processes. Consequently, the model’s accuracy improved as more delays manifested themselves. Given the
expected upward trend of model accuracy over the prediction horizon as more delays manifest themselves, the
minimum in model accuracy at initial TOBT-40 instead of initial TOBT-50 [minutes] forms a discrepancy in
the accuracy metric.

65.01 —®— Model
Handler

50 40 30 20 10 0
Time to initial TOBT [minutes]

Figure 16: Predictive accuracy for model and handler.

The discrepancy in accuracy can be largely explained by the variance in the initial total available turnaround
time between flights. Due to schedule differences, previous delays or other circumstances, the initial total
available turnaround time varies, as Figure 17 suggests. Flights with a longer initial total turnaround time
available can more effectively absorb delays [22]. Consequently, ground-handling operations for these flights
are anticipated to be completed on time more frequently. Flights with an initial total turnaround time shorter
than 50 [minutes] are not uncommon and were therefore accounted for in the model. However, these flights
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were not included in model training and evaluation for the prediction instance initial TOBT-50 [minutes]. This
created an implicit selection of flights at TOBT-50 [minutes], where only flights with an initial total available
turnaround time of 50 minutes or more were included.

[ Flight A, included for T = {50, 40, 30, 20, 10, 0}

{ Flight B, included for T = {50, 40, 30, 20, 10, 0}

[ Flight C, included for T = {40, 30, 20, 10, 0}

[ Flight D, included for T = {50, 40, 30, 20, 10, 0}

3

50 [min] 40 [min] 30 [min] 20 [min] 10 [min] 0 [min] ”
———— > | Initial total turnaround
Time to initial TOBT time available

Figure 17: Implicit flight selection in training & evaluation folds. As flight C has a shorter initial total
turnaround time than 50 minutes, it is not included in training & evaluation for TOBT-50 [minutes].

Given that ground-handling operations with longer initial total turnaround times tend to adhere to the
initial TOBT more frequently and that the onset of ground-handling delays was not immediate, it was expected
that for a prediction moment early in the ground-handling process, the model would predict timely turnarounds
more often in comparison to a prediction moment later in the turnaround. Figure 18, visualizing the actual
and predicted ground-handling delay classes over the prediction moments, confirms this hypothesis. The figure
shows that initially, the model predicted that around 85% of the turnarounds were expected to finish in a timely
manner. Over time, this share decreased as the turnaround progressed and ground-handling delays manifested.
Consequently, the model increasingly predicted ground-handling delays. This is most evident for class [15, inf)
in Figure 18, where from the initial TOBT-30 to the initial TOBT-0 [minutes] the share of predictions of severe
ground-handling delays significantly increased.
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—&— (-inf, 5), predicted ~®- [5.0,15.0), actual —&— All flights within dataset
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Time to initial TOBT [minutes] Time to initial TOBT [minutes]

Figure 18: Actual and predicted ground-handling de- Figure 19: Predictive accuracy of the model for flights

lay classes over time. with an initial total turnaround time equal to or
larger than 50 [minutes] and all flights within the
dataset.

To test the hypothesis that the decrease in model accuracy between TOBT-50 and TOBT-40 [minutes| can
be largely associated with an implicit selection of flights, we conducted an experiment where we eliminated
all flights with an initial total turnaround time shorter than 50 minutes, e.g. flight C in Figure 17, from the
evaluation folds. Figure 19 visualizes the results of this intervention and shows that the initial decrease in model
accuracy between TOBT-50 and TOBT-40 [minutes] decreased. The implicit selection of flights therefore largely
explains the discrepancy in accuracy at TOBT-40 [minutes]. However, a decrease of 0.18% in accuracy between
TOBT-50 and TOBT-40 [minutes] can still be observed, amounting to roughly 6 flights per fold. Next to this,
an increase in overall accuracy was observed after the intervention. This indicates that the model was less
effective in predicting ground-handling delays for flights with a shorter initial total turnaround time as, from
the moment flights with initial total turnaround times shorter than 50 minutes were included, overall model
performance decreased. This was likely due to the limited presence of these flights within the dataset, as only
1 in 6 flights had an initial total available turnaround time shorter than 50 [minutes].

5.2 Precision, Recall & F1-Score

This subsection presents the model’s evaluation results on the precision, recall and F1-score KPIs introduced
in the introduction of this section. An overview of the results is presented in Table 1, and are discussed in the
next paragraphs.
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Table 1: Performance overview of the precision, recall and F1l-score metrics. With 4, one standard deviation
from the mean is indicated.

(-inf, 5) [5, 15) [15, inf)
TTSI];l; t[(r)nllrlillf‘ils] Precision [%] Recall (%]  F1-Score | Precision (%] Recall (%]  F1-Score | Precision (%] Recall [%]  F1-Score

50 59.5£1.0 93.1£0.9 | 0.73 £0.007 48.0 2.6 234409 | 0.31£0.011 8.6 £12.8 0.1£0.2 0.0 +0.004
40 60.1 +£0.9 86.3 £0.7 | 0.71 £ 0.006 464+1.1 414+1.2 | 0.44+£0.01 38.1£42.2 0.3£0.4 | 0.01£0.007
30 59.9+1.2 87.3£0.7 | 0.71 £ 0.008 46.7+1.2 39.5£25 | 043+£0.02 50.5 £ 9.8 2.1£0.4 | 0.04+£0.008
20 65.5 £ 1.0 84.0£0.9 | 0.74 £ 0.008 476 £1.0 504+£1.3 | 049+£0.01 53.9 £ 3.6 7.1+£0.8 | 0.13+0.012
10 67.9+0.7 79.0£0.9 | 0.73 £ 0.002 48.1+0.7 52.2£0.9 | 0.50 £ 0.004 65.9 £+ 3.6 26.6 £1.1 | 0.38 £0.018
0 75.2+£0.6 82.7£0.8 | 0.79 £ 0.006 53.5 £ 1.0 53.8+£1.2 | 0.54+£0.01 57.3 £3.5 41.6+£2.9 | 0.48+0.031

For timely turnarounds, i.e. ground-delay class (-inf, 5), precision increased from 59.5% to 75.2% between
the initial TOBT-50 and the initial TOBT-0 [minutes]. This indicates that the model became more accurate
in predicting timely turnarounds as time progressed. However, the average recall of the class decreased over
time, indicating that the model’s ability to identify timely turnarounds decreased. A minimum average recall of
79.0% was achieved at TOBT-10 [minutes], while a maximum average recall of 93.1% was obtained at TOBT-50
[minutes]. A maximum in recall at TOBT-50 [minutes] was not unexpected, as on average roughly 85% of the
model’s predictions at this prediction moment were timely turnarounds, as Figure 18 indicated. In general, the
Fl-score for (-inf, 5) showed a positive trend, indicating that the overall model performance improved as time
progressed.

The model’s precision for small ground-handling delays, i.e. the interval [5, 15), showed a slight upward
trend as time progressed ranging from 46.4% to 53.5% between the initial TOBT-40 and the initial TOBT-0
[minutes]. Next to this, the model already identified 23.4% of small ground-handling delays at the initial TOBT-
50 [minutes]. This recall metric for this class significantly improved with time, ranging from 23.4% at the initial
TOBT-50 to 53.8% at the initial TOBT-0 [minutes| indicating that the model was able to detect more small
ground-handling delays as they manifested. As a result, the average Fl-score score for the ground-handling
delay class [5, 15) showed an upward trend ranging from 0.31 [-] to 0.54 [-] between the initial TOBT-50 and
initial TOBT-0 [minutes].

The average precision for severe ground-handling delays, i.e. ground-handling delays in the interval [15, inf),
also showed an upward trend as time progressed. At TOBT-50 [minutes], an average minimum precision of 8.6%
was achieved, while at TOBT-0 [minutes] a precision of 57.3% was obtained. A peak in precision was achieved at
TOBT-10 [minutes|, amounting to 65.9%. However, high variability in average precision was observed between
the folds for the first prediction moments initial TOBT-50, initial TOBT-40 and initial TOBT-30 [minutes].
This can be attributed to the fact that the model seldom predicted this class for these prediction moments,
as Figure 18 indicated. This was also visible in the recall metric, as at the initial TOBT-50 [minutes] an
average recall of only 0.1% was achieved. As time progressed and delays manifested themselves, the recall
metric improved significantly, reaching 41.6% at the initial TOBT-0 [minutes]. Given the upward trend of
both the precision and recall metrics, the Fl-score also saw an upward trend ranging from 0.0 [-] at the initial
TOBT-50 to 0.48 [-] at the initial TOBT-0 [minutes], indicating that overall model performance increased as
time progressed.

To further explore the findings that the model outperformed the handler on average accuracy in section 5.1,
the precision and recall metrics were also evaluated for the handler’s predictions on the ground-handling delay.
For this, the TOBT at the prediction moment was considered as their prediction. An overview of the model’s
and handler’s performance is presented in Table 2. The handler’s precision for timely turnarounds, (-inf, 5),
was on par with the model for the first prediction moment at the initial TOBT-50 [minutes] after which the
model started outperforming the handler. For the small and severe ground-handling delay classes, the handler’s
precision exceeded the model’s precision. However, in the identification of small and severe delays, the model
significantly outperformed the handler. This is especially pronounced at the initial TOBT-20 [minutes], where
for small ground-handling delays the model demonstrated an average recall of 50.4%. In comparison, the
handler’s average recall for this prediction moment only amounted to 4.3%. The handler’s high recall for timely
turnarounds and low recall for ground-handling delays suggest that the handler struggled to identify ground-
handling delays, and as a result, the handler’s predictions were rather conservative, often predicting few to no
delay minutes. These results proved that the model could detect delays earlier and was better equipped to
detect ground-handling delays as they manifested themselves than the handler.
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Table 2: Performance overview of the average precision and recall of the model and handler.

Ground-Handling Delay Metric Model/handler 5T(;me Z(()) 1n1t:;;(1)1 T02](_]3>T [r{l{;nute(s)]
Precision [%] Model 59.5 60.1 599 655 679 752

(-inf, 5) Handler 55.2 50.2 50.3 51.3 542 61.7
’ Recall [%] Model 93.1 86.3 873 840 79.0 827
Handler 99.7 99.6 99.5 99.1 97.8 94.3

Precision [%] Model 48.0 46.4 46.7 476 48.1 535

[5, 15) Handler 45.6 49.6 482 51.7 53.1 57.0
’ Recall [%] Model 234 414 395 504 522 538

’ Handler 09 12 1.7 43 132 342

Precision [%] Model 8.6 38.1 50.5 539 659 57.3

(15, inf) Handler 75.2 743 751 749 749 754
’ Recall [%] Model 01 03 21 71 266 416
Handler 51 50 64 88 13 219

5.3 Confusion Matrices

This subsection presents the confusion matrices for the prediction moments considered in this research. The
entries in a confusion matrix represent the proportion [%] of predictions made for a specific actual, realised state.
The confusion matrices for time instances initial TOBT-40, initial TOBT-20 and initial TOBT-0 [minutes] are
presented in Table 3, 4 and 5 respectively. An overview of all confusion matrices is presented in Supporting
Work B.3.

At the initial TOBT-40 [minutes], the model correctly predicted timely ground-handling execution in 86.3%
of cases where ground-handling was executed on time. The model made most errors by predicting small
ground-handling delays. For ground-handling delays within 5 to 15 minutes, the model expected a timely
ground-handling execution in 58.5% of cases. In only 0.1% of cases, the model expected a severe ground-
handling delay. Therefore the model correctly identified 41.4% of cases. For severe ground-handling delays, it
is interesting to note that the model in 48.3% of cases already expected a ground-handling delay between 5 and
15 minutes at this particular time instance, and less often predicted a timely turnaround in comparison to class
[5, 15). However, only 0.3% of flights with actual ground-handling delays longer than 15 minutes were correctly
identified, indicating the model struggled to identify the severe ground-handling delays 50 minutes before the
initial TOBT, with a substantial portion being misclassified as delays between 5 and 15 minutes.

Table 3: Confusion matrix for the initial TOBT-40 [minutes].

Predicted states [%]
(-inf, 5) [5,15) [15, inf)

Cif,5) | 863 137 00
Actual 515 | 885 414 01
15 inf) | 5.4 483 03

At the initial TOBT-20 [minutes|, a small increase in errors made for timely turnarounds was observed as
instead, the share of predictions in [5, 15) increased. However, for small and severe ground-handling delays, the
model’s performance increased in comparison to earlier prediction instances. Table 4 shows that in comparison to
TOBT-40 [minutes|, the distribution of predictions for cases of small and severe ground-handling delays shifted
towards the right, indicating that more ground-handling delays were expected by the model. This reduced the
number of errors made, as less often timely turnarounds were predicted. For severe ground-handling delays
larger than 15 minutes, in 64.2% of cases an untimely turnaround was expected. Here, in 57.1% of turnarounds,
the model expected a ground-handling delay within 5 to 15 minutes and in only 7.1% of flights the model
expected a ground-handling delay larger than 15 minutes. This finding expresses that the model was rather
optimistic about the future progress of the turnaround process, often underestimating the severity of the delays,
and therefore struggled to accurately identify these delays at this prediction moment.

Table 4: Confusion matrix for the initial TOBT-20 [minutes].

Predicted states [%]
(-inf, 5) [5,15) [15, inf)

(inf, 5) | 840 157 0.3
‘:‘f{:;*: [5,15) | 466  50.4 3.0
(15, inf) | 358  57.1 7.1

Providing interpretation to the results in Table 5, i.e. the confusion matrix for TOBT-0 [minutes]|, we
observe that for timely turnarounds the model makes the most errors by predicting a small ground-handling
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delay, amounting to 16.1%, which is a 0.4% increase in errors in comparison to the initial TOBT-20 [minutes].
In 1.2% of predictions, the model predicted a severe ground-handling delay. For delays within 5 to 15 minutes,
the model made most errors by predicting a timely turnaround, amounting to 30.8% of cases. In 15.4% of cases,
a severe ground-handling delay was expected by the model. For severe ground-handling delays, we observe
that in 81.7% of cases of severe ground-handling delays, the model predicted that ground-handling for the
specific flight would not finish within the TOBT window. This was split between 40.1% of predictions in the
interval [5, 15) and 41.6% of predictions in the interval [15, inf). In 18.3% of cases, the model predicted a
timely turnaround. From this, it can be concluded that the model identified initial TOBT non-compliance well,
although it struggled to correctly identify cases of severe ground-handling end time non-compliance.

Table 5: Confusion matrix for the initial TOBT-0 [minutes].

Predicted states [%)]
(inf, 5) [5,15) [15, inf)
(inf, 5) | s27 161 12

Actual

oty [5,15) | 308 538 15.4

[15, inf) | 18.3 40.1 41.6

Summarising the general trend in the confusion matrices, we observe that most prediction errors are made
by predicting timely turnarounds for prediction moments early in the ground-handling process. This suggests
that the model was often overly optimistic about the future execution of the ground-handling process. As time
progressed, the model more frequently predicted small or severe ground-handling delays. We observe that,
over time, the share of predictions for a particular actual ground-handling delay class shifted towards the true
state, indicating that the model adjusted its predictions as more information on the ground-handling process
came in. As a result, the model expected more ground-handling delays. However, we also observe that the
model tended to underestimate delays, as most errors made were found in the column left to the respective
ground-handling class. The imbalance in training data could explain this conservative behaviour, as the model
might have learned to lean towards predicting no or small ground-handling delays more frequently as severe
ground-handling delays formed a minority class within the dataset. Next to this, the available data might have
not supported the model to learn the model’s parameters for this class accurately. However, on the other hand,
the delay(s) could have not been fully manifested yet, leading to the rather optimistic behaviour of the model
about the future progress of the ground-handling process.

5.4 Sensitivity Analysis

The discretization of continuous input data into a set of mutually exclusive states effectively forms a hyperpa-
rameter of a discrete Bayesian network model. Hence, changes to the discretization are expected to result in
changes in model performance. Within the central network structure, the nodes P4 exert the most influence on
the ground-handling delay prediction. To assess the model’s sensitivity and robustness to changes in discretiza-
tion, the states for nodes P4 were altered, where the bin edges were changed and the number of bins varied
in various manners. Accordingly, the discretization of nodes D were also subjected to the interventions. These
interventions are discussed in section 5.4.1 and 5.4.2, respectively.

5.4.1 K-Means & rounding

To assess the model’s robustness to changes in bin edges, two experiments were conducted, where the number
of bins of all nodes remained constant. In the first experiment, K-means discretization was applied to the
two-step discretization procedure previously elaborated on in section 3.2.2. In the second experiment, the set
of mutually exclusive states of nodes Pq and D were rounded to the nearest multiple of 5 [minutes|. From
a model interpretability perspective, one might prefer this approach, as it enhances the readability of the
intervals. When two intervals were within the same 5 [minutes] interval, one was rounded up towards the
nearest instance of 5 [minutes]. As an example, for the aircraft fuelling process, the set of bin edges changed
from [0, 1, 341, 682, 1079, 1374, inf] to [0, 1, 300, 600, 1200, 1500, inf].

The results of both interventions are presented in Supporting Work B.4. After evaluating the model on the
revised discretization sets, no significant changes to the KPIs were observed, except for the increase in precision
for [15, inf) at TOBT-50 and TOBT-40 [minutes]. However, it was already found that this metric was highly
variable and as the model seldom predicts this class at these prediction moments, it is not elaborated on further.
Next to this, a small increase in model accuracy was observed for the prediction moments initial TOBT-50,
initial TOBT-40 and initial TOBT-30 [minutes], while a small decrease in model performance was observed for
the other prediction moments. This indicates that the model was rather insensitive to small changes to the
discretization set, indicating the robustness of the model.
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5.4.2 Number of bins

To evaluate the model’s ability to a finer granularity in discrete states, the number of bins used in the two-step
discretization was also altered. This allows for a more detailed representation of the nodes, enabling the model
to capture more subtle relationships between variables. However, the higher resolution comes at the cost of
reduced interpretability, increased model complexity and computational cost. A high number of discrete states
may also lead to model overfitting, reducing the generalization ability of the model on unseen data. Next to
this, this may also contribute to data sparsity, as more data is required to accurately estimate the probabilities
in the CPTs to support the finer resolution. To assess the model’s ability to deal with a finer resolution in
discrete states, four experiments were conducted expanding the granularity in various areas within the two-step
discretization of nodes P4 and D:

e T1: The addition of one bin to the number of bins in the total distribution.

e T2: The addition of two bins to the number of bins in the total distribution.

e P1: The addition of one bin to the number of bins representing the intermediate states.

e T1P1: The addition of one bin to the number of bins representing the total distribution and one bin
representing the intermediate states.

The results of the experiments are presented in Supporting Work B.4. Overall, no large changes in model
performance were observed, indicating that the initial binning may already have captured the relevant informa-
tion in the data well. This led to negligible performance improvements with an increasing number of bins. The
finer resolution in discrete states seemed to benefit the accuracy metric in some prediction instances. This was
especially evident at the initial TOBT-20 and initial TOBT-10 [minutes], and can be attributed to the increase
in precision and recall for ground-handling delays (-inf, 5) and [5, 15). However, an overall loss in precision
was observed for the delay class [15, inf). This can be explained by data sparsity, as [15, inf) forms a minority
class within the dataset. With increasing bins, the data becomes more segmented. This makes it more difficult
to accurately learn the model’s parameters associated with the minority class within the same dataset. The
more sparse binning may therefore lead to a reduced model performance for the minority classes, as the model
struggles to find patterns tied to the severe ground-handling delay. As a result, the model may be more biased
towards the more dominant classes, explaining the overall increase in recall for classes (-inf, 5) and [5, 15).

6 Discussion

This section discusses the model, modelling approach and results presented in this paper. First, we provide
a discussion on the structure’s strengths and limitations in section 6.1. Second, we compare the modelling
approach to the state-of-the-art in the field in section 6.2. Third, we assess the model’s ability to provide
insights into the turnaround system in section 6.3. Next, we address data limitations in this study in section 6.4.
Finally, we conclude this section with a discussion of the broader implications of the study, identifying possible
use cases and philosophising about how the model can contribute to the increase in robustness and efficiency of
the air traffic network in section 6.5.

6.1 Model structure & results

The Bayesian network model as presented in this paper proved effective for modelling ground-handling operations
at AAS for the particular aircraft operator and demonstrated a higher predictive accuracy than the handler over
various KPIs. However, in its predictions, the model tended to be conservative in predicting ground-handling
delays, often predicting fewer delay minutes. Moreover, the model proved to be relatively insensitive to changes
in discretization. This insensitivity indicates high robustness of the modelling approach proposed in this paper,
as the model remained consistent with changes in input data, and suggests that the modelling approach is not
overly dependent on specific parameter settings.

The general modular sub-network structure and associated discretization proved to be adequate in describing
most main ground-handling processes for narrow-body aircraft. However, it was found unable to adequately
model processes that start and come to a halt more than once, such as the baggage loading and unloading
process, forming a limitation of the general sub-network structure. This limits the model’s ability to adequately
model these processes. To incorporate multiple start-stop cycles, a new general sub-network structure for these
processes is required that can deal with the associated complexity of operations.

The Bayesian network structure does not model the critical path directly. Rather, the expected time remain-
ing in the various processes is propagated to the ground-handling delay node, which estimates the likelihood
of obtaining a certain ground-handling delay. The ground-handling delay node implicitly models the critical
path and in model training learns patterns that are more likely to lead to delays. This approach was considered
beneficial, as the strict sequential dependencies are not as strict in practice. For example, the exchange of
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catering trolleys in the aft aircraft galley does not necessarily have to start after passenger disembarking has
finished, despite what Figure 2 suggests.

The network structure allows the modelling of ground-handling operations for narrow-body aircraft at various
aircraft stands and airports. To tailor the model to other types of aircraft stands, a change to the set of
turnaround events used in the model and the associated data is required for the passenger processes. However,
one can still utilize the same modular sub-network structures with small modifications, such as the inclusion of
the number of available aircraft stairs for remote handling, providing additional context to the model over the
expected boarding and de-boarding duration.

The model structure implicitly assumes that all turnaround processes are executed, which is not always
the case. This is especially true for airlines operating narrow-body aircraft without a base at AAS, as they
often only clean the aircraft cabin and exchange catering trolleys at their hub bases. Next to this, Low-
Cost Carriers (LCCs) generally also do not execute all turnaround processes in every turnaround. The model
structure insufficiently accounts for these aircraft operators, and therefore an adaption to the network structure
is required to accommodate other airlines.

Next to this, the modelling approach also suffers from limitations. During model development, the variable
season was added to the central network structure to represent periods of the year where adverse weather
conditions are more common and to account for the number of daily flights, e.g. via the IATA summer/winter
schedules. When implemented, a decrease in overall model performance was observed, despite expert verifica-
tion of the variable’s relevance. This can be partially attributed to the increased complexity of adding more
parents to the ground-handling delay node. Expanding the number of parents also contributes to data sparsity,
as the network requires sufficient data to accurately estimate the conditional probabilities for every combination
of parents, which could lead to decreased model performance if the amount of supporting data is insufficient.
The variable season was therefore removed from the model and the set of context nodes for the central net-
work structure was reduced to the initial total available turnaround time node. To accommodate additional
distinguishing factors between turnarounds, changes to the central network structure are required. Potential
solutions include factor aggregation or defining new nodes which summarise some aspects, limiting the number
of parents of the ground-handling delay node and enhancing the model’s ability to deal with additional factors
of influence.

6.2 Comparison to the state-of-the-art

The ground-handling delay modelling approach proposed in this paper is inherently interpretable, providing
insights into exactly how predictions came about. The network representation of the DAG facilitates model
interpretability, expressing qualitative relationships of direct dependencies between variables forming a stable
element of the model [37]. The networks can be built without explicit modelling skills, and can easily understood
by non-technical users [11]. As a result, the underlying causal relationships were easily verified with experts in
the field. The DAG also facilitates the incorporation of expert knowledge into the structure. This makes the
modelling approach very adaptable, as one can tailor the DAG structures and associated discretization to obtain
a desired behaviour. Next to this, Bayesian networks also explicitly express uncertainties, providing a measure
of the model’s confidence in a prediction, a characteristic that most black-box machine learning models lack
[11]. The aforementioned characteristics form a significant advantage to modelling approaches using black-box
machine learning algorithms, such as those employed by Luo et al. [27] and Schiphol Group Aviation Solutions
[40]. However, generally, black-box models can capture more complex relationships between variables, leading
to more accurate predictions.

In comparison to the work of Luo et al. [27], the modelling approach also facilitates updates of the current
belief of TOBT adherence at various prediction moments during the turnaround, rather than at one prediction
moment in the ground-handling process. This characteristic, which it shares with PEGT [40], allows for more
accurate and timely decision-making, facilitating the increase in robustness of the air traffic network. However,
PEGT is also able to deal with TOBT updates from the handler or aircraft operator during the ground-handling
process, a characteristic that the modelling approach we present currently does not facilitate.

6.3 Obtaining insights into the turnaround system

The modelling approach presented in this paper facilitates various methods for obtaining insights into the
turnaround system. These are discussed in this subsection.

The output of the discrete Bayesian network describes the probability of occurrence of the ground-handling
delay classes, given the observed variables, which are affected by the information propagated by the nodes Pg.
These are in turn affected by the evidence nodes in the particular modular sub-networks. To gain insights into
the turnaround system, one can adjust the input states of the evidence nodes within a particular sub-network
and observe how they interact with the ground-handling delay distribution. As an example, this allows one
to obtain insights into how the number of outbound passengers affects ground-handling delays and investigate
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conditions that are more likely to lead to ground-handling delays. Next to this, one can also expand the set
of evidence nodes. The set can be expanded with the expected time remaining in the particular process, Pg,
for one or more processes. This allows one to investigate how the particular process(es) interact with the
ground-handling delay distribution when one changes the node to a specific state.

Discrete Bayesian networks also facilitate obtaining the marginal distribution of unobserved nodes. Within
the context of the model proposed in this paper, this allows one to compute and gain insights into the distribution
of the time remaining in one or more processes. This means that, at every prediction moment, one can compute
the distribution of the expected time remaining in the ground-handling process(es) and the ground-handling
delay within the same model. This feature also allows one to determine how specific (additional) input nodes
interact with the total time remaining in a particular process, and investigate the influence on the ground-
handling delay distribution simultaneously.

Backward inference can be employed to compute the marginal distribution of the expected time remaining
in one or more ground-handling processes, given that a specific ground-handling delay class is to be achieved.
This can help with understanding the turnaround system. For example, backward inference can give insights
into the most likely time remaining in a particular process when a timely turnaround is expected. These then
give insights into the most likely required remaining time in the various processes times to achieve a nominal
turnaround.

In backward inference, the ground-handling delay node becomes an input to the model. This information
propagates backwards into the nodes Py, as there are no blocked paths between nodes P4 and ground-handling
delay node. The temporal context propagates along the path time to the initial TOBT — ground-handling delay
< Pg4. Within this path, the ground-handling delay node forms a collider node. This means that observing one
of its parent nodes does not provide any extra information on the states of the other parent node(s). However,
when a collider node becomes observed, unconditional associations between the parent nodes are established.
Consider the simple network structure (Motivation — Admitted to University) and (Grades — Admitted to
Unidversity) based on Morgan and Winship [32]. Observing that an individual with low motivation is admitted to
the university establishes unconditional associations between Motivation and Grades, making them conditionally
dependent as individuals with low motivation generally require high grades to be admitted. Similarly, observing
the ground-handling delay node makes the nodes Pgq and time to the initial TOBT conditionally dependent,
allowing information to propagate between the nodes.

Analogously, conditional dependencies between the processes are established when the ground-handling
delay node becomes observed. Consequently, the most likely marginal distribution of the time remaining in a
particular process is also, next to the ground-handling delay node, evidence nodes in the sub-network of the
particular process and evidence nodes in the central network structure, influenced by the state of other processes.
Consider the end of a delayed turnaround, where all but one turnaround process is finished. Knowing that all
other processes have finished and a delay is expected increases the likelihood of a (significant) amount of time
remaining in the last process. The conditional dependence between processes therefore provides more precise
information on the expected state of the remaining process. However, additional research is required to fully
explore which specific insights can be retrieved from utilizing backward inference, and how these types of
information can be applied to optimize operational efficiency and decision-making.

6.4 Data limitations

In this study, observational data was used, which always contains imperfections. Due to the inherent nature of
computer vision techniques, its detections are not always 100% accurate. With the implementation of business
rules, the number of blank detections was reduced. These implicitly assume that the system can detect all
ground-handling processes within the study’s scope. However, as ground-handling events that can be accurately
detected in various operational conditions were selected, the impact of the business rules on the study’s results
is minimal. Noise within the dataset was retained to mimic the operational conditions of the model.

Not all factors of influence and processes could be included in this study. Cabin cleaning, a ground-handling
process often found on the critical path, was not included in this study due to the lack of data on this process.
Cabin cleaning takes place within the aircraft cabin and therefore its progress is not observable on the aircraft
stand. Next to this, variables with a strong influence on the duration of a particular process were not always
available, such as the transfer flows to and from the particular aircraft operator, limiting the model’s ability to
fully represent the associated complexities to the turnaround system. Moreover, the exact start and end times
of the passenger processes were unknown. To filter out ground staff and noise, strict start and end criteria were
set up. Consequently, this led to the loss of information on any late passengers.

The modelling approach also placed limitations on the input data. Discrete Bayesian networks require a
continuous variable to be discretized into a set of mutually exclusive states in which variations are neglected.
This introduces imprecision and vagueness in the model, and leads to a potential loss in statistical accuracy
[11, 33]. A larger number of discrete states decreases the size of the intervals, potentially recovering some of the
loss in model accuracy, but also decreases model interpretability as the number of discrete states exponentially
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increases the size of the CPT [11]. Next to this, a larger number of states may require more data to accurately
learn all model parameters or may result in decreased model performance for minority classes.

6.5 Implications of the study

In this subsection, the study’s broader implications are elaborated from a stakeholder perspective. This includes
discussing the viewpoints of the Air Navigation Service Providers (ANSPs), airports and ground handlers.

At airports with A-CDM, ANSPs rely on the ground handler’s TOBTs for optimal departure flow but lack
insights into the ground-handling process beyond TOBT updates. They therefore depend on accurate TOBTs
for optimal departure planning. In section 5.2, we demonstrated that the modelling approach outperformed the
ground handler in predictive accuracy, precision and recall and concluded that the model showed superiority to
the handler in identifying ground-handling delays. This was especially pronounced for small ground-handling
delays, as 20 [minutes| before the initial TOBT, the model achieved an average recall of 50.4%, while the ground
handler’s prediction at the particular time instance was correct in only 4.3% of cases. The model therefore
significantly outperformed the ground handler in the identification of small initial TOBT non-adherence at
TOBT-20 [minutes]. Early detection of TOBT non-compliance allows the ANSP to mitigate the possible
disruptive effect of ground-handling delays directly, avoiding later re-planning. This leads to more stable
planning and an increase in the overall departure capacity utilization as found by Snijders [49], also benefiting
airports and ground handlers.

From the en-route perspective, the modelling approach may also facilitate improvements within Air Traf-
fic Flow Management (ATFM), benefiting from the reduced uncertainty in initial TOBT adherence. As the
planning becomes more stable, uncertainties in the departure planning also decrease. Consequently, the un-
certainty when flights arrive in particular sectors also decreases, via more accurate predictions of the Actual
Take-Off Times (ATOTs). This leads to fewer and more accurate regulations and an overall increase in airspace
capacity utilization, while also enhancing safety as the airspace capacity is less often exceeded. For airports
without current A-CDM implementation, the buffers around a flight’s scheduled departure time can be further
decreased when accurate predictions on the progress of the ground-handling process are available, leading to
less Calculated Take-Off Time (CTOT) delays for these flights. Next to this, a reduced uncertainty in initial
TOBT adherence also opens possibilities for long-range ATFM concepts.

The more stable planning also provides advantages to the ground-handling parties, as it helps with the
resource allocation of scarce ground equipment. As an example, push-back planning is currently based on the
Target Start-up Approval Time (TSAT), denoting the time the aircraft can expect start-up and push-back
approval. The TSAT is a derivative of the TTOT, which in turn is a derivative of the TOBT, EXOT and
runway capacity [1]. When push-back resources are scarce, the handler can prioritize turnarounds that are
more likely to execute in a timely fashion, using the model’s provided prediction uncertainty.

Next to this, modelling ground-handling processes allows ground-handlers and airports to learn more about
the turnaround system, and how processes and events interact with the onset of delays. After all, due to the
interpretable machine learning approach, the decision-making process can be retrieved.

7 Conclusions & Future Work

This study proposed an interpretable machine learning approach that uses data from automatic turnaround
process identification systems to predict ground-handling end time adherence of narrow-body aircraft at various
prediction moments during the turnaround. Here, the initial TOBT when the aircraft arrived at the stand was
considered as the initial ground-handling end time. The approach considered a discrete Bayesian network model
composed of a central network structure and a set of modular sub-network structures. A modular sub-network
structure represented a distinct ground-handling process often found on the critical path, and its structure
and associated discretization accommodated the various states the process can be in. A general modular sub-
network was proposed which was composed of four types of nodes: (1) nodes closely related to the duration of
the process, (2) a node representing the measure of progress as a measure of time, (3) a milestone event node and
(4) a node representing the time remaining in a particular process. All modular sub-networks were connected to
the central network structure, which was composed of the ground-handling delay node, the initial total available
turnaround time as a distinguishing factor between turnarounds and a node providing temporal context to the
network. This structure processed the information propagated from the sub-networks and computed the model’s
belief on the initial TOBT adherence.

The proposed general sub-network structure and two-step discretization proved to be adequate in modelling
most main ground-handling processes. However, the general sub-network structure was found to be unable to
adequately model processes with multiple start-stop cycles, such as the baggage loading & unloading process.
A new structure for this process was proposed.
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The model was evaluated on various Key Performance Indicators (KPIs) using stratified K-cross validation.
The model demonstrated to be more accurate than the ground handler in predicting initial TOBT adherence.
As time progressed, model precision increased for all ground-handling delay classes. As a result, the average
accuracy rose to a maximum of 65.76% at the initial TOBT-0 [minutes]. The model also showed superiority
to the handler in the identification of ground-handling delays, identifying the onset of small ground-handling
delays earlier than the ground handler. This was especially pronounced at the initial TOBT-20 [minutes|, where
the model achieved an average recall of 50.4% for ground-handling delays between 5 and 15 minutes, while the
handler’s predictions at this prediction moment were only correct in 4.3% of cases. The confusion matrices
showed that as time progressed, the model’s predictions converged towards the true realised ground-handling
delay. However, the model was found to be conservative in predicting ground-handling delays, often predicting
fewer delay minutes.

We conclude that the model can facilitate a possible increase in the efficiency and robustness of the air
traffic network. The model proved capable of detecting ground-handling delays at an earlier time instance than
is the case today and decreases the uncertainty in the ground-handling process progress. Consequently, the
ANSPs, aircraft operators, airports and ground handlers can benefit from more stable planning and an increase
in overall departure capacity utilization. Next to this, these operational partners can benefit from insights that
the modelling approach can facilitate.

While this study demonstrated that the discrete Bayesian network structure was able to adequately model
the ground-handling progress, further research into this topic is necessary. Currently, the Bayesian network
structure was constructed for narrow-body aircraft for one particular aircraft operator at AAS. Efforts could
be devoted to adapting the model structure to accommodate multiple aircraft operators or different types of
aircraft stands into one model. As an example, a new type of node can be implemented to distinguish between
aircraft operators having a base at a particular airport, as this is generally a distinguishing factor in whether
the catering process is executed. Next to this, the model can be expanded to wide-body aircraft and expanded
with more processes or factors influencing the ground-handling process.

Moreover, further research is required into the central network structure and modular sub-network structures.
For the central network structure, finding ways to increase the number of parents needs to be thought of.
This can, for example, be done by aggregating multiple factors into a new node summarizing some aspects.
Additionally, the central network structure requires an update to deal with TOBT updates to be implemented
in an operational setting. Next to this, the modular sub-networks currently only accommodate processes that
start and come to a halt only once, limiting the model’s ability to model operational variations within a process.
Therefore, an alteration to the general sub-network structure is required. The sub-network structures can also
be expanded with information that was not available for this study, such as the number of missing passengers
and their status. Additional research is also required to fully explore which specific insights can be retrieved
from the model, and how these types of information can be applied to optimize operational efficiency and
decision-making.

To conclude, we presented a novel interpretable approach to ground-handling delay modelling using a discrete
Bayesian network composed of a central network structure and a set of sub-networks, representing distinct
turnaround processes. The model provided transparency into the decision-making process, proved to be more
accurate than the handler over all prediction moments and demonstrated superior capabilities to the ground
handler in the identification of ground-handling delays. In operation, the model can contribute to more stable
operational planning, benefiting the ANSPs, ground handlers and airports.
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Introduction

The aviation network is a complex and interconnected system, which requires the activities that drive air
travel to finish a timely manner to ensure that flights depart on time. Untimely departures lead to disrup-
tions in the rest of the aviation network, and subsequently may lead to inconvenience for passengers and
financial losses for the aviation parties involved. Following the definition set by Eurocontrol [50], a timely
departure refers to a flight departs earlier or within 15 minutes of its scheduled departure time. In Europe in
2022, only 68.6% of flights departed on time [50]. In recent years, predicting whether, and if so, the extent to
which, an aircraft is delayed has become increasingly important in the field as the aviation industry aims to
improve the punctuality of departing flights and to operate more sustainable and efficiently. While obtaining
an accurate prediction of flight delays is important, understanding how a prediction came about is equally
important. After all, this yields insights into the underlying processes and influential factors that affect the
on-time-performance of flights, the root causes, and also fosters a users trust in the model’s predictions. Sub-
sequently, measures can be established to boost the efficiency of the departure process. The main focus of
this literature study is to obtain a set of models that are accurate in predicting flight departure delays, as well
as provide insights into the underlying complex system.

A proper literature review is of paramount importance in order to obtain a critical summary of existing knowl-
edge and research in a field of interest. After all, without a thorough understanding of the elements, a re-
searcher cannot perform proper research. When examiners review a dissertation that is not up to expecta-
tions, they assume the rest of the dissertation might be flawed as well [20]. In conducting a literature review,
it is quintessential to define in advance what knowledge one aims to build. For this, one can formulate liter-
ature research questions, in line with the framework proposed by Randolph [157]. Please find the literature
research questions for this literature study and a justification on them below.

(i) What ground operation processes are most influential on the on-time-performance of departing flights?
With this question, the aim is to identify ground operation processes which are most prone to be
sources of ground operation delays.

(a) What processes make up aircraft ground operations?
This subquestion aims to identify the various processes involved in aircraft ground operations.
When one has a thorough understanding of the processes involved, it becomes easier to analyse
their impact on the on-time-performance of departing flights.

(b) What factors have an influence on the duration of the ground operation processes under (a)?
This subquestion aims to lay out the factors that affect the duration of ground operation pro-
cesses. This helps one gain insights into the factors that drive these processes.

(c) Which of the factors under (b) may have a significant influence on the process duration?
This subquestion aims to gain a deeper understanding of the relative influence of the factors iden-
tified in (b) to determine the driving factors of the process duration.

(ii) What other elements, processes and/or factors may have a (significant) influence on the on-time-performance

of departing flights?
This question focuses on the identification of other elements, processes and/or factors that may con-
tribute to flight delay while the aircraft is on ground.
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1. Introduction

(iii) Whatis the state-of-the-art in academic research in the area of ground operations, focusing on predicting
the delay and/or on-time-performance of departing flights?
This question aims to determine the state-of-the-art of the research in the field and requires a thorough
analysis of relevant academic papers. From this, one can identify gaps in research and subsequently
allows one to determine the contribution of this research to the field.

(a)

(b)

(©

(d)

What relevant academic research papers can be identified in this area of research?

This subquestion aims to identify relevant academic papers that discuss aircraft ground opera-
tions and predict flight departure delays and/or the on-time-performance of departing flights to
gain insights into previous research and obtain a sense of the status quo in the field.

What scope did the researchers in the field consider for their research? This subquestion aims to
identify the scope of the relevant academic research papers, which gives an understanding of the
processes and/or factors the researches in the field have taken into account and also which they
have excluded.

What methods and/or models have the researchers in the field used to obtain their results?

This subquestion aims to give an understanding of the methods and/or models the researchers in
the field have used to obtain their results, which in term helps to identify trends in model selection
and possibly allows to get a first estimate of the applicability of their findings to the problem at
hand.

What data have the researches in the field used to obtain their results?

Gaining insights into the sources and quality of data the researchers have used helps one to de-
termine the reliability of their results. The quality of the model results are directly dependent the
quality of the model input and therefore the model is only as good as the quality of the inputs
provided (garbage in yields garbage out, after all [163]).

(iv) What model or combination of models are appropriate to predict flight departure delays in an inter-
pretable and/or explainable manner?
This question aims to identify appropriate machine learning models to predict flight departure delays,
and also provide insights into the inner workings (i.e. decision process) of the model.

(a)

(b)

(©

What ante-hoc interpretable machine learning models are suited to efficiently and accurately pre-
dict flight departure delays?

This subquestion aims to identify suitable machine learning models that are inherently transpar-
ent allowing for easier understand and interpretation of the model output, and can efficiently,
adequately and accurately predict flight departure delays.

What black-box machine learning models are suited to efficiently and accurately predict flight de-
parture delays?

This subquestion aims to identify black-box models that do not possess the inherent interpretabil-
ity that the models under (a) offer as they are more complex. In term, black-box models offer
higher predictive performance than the models considered under (a).

What methods are available to add interpretability and/or explainability to the models considered
under (b)?

This subquestion aims to identify methods to enhance the interpretability and/or explainability
of the black-box models considered under (b) in order to provide insights into the driving factors
behind the model prediction.

Summarising the above, the purpose of this literature review is to identify relevant ground operation pro-
cesses and/or factors affecting the on-time-performance of flights, evaluate the state-of-the-art in academic
research in predicting flight delays and to identify methods to predict flight departure delays in an inter-
pretable and/or explainable manner in order to extract insights into the underlying system.

This report is structured as follows. First, in chapter 2, the A-CDM implementation at Amsterdam Airport
Schiphol (AAS) and the factors that drive the on-time-performance of departing flights are elaborated on.
Second, an overview of the state-of-the-art in the field of flight departure delay prediction is presented in
chapter 3. Third, chapter 4 discusses a selection of machine learning techniques used by researchers in the
field, as well introduces new machine learning techniques which may be appropriate to solve the problem
at hand. Fourth, chapter 5 explores explainability frameworks to provide insights into the decision process
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of a machine learning model. Last, chapter 7 concludes the report, and chapter 6 elaborates on the research
proposal.






Exploring A-CDM at Schiphol Airport and
Factors Influencing OTP of Flights

Air transportation is a vital component in facilitating global connectivity. For this, the on-time-performance
of flights is of paramount importance. With the ever increasing demand for air travel, making sure all flights
arrive and depart on time is a major challenge. From an airport perspective, this requires careful coordination
with the operational partners in the aviation sector such as the ground handlers, airlines and Air Navigation
Service Providers (ANSPs). Moreover, this requires the removal of inefficiencies from the ground processes
that make air travel possible in order to operate at maximum efficiency and accomplish timely departures.
However, it is quintessential to first analyse the factors that have an influence on these processes to gain in-
sights into the underlying complex system.

This chapter aims to elaborate on the Airport Collaborative Decision Making (A-CDM) implementation at
Amsterdam Airport Schiphol (AAS), which encourages the operational partners in the aviation sector to work
more transparently and collaboratively [51]. This is elaborated on in section 2.1. Next to this, this chapter aims
to lay out the initial research scope, the processes that drive air travel, and the factors that may have a negative
influence on the duration of these processes and subsequently the on-time-performance of departing flights.
These are presented in section 2.2.

2.1. Airport Collaborative Decision Making (A-CDM) at Schiphol

At Amsterdam Airport Schiphol (AAS), Airport Collaborative Decision Making (A-CDM) was firstimplemented
locally in 2015 and in 2018 connected to the European network managed by the Eurocontrol Network Man-
ager Operation Centre (NMOC) [75]. A-CDM has the objective to increase the overall efficiency at airports
by tackling the unharmonized processes and to improve the Air Traffic Flow and Capacity Management (AT-
FCM) [74, 171]. To achieve this, the aim is to reduce delays, improve the predictability of events (e.g. end
of ground handling time) and optimise the utilisation of resources [195]. For this, A-CDM encourages the
airport partners to work more transparently and collaboratively [51]. Here, operational partners share accu-
rate information on the flight status, schedules and aircraft handling process [128]. Operational partners at
Schiphol include but are not limited to: (1) Amsterdam Airport Schiphol, (2) Luchtverkeersleiding Nederland
(LVNL), (3) KLM Royal Dutch Airlines, (4) the Royal Netherlands Meteorological Institute (KNMI), (5) the air-
craft ground handling parties and (6) the Schiphol Airline Operators Committee (SAOC) [75].

The implementation of A-CDM at AAS provides a useful source of data in light of this literature study. In A-
CDM, a milestone approach is utilised. Here, milestones are considered significant events in the planning
or progress of a flight [171]. The A-CDM milestones prescribed by Eurocontrol are presented in Figure 2.1.
At every milestone, the milestones downstream are updated leading to increase in the accuracy in which the
future progress can be predicted. These milestones are updated by the operational partners and therefore
no single entity or organisation updates provides the updates for all milestones [171]. Here, it is realistic to
assume that the quality of these updates may vary as the data quality sometimes is "agreed locally" [195].
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Figure 2.1: Collaborative Decision Making milestone event sequence [195]

The milestones of primary interest in Figure 2.1 are milestones 6 to 16, namely the milestones between the
Actual Landing Time (ALDT) and the Actual Take-Off Time (ATOT). The milestones in between are further
elaborated on in this paragraph, based on [195, 171]. Milestones 7 and 8 denote the instances the aircraft
comes to a complete stop at the stand, Actual In Block Time (AIBT), and when ground handling commences,
Actual Commence of Ground Handling (ACGT), respectively. Here, note that is assumed that ACGT com-
mences at AIBT as prescribed in the A-CDM implementation manual [195]. Milestone 9 requires the Main
Ground Handler (MGHA) or aircraft operator to provide the most accurate prediction of the instance the air-
craft is ready to leave the aircraft stand (Target Off-Block Time (TOBT)). Following this milestone, Air Traffic
Control (ATC) issues the Target Start-up Approval Time (TSAT) (milestone 10). Milestone 11 denotes the in-
stance boarding commences. Next, milestones 12 defines the moment in time when the doors is closed, jet
bridge and/or stairs are removed, push-back truck is connected and the aircraft is ready to taxi when instruc-
tions from the tower are received. Milestones 13 and 14 are updated at the instances start up is requested by
the pilots, Actual Start up Request Time (ASRT), and approved by ATC (Actual Start up Approval Time (ASAT)),
respectively. Lastly, milestone 15 denotes the instance the aircraft vacates the aircraft stand, Actual Off Block
Time (AOBT). An overview of the origin and priority of the milestones updates is presented in Table 2.1. Next,
the influential factors on the timing of milestone events 6 to 16 are presented in section 2.2.

Table 2.1: Overview of the operational status, origin & priority of the updates, timing and data quality for the relevant milestone events
(information from [195, 171])

Milestone events Operational status  Origin & priority Timing Data quality
Milestone 6 (ALDT) LANDED ATC system or ACARS Directly available +1minute
Milestone 7 (AIBT) IN-BLOCK ACARS or automated do.c king systems or Directly available +1minute
ATC systems or manual input
Milestone 8 (ACGT) IN-BLOCK Airport Operator (AO) or MGHA Directly available +1minute
. . t minutes
Milestone 9 IN-BLOCK Airport Operator (AO) or MGHA before EOBT Agreed locally
. ¢t minutes
Milestone 10 SEQUENCED ATC before EOBT Agreed locally
. Automatic airport system or manual input . . .
Milestone 11 BOARDING from AO or MGHA Directly available +1minute
Milestone 12 (ARDT) READY Airport Operator (AO) or MGHA Directly available +1minute
Milestone 13 (ASRT) READY ATC Directly available +1minute
Milestone 14 (ASAT) READY ATC Directly available +1minute
Milestone 15 (AOBT) OFF-BLOCK ACARS or automated do'c king systems or Directly available +1minute
ATC systems or manual input
Milestone 16 (ATOT) DEPARTED ATC system or ACARS Directly available tlminute
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2.2. Ground Operation Factors influencing on the OTP of flights

Maintaining On-Time-Performance (OTP) is of paramount importance in order to operate as efficiently as
possible. This requires a series of activities that occur between a flight’s arrival and departure to be com-
pleted in a timely manner. In this section, the aim is to present an overview of the series of activities and the,
often interdependent, factors at play in these activities to ensure a timely turnaround. Four ground phases
can be distinguished. Namely, taxi-in, ground handling, start-up/pushback and taxi-out. This yields the ini-
tial research scope as presented in Figure 2.2.

Research Scope

I Taxi-in Ground handling Start-up/ Taxi-out I
pushback

Touch On Off Take-

down blocks blocks off

Figure 2.2: Initial research scope (figure based on work from Van Hassel [81])

This section is structured as follows. First in subsection 2.2.1, arguably the most important, the series of
ground handling activities during aircraft turnaround are elaborated on. Second, delay caused by load con-
nection, e.g. late arrival of crew, transfer passengers or the aircraft are discussed in subsection 2.2.2. Third,
weather impacts on the on-time-performance of departing flights are presented in subsection 2.2.3. Fourth,
Air Traffic Control (ATC) factors that may influence the on-time-performance negatively are discussed in sub-
section 2.2.4. Last, in subsection 2.2.5, the influence of aircraft taxi operations on the On-Time-Performance
(OTP) are elaborated on.

2.2.1. Influences of ground handling on the OTP of flights

The aircraft turnaround consists of many processes which together aim to prepare the aircraft for its next
flight. In this literature review, the turnaround time is defined as the time between the moment the aircraft
comes to a complete stop at the stand (Actual In Block Time (AIBT)) and when all necessary turnaround pro-
cesses have finished and the aircraft has left the stand (Actual Off Block Time (AOBT)). During the turnaround
process, among other things, boarding, refuelling and baggage (un)loading take place. A schematic overview
of a flight support process is shown in Figure 2.3.
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Figure 2.3: An example of a flight support process [224]
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In the flight support process, some processes are dependent on other processes due to technical, legal or
operational dependencies meaning that the initial process has to be completed before the start of the next
process, e.g. boarding can only start when cleaning of the aircraft has finished [59, 176]. Hence, these can
be considered as sequential activities [4]. Other processes may be executed in parallel, such as boarding and
baggage loading. The longest path, measured in units of time, of parallel and sequential events yields the
shortest turnaround time and is called the critical path [148]. This implies that when processes on the critical
path are delayed, the whole process is delayed [143]. Given the complexity of the operations the processes
are stochastic in nature and therefore the critical path is variable [4, 6, 147, 216].

Boarding is the act of loading passengers onto the aircraft and is often on the critical path of the turnaround
[148,172,174,175,181]. Boarding can only commence when the jet bridge or stair is connected. The boarding
process duration is influenced by various variables. The most prominent variable is the number of passen-
gers. As the number of passengers on a flight increases, the boarding time also increases [65, 158, 175]. The
layout of the aircraft cabin and number of jet bridges/stairs also influence the boarding rate [172]. Some
carriers make use of boarding schemes, prioritising certain individuals or groups. These boarding schemes
in term influence the boarding duration [175]. On most airports, when the aircraft is on a remote stand, the
passengers are transferred from the terminal to the aircraft which requires the busses to arrive and depart in
a timely manner. Untimely arrival and departure of busses consequently yields a longer boarding times. Next
to this, Passengers with a reduced mobility (PRMs) require more assistance and may slow down the boarding
process [31]. Moreover, the willingness and/or the ability to adhere to the boarding procedure plays a role,
as it may influence the boarding rate [158, 173]. Another significant factor contributing to the increase in
boarding duration is the increasing amount of hand luggage, especially trolleys [158, 172, 173]. No narrow-
body aircraft has sufficient overhead bin capacity to stow a hand luggage trolley for every passenger on a fully
booked flight [26]. When the total volume of passenger hand luggage exceeds the total overhead bin capacity,
then the remaining hand luggage is loaded into the cargo hold further delaying the flight support process.
In addition, the passenger anthropometrics also may influence the boarding duration [172]. Lastly, missing
or belated passengers passengers may contribute to the overall boarding duration. In the case of missing
passenger(s), their luggage has to be removed from the aircraft. However, the time one waits for the missing
passengers (if at all) before one proceeds with the next activities in the turnaround process, consequently
leaving the missing passengers behind, is proprietary information and not the same for all airlines [181].

Passenger de-boarding is the act of unloading passengers from the aircraft. The process starts as soon as the
jet bridge or stair is connected and the crew has finished all preparations for passenger disembark. Next to
boarding, de-boarding is often part of the critical path [172, 174]. The number of passengers has a direct in-
fluence on the de-boarding process duration [65]. Many other variables, also present in the boarding process,
may influence its duration. For example, the willingness and/or ability to adhere to the de-boarding proce-
dure as well as the amount of hand luggage [158, 173, 172].

Cleaning of the aircraft cabin is a typical member of the critical path for short haul flights and is required to
meet passenger expectations [4, 172, 174]. Cabin cleaning may consist of processes such as rubbish removal,
dirt removal or in light of the COVID-19 pandemic, disinfection. The duration of the cabin cleaning process
in an aircraft turnaround depends on which cabin cleaning service(s) the ground handler offers and the air-
line has selected [176]. For example, Menzies Aviation', a ground handler on Schiphol, offers three different
cabin cleaning solutions.

Luggage and cargo (un)loading are also part of the turnaround process. The amount of luggage and cargo
varies from flight to flight, contributing to the stochastic nature of the turnaround process [172]. Loading
and unloading can be considered as a typical process member of the critical path and the amount of cargo
and luggage directly influences the turnaround duration [174, 172]. Before the luggage and cargo can be of-
floaded and/or loaded, one or more belt loaders and/or high loaders need to be correctly positioned relative
to the aircraft. The duration of the process is dependent on the type and amount of cargo and luggage. In
order to meet the turnaround schedule, the belt and/or high loaders, luggage and cargo should arrive at the
aircraftin a timely manner. This in term requires the airport baggage handling chain to operate without delay.

Next to this, the skill level of ground handling staff influences the turnaround performance [149, 6]. It can be

https://menziesaviation.com/services/ground-handling/
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assumed that the respective ground handling company handling the aircraft turnaround also has an effect
on the turnaround performance as it is expected that there are differences in resources the ground handling
companies are able to allocate towards aircraft turnarounds. Moreover, it can be assumed that some ground
handling companies are able to handle schedule disruptions better than others, especially given that as of
writing there are 6 main ground handling parties at Schiphol [119].

Time of day also may influence the turnaround duration [65]. During peak moments, less resources and man-
power are available to allocate towards the turnaround process of a specific flight. Next to this, an untimely
resource scheduling and negligence of manpower may disrupt the turnaround process, resulting in departure
delays [229].

During flight, foods and beverages are handed out or available for purchase. These are replenished during
the flight support process by a caterer. This replenishment of foods and beverages may directly influence the
turnaround duration [172, 174, 224]. The process can be split in various elements, such as timely arrival of
the catering supplies (and subsequently positioning the catering truck correctly with respect to the aircraft)
or (un)loading of the foods and beverages. All of which influence the duration of the catering process, and
subsequently the turnaround duration.

Commercial aircraft require fuel to fly from their origin to destinations, and burn this fuel along the way.
Hence, aircraft (re)fuel during the flight support process. In short-haul operations, fueling is often part of the
critical path and is generally executed in parallel with the catering and cleaning process [172, 174]. The refu-
elling time is directly related to the distance to the destination (i.e. required fuel quantity) [6, 81]. In order to
start fueling on time, this requires the fuel truck to arrive, position itself and connect to the aircraft in a timely
manner. Various strict fire precautions are in place to prevent fueling to lead to unsafe conditions. These
precautions subsequently also affect the duration of the fueling process.

Aircraft types also have an effect on the turnaround duration [6, 175, 172, 59]. Airport schedules show a vari-
ance of more than 100% in the ground time of different aircraft types [59]. Widebody aircraft may have a
significantly longer ground time. This is due to the fact that the individual process times may take longer.
For example, the catering process takes often takes longer on widebody aircraft with respect to narrowbody
aircraft since widebodies generally fly longer and to farther destinations than narrowbodies and therefore re-
quire more supplies. Widebody aircraft may also be more susceptible to customs and immigration controls
due to their more distant destinations, increasing the turnaround process duration [4].

Moreover, line maintenance (A-check) may be executed during the turnaround process [47, 224]. This may be
due to unforeseen circumstances, such as defective parts, but can also be scheduled activities such as routine
and/or additional engineering inspections. During line maintenance, the aircraft is not taken out of service
and the aircraft remains in its operating environment (i.e. aircraft stand) [73]. The main contributor to line
maintenance delay is a poor logistic process, mainly availability of spares, followed by unscheduled mainte-
nance defects [134].

The business model between the airlines varies, and subsequently may influence the turnaround duration
[6, 172]. One of the objectives of Low Cost Carriers (LCC) is to achieve maximum aircraft utilization. There-
fore, they perform strictly the necessary set of tasks and may even opt to omit catering from the turnaround
process [4]. LCCs often have tight turnaround schedules with respect to traditional carriers, and allocate less
buffer time. Hence, the on-time performance between traditional carriers and LCCs varies as the former is
able to better absorb delays [95]. Consequently, LCCs show a lower percentage of on-time flights with respect
to traditional carriers [114]. Airlines establish dynamic buffer strategies in order to limit the consequence of
deviations in turnaround time and maximize the possibility to adhere to the flight schedule [176, 126]. Some
airlines (e.g. hub-and-spoke carriers) may opt to increase their buffer times even further at their hubs, as
they have often have a high volume of connecting passengers [148]. Increasing the buffer size allows them to
mitigate the risk of a passenger missing their connection. However, Fricke and Schultz [59] found no system-
atic pattern in buffer strategies and state that the efficiency of buffer strategies is mostly dependent on the
information available at the time the disruption occurs and the airlines operating experience.

When one of these factors results in a turnaround delay and belated flight departure, its subsequent flight
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might also be delayed when the delay cannot be absorbed. Such cases are classified as reactionary delays,
and are elaborated on in subsection 2.2.2.

2.2.2. Influence of Reactionary Delays on the OTP of flights

Reactionary delay refers to the causes of load connection, e.g. late arrival of aircraft, belated or missing (cabin)
crew and/or passengers, check-in errors or operations control [173]. In 2022, roughly 48% of the European
delays originated from the belated arrival of aircraft and crew, translating to 8.0 minutes per flight [50]. The
influence of reactionary delays with respect to the total delay on the turnaround duration is therefore signif-
icant [172, 176, 143, 6]. This is also the case for delays related to airline and turnaround operations. In 2022,
these amounted to 4.9 minutes per flight [50].

When an aircraft arrives late, the flight support process cannot commence on time. Whether the aircraft is
able to leave in a timely manner depends on whether sufficient buffer time is allocated by the airline to absorb
this delay. If the aircraft cannot depart in a timely manner or the delay cannot be absorbed in flight (e.g. by
flying at a higher cruise speed), the delay propagates to subsequent flights of the aircraft. Morning sequences
of reactionary delays have a higher impact and magnitude than those later in the day as the delay propagates
along more subsequent flights [95]. As already touched on in subsection 2.2.1, the ability to absorb root de-
lays varies along the airlines. Traditional hub-and-spoke carriers are able to absorb a significant amount of
the delay in the turnaround phases, while LCCs generally absorb most delay in the block-to-block phase [95].
This makes them prone to primary delays and hence, given that it is not always possible to absorb delays in
the block-to-block phase, the reactionary delay usually increases over subsequent flights.

Next to this, if an aircraft with connecting passengers on board arrives considerably late, this delay may prop-
agate through the entire aviation network as the connecting passengers are more likely to miss their connect-
ing flights. Airlines may opt to wait for the passengers on their connecting flights, which subsequently delays
these flights leading to a cascade of delays. The same is true for belated crew when they are assigned to sub-
sequent flights.

Next to turnaround delays, reactionary delays may also be the result of disturbances due to adverse weather.
This is discussed in the next subsection, subsection 2.2.3.

2.2.3. Weather impact on the OTP in Air Travel

Adverse weather conditions such as thunderstorms, poor visibility, low cloud ceiling and strong winds, may
disrupt airport operations [138]. Consequently, the adverse weather conditions reduce the airports capac-
ity, limiting the number of arrivals and departures. This may induce additional delays or lead to cancelled
flights [176, 47]. In term, these may disrupt the carriers future operations through reactionary delays, already
touched upon in subsection 2.2.2.

At Amsterdam Airport Schiphol, when a thunderstorm is present within a radius of 5 [km], the flight support
process has to come to a halt in order to guarantee the safety of the workers on the platforms [146]. This
means that refuelling, baggage (un)loading and other turnaround processes come to a complete stop. Subse-
quently, this adds delay to the scheduled flights. Moreover, strong winds may also yield dangerous situations.
For example, very strong winds are able to lift light aircraft into the air or tip them over [199].

Next to this, cold weather conditions may lead to the need for deicing in order to assure safe flight [176, 47].
Deicing considers the removal of snow, ice or frost from the surfaces of an aircraft. Typically, this process
consists of two steps [145]. However, it is not always the case that both steps need to be performed. It is diffi-
cult to know in advance if deicing operations have to take place, and also to determine which step(s) should
be taken into account [79]. The first step considers with the removal of frost and ice using a warm liquid
substance (type I fluid), such as a buoyant glycol mix. The second step considers with the prevention ice and
frost forming on the aircraft, using a thicker fluid (type II-IV fluid). It should be noted that this prevention
is only temporary, as the fluid wears off over time [145]. At AAS, deicing operations take place at the aircraft
stands (at-the-gate deicing) and on remote stands depending on the deicing handler [203].

As mentioned previously, adverse weather conditions reduce the available capacity on an airport. This is true
for both the origin and destination of a flight. If there are capacity problems at the destination airport, the air-



2.2. Ground Operation Factors influencing on the OTP of flights 41

port may request Air Traffic Flow Management (ATFM) regulations, limiting the inbound flow. This, and other
Air Traffic Control (ATC) factors affecting the timely departure of flights are discussed in subsection 2.2.4.

2.2.4. Air Traffic Control factors influencing OTP

When the turnaround process is finished and the aircraft is ready to depart, i.e. all ground handling activi-
ties finished (including the removal of handling equipment and jet bridges/stairs) and the doors are closed
[171], the pilots may request start-up and push-back approval from ground control. Push-back is required
since an aircraft is unable, or is not allowed, to leave the respective aircraft stand under its own power [176].
However, before they can request approval, first the flight needs to have obtained clearance from the delivery
controller. The delivery controller provides the Instrument Flight Rules (IFR) clearance, expected runway, the
clearance limit, Standard Instrument Departure (SID) and aircraft identification (SSR-code) [113, 48].

At Amsterdam Airport Schiphol (AAS), the delivery controller position may also be combined with the out-
bound planner position”. When the aircraft is ready to leave the stand, the pilots contact the outbound plan-
ner. The outbound planner will verify if the flight is in its Target Start-up Approval Time (TSAT) window. If
so, the outbound planner will set a Revised Estimated Time of Departure (RETD) to help tower planning [48].
If a flight contacts the outbound planner before the TSAT window, then the outbound planner will ask the
pilots to stand by till the TSAT window opens. If the aircraft is at a push-back stand, the outbound planner
will request the pilots to contact ground control for start-up and push-back approval. If parked at a stand that
allows taxi-out, then the outbound planner may provide start-up clearance and requests the pilot to contact
ground control.

In the departure sequence, ground controllers provide start-up (if still applicable) and push-back clearances
and aim to route the aircraft from the aircraft stand to the runway in an as safe and efficient as possible man-
ner. They also aim to achieve an efficient departure flow on the runways, by sequencing departing aircraft
at the runways for an efficient departure flow [48]. At the runway, control is handed over to the tower con-
trollers, responsible for providing aircraft with their take-off clearance and/or other instructions.

Departure delays can also arise from Air Traffic Flow Management (ATFM) regulations (or alternatively: Ground
Delay Programs (GDP)). ATFM measures may be instated by the local Flow Management Position (FMP) (in
Europe) upon request from the ATC centers in case expected traffic demand exceeds the available capacity
in these centers and/or airports [49]. In this case, aircraft that are expected to arrive at the respective sectors
and/or destination airports when insufficient capacity is available, are delayed on ground on their origin air-
port in order to limit airborne holding [1]. The goal of ATFM delay is to regulate the flow of traffic through the
downstream sectors.

While a ground controller is able to act influence on the total taxi duration, other factors also affect the total
taxi duration of an inbound or outbound flight. This quickly elaborated on in subsection 2.2.5.

2.2.5. Taxi operations influences on the OTP of flights

As aircraft are not able nor allowed to directly take-off from their stands, taxiing is required from the aircraft
stand to the runway (and vice versa for arrivals). Here, the total taxi distance is of primary interest, as this is
the primary driver of the total taxi time. The total taxi distance is dependent on the airport surface layout,
assigned gate and runway configuration. Next to this, ground controllers have an influence on the total taxi
distance and time as they determine the route of the aircraft between the gate and runway. When the air-
port surface is congested, aircraft may be asked to hold at their positions or take alternative, possibly longer,
routes’. Next to this, various other variables are at play. For example, weather conditions, aircraft type, airport
specific factors (e.g. operational procedures) and pilot behavior [78].

2Information obtained from listening to Amsterdam Live Air Traffic Control, https://www.liveatc.net/search/?icao=EHAM,
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Predicting Flight Departure Delays: the
State-of-the-Art in the Field

Predicting whether a flight departs late is a complex and challenging problem, as delays can stem from a wide
variety of process and factors (chapter 2). Over the last decade, predicting whether a flight departs late has
drawn the attention from the academic research community, partly due to the increase in the available data
(e.g. via A-CDM), rise of advanced machine learning models that are able to capture complex systems and the
increase in computational power. In this chapter, a selection of papers in the field of flight departure delay are
briefly summarised and assessed in section 3.1, with the goal of finding answers to question (iii) in chapter 1.
Next, section 3.2 presents a discussion on the selection of papers and identifies research gaps.

3.1. Relevant literature in the field of flight departure delays

This section elaborates on relevant academic papers in the area of predicting flight departure delays. These
papers are summarised and assessed in Table 3.1. When one or more authors are affiliated with research
institutes actively publishing in the field, a superscript with their affiliation is added. A discussion on the
overview is presented in the next section, 3.2.

Table 3.1: Overview of the state-of-the-art in predicting flight departure delays

Reference Model foundation(s) Short summary & remarks

[81] Multilayer Perceptron In collaboration with an aircraft ground handler, Van Hassel [81] proposes a Process Struc-
(MLP), Random For- ture Aware Prediction (PSAP) approach to predict the taxi-in and turnaround duration for
est (RF), Critical Path Boeing 737 flights of a major European LCC at Eindhoven Airport in an interpretable man-
Method ner. In the PSAP approach, the turnaround process is split into a set of activities of which

the cycle time is predicted. For this, Van Hassel [81] considers two algorithms: (1) Random
Forest and (2) Multilayer Perceptron (MLP) (a fully connected feedforward ANN [66]). In the
PSAP framework, Van Hassel [81] found that the performance can be considered equal be-
tween the models. In an aggregated approach, when the process structure is not explicitly
defined, MLP proved to be more capable in estimating the turnaround duration. However,
Van Hassel [81] only considers a handful of processes and factors in his research. For exam-
ple, transfer passengers are not included in the model, nor is aircraft catering and cleaning
considered. It is therefore uncertain how well Van Hassels [79] findings translate to the prob-

lem at hand.
[137] Johnson-SU distribu- Mori [137] argues that the TOBT accuracy is not constant between turnarounds and there-
tions, Artificial Neural fore proposes to predict the statistical distribution of the TOBT. For this, Mori [137] makes
Networks (ANN) use of Artificial Neural Networks (ANN) trained on the TOBT update history of flights from

a French A-CDM airport to estimate the parameters of a Johnson-SU distribution. In the
ANN, only five features are considered: (1) time to latest TOBT, (2) time since last TOBT,
(3) number of TOBT updates, (4) airline and (5) the Scheduled Off-Block Time (SOBT). No
other features are considered in the model, but the model shows potential in using the TOBT
update history to obtain a more accurate TOBT prediction.

Continued on next page
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Table 3.1 — Continued from previous page
Reference Model foundation(s) Short summary & remarks
[79] eXtreme Gradient In collaboration with a small (non-hub) airport and a Scandinavian full service carrier,
Boosting  (XGBoost), Halmesaari [79] presents an explainable aggregated machine learning approach to predict
SHapley Additive the aircraft ground handling process duration. The approach consists of two steps: (1)

exPlanations (SHAP)

obtaining a prediction of the turnaround process duration using a gradient boosted tree-
ensemble regression model, XGBoost, and (2) extracting explanations from the model us-
ing a post-hoc explanatory framework, SHAP. One of the limitations in Halmesaari’s [79]
study is the lack of data of available data. Although Halmesaari [79] found that in most
cases the turnaround duration can be described by only a few variables, in cases where the
turnaround is significantly longer than the scheduled duration the available data is not able
to describe this discrepancy. Next to this, the airport in Halmesaari’s [79] work has special
characteristics. For example, as the airport is relatively close to Helsinki (hub of the col-
laborating airline), aircraft often do not refuel on said airport. Given the size and (special)
characteristics of the airport considered in Halmesaari’s work [79], it can not be said with
certainty whether Halmesaari’s findings translate well to other airports.

(65]

Artificial Neural Net-
works (ANN)

Gao, Huyan, and Ju [65] utilise Artificial Neural Networks (ANN) to predict the flight
turnaround time of flights at a large international hub airport in China. In the ANN model
only 7 features are considered, namely: (1) aircraft stand (to account for distance for sup-
port vehicles), (2) aircraft type, (3) type of flight (domestic or international, accounting for
immigration and custom inspections), (4) aircraft ground handler, (5) flight arrival time (to
account for high turnaround demand), (6) number of arriving passengers and (7) number
of departing passengers. With this low number of variables, the model was able to find the
general trend in the data. However, while Gao, Huyan, and Ju [65] provide a first order es-
timate of the applicability of ANNSs in predicting the turnaround duration, the results show
that more features are required to obtain accurate results.

[96]

Latent Semantic In-
dexing (LSI), Convolu-
tional Neural Network
(CNN)

Jian et al. [96] consider a two-stage model to predict the off-block time. In the first stage, the
model input dimensions are reduced using the Latent Semantic Indexing (LSI) algorithm,
capturing only the most important features. Next, this result is forwarded to a Convolutional
Neural Network (CNN), an ANN that adopts local connection and weight sharing [96]. On
average, the two-stage model shows higher predictive performance than fully connected
ANNS in the error ranges of £5 [min], + 10 [min] and +15 [min]. However, Jian et al. [96]
consider mostly features that are only available during the aircraft turnaround (e.g. opening
and closing of cargo hold, start and end time of boarding). Therefore, Jian et al. [96] aim
to predict the flight departure delay during the flight turnaround, taking into account the
ground handling progress and updating this prediction in various intervals.

[39]2

Gradient Boosted De-
cision Trees (GBDT),
Artificial Neural Net-
works (ANN), SHapley
Additive exPlanations
(SHAP)

Dalmau et al. [39] aim to obtain a better estimation of the Estimated Take-Off Time (ETOT)
than is extracted from the Enhanced Tactical Flow Management System (ETFMS) Flight Data
(EFD), as they deem it to be too inaccurate for their needs. In order to obtain a more accurate
estimation of the ETOT, Dalmau et al. [39] utilise Gradient Boosted Decision Trees (GBDT)
and ANNSs trained on Enhanced Tactical Flow Management System (ETFMS) and weather
data, and compare the performance against the ETFMS. Next to this, Dalmau et al. [39] ap-
ply the SHAP framework to obtain a features importance. In the model, the turnaround
is not explicitly modelled, but rather taken into account implicitly in the ETFMS data (e.g.
timestamps from processes after the turnaround has finished). However, Dalmau et al. [39]
note that the prediction accuracy can be significantly improved when the features on the
turnaround process are incorporated in the model.

[59]P

Weibull Distributions,
Gamma Distributions,
Critical Path Method

Fricke and Schultz [59] present a statistical approach to determine the turnaround process
duration. In the model, the turnaround process is split into five sub-processes, namely: (1)
de-boarding, (2) cabin cleaning, (3) catering, (4) fueling and (5) boarding. For every pro-
cess, a Weibull or Gamma distribution (whichever describes the process best) is fit using
operational data from a regional airport in the United States. Next, in a similar fashion to
[81], the critical path method (i.e. correctly taking into account the sequential and parallel
dependencies between turnaround events) is used to obtain total turnaround process dura-
tion. The model is rather simplistic, however. In the model, only a handful of processes are
considered, neglecting the influence of key turnaround process such as baggage and cargo
(un)loading. Next to this, the statistical approach suffers from some significant limitations
(e.g. the inability to deal with categorical values) limiting its applicability to the problem
posed in this literature study.

Continued on next page
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Table 3.1 — Continued from previous page

Reference

Model foundation(s)

Short summary & remarks

[61°

Weibull Distributions,
Gamma Distributions,
Analytical Convolution

Asadi et al. [6], on the basis of work in [59], propose a novel analytical convolution method
to predict the TOBT of a flight, taking into account uncertainties in the turnaround process.
The turnaround process is split into various sub-processes. For each process, the authors
use and, in some cases, (re)parameterize the Weibull or Gamma distributions obtained in
[59]. Next, using analytical convolution the stochastic process times are obtained. Taking
into account the parallel and sequential dependencies between the various processes, Asadi
et al. [6] apply analytical convolution to obtain the Estimated Off-Block Time (EOBT). How-
ever, as the model is based on the work in [59], the model suffers from the same limitations.

[147]°

Weibull Distributions,
Gaussian Distribu-
tions, Critical Path
Method

Oreschko et al. [147] build upon the method proposed in [59], and expand the model to
incorporate factors such as aircraft type, airline, flight distance and incoming delay to more
accurately predict the duration of the turnaround process. While this contributes to the
accuracy of the model in a positive way, it remains uncertain whether the model is able to
accurately describe the complex nature of the turnaround process.

[224]

Serial Process Neural
Network (SPNN)

Zhe et al. [224] present a serial process node ANN approach to estimate the duration of the
flight support process, where each node is only executed after the previous node showing
resemblance to the PSAP approach presented by Van Hassel in [81]. In the model, three par-
allel processes are defined: (1) cabin service, (2) baggage/cargo (un)loading and (3) mainte-
nance. As passenger boarding can only commence once fueling is finished, Zhe et al. [224]
consider aircraft fueling to be part of the cabin service process. In the model, a serial pro-
cess ANN is trained for every parallel process on data from a large hub airport in the south
of China. Subsequently, the results of these three models serve as an input for another ANN
which predicts the total in-block time based on the predicted duration of the three pro-
cesses. As a comparison, Zhe et al. [224] train a fully connected "regular" ANN. The serial
process node ANN approach shows more stable results and a small increase in the predic-
tive capabilities in the error range of 2-minutes, while a negligible larger error is obtained
for errors within 5-minutes. For higher delays, Zhe et al. [224] note that the serial process
node ANN performs worse than the fully connected ANN.

[225]¢

Artificial Neural Net-
works (ANN)

Zhou et al. [225] present a deep learning approach using Gated Recurrent Units (GRU) to
predict the departure time of a flight. Zhou et al. [225] train the model on data from a spoke
airport in eastern China, comparable in size and passenger numbers to London Luton. In
the model, Zhou et al. [225] take the following into account: basic flight information (e.g.
actual landing time, actual departure time), airport factors (e.g. number of flights arriving
and departing), weather and airline factors. This indicates that variables directly influencing
the turnaround process are not taken into account. With respect to standard ANNs and Long
Short-Term Memory (LSTM) neural networks, Zhou et al. [225] find that neural networks
with GRUs show higher predictive performance on their data sets.

[117]

Graph Convolutional

Imputation Neural
Networks, Bidirec-
tional Sliding

In their model, Liu et al. [117] use data from a large hub airport in the south of China, which
has been collected from A-CDM, video analysis, RFID sensors and manual recording. How-
ever, they note that the flight ground service data may consist of abnormalities or missing
data due to the sensor equipment or manual input errors. In order to mitigate the error as-
sociated with these factors, Liu et al. [117] present a graph convolutional neural network im-
putation and bidirectional sliding mechanism to deal with missing values and/or data suf-
fering from abnormalities. Next to this, Liu et al. [117] prove that this model approach adds
more robustness and accuracy to the model, and therefore has a higher predictive power
than alternatives.

[228]4

Mixed Density Net-
works (MDN), Ran-
dom Forest (RF)

Zoutendijk and Mitici [228] present an approach to obtain the probabilistic distributions of
the flight delay of individual flights using machine learning techniques, in a similar fash-
ion to Mori [137]. However, in contrast to Mori [137], Zoutendijk and Mitici [228] do not
determine the parameters of one specific distribution. Rather, Zoutendijk and Mitici [228]
take two different approaches. The first considers with the use of Mixed Density Networks
(MDN), a combination of ANNs and Gaussian Mixture Models (GMM). Consequently, the
flight delay probability distribution for an individual flight becomes a weighted sum of
Gaussian distributions. Next to this, Zoutendijk and Mitici [228] utilise the Random For-
est (RF) algorithm. Here, as every tree in the forest yields a model output, the probability
distribution can be obtained from the contributions of individual trees.

Continued on next page
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Table 3.1 — Continued from previous page
Reference Model foundation(s) Short summary & remarks
[229] Artificial Neural Net- Zuo etal. [229] propose an ANN approach optimised by the genetic algorithm, a randomised
works (ANN) search method based on the biological principles of evolution, in order to limit the instabil-
ity and improve the accuracy of ANNs. For this, Zuo et al. [229] utilise the genetic algorithm
in the training phase of the model to optimize the parameters of the ANN in an attempt
to increase the robustness of the model. In the paper, two models are trained on ground
support data from a large hub airport. The first ANN model aims to predict TOBT before
flight arrival, considering four input features. In the second ANN nine features are consid-
ered, with the aim of predicting the TOBT when the aircraft arrives in-block. Unfortunately,
Zuo et al. [229] do not disclose these specific features. Nonetheless, Zuo et al. [229] find
that the departure time of a flight (and the corresponding level of congestion on an airport)
influences the accuracy of the TOBT. Next to this, Zuo et al. [229] show the superiority of
state-of-the-art machine learning models over empirical statistical methods.
[196] Extra-Trees, Random Thiagarajan et al. [196] present a unique two-stage machine learning model approach for
Forest (RF), Adaptive the prediction of the on-time-performance of flights. The first stage aims to binary classify
Boosting (AdaBoost), the occurrence of flight delays. This result is fed into the second stage, a machine learn-
Gradient Boosting, ing regressor, to predict the duration of the delay. Thiagarajan et al. [196] compare vari-
Multilayer Perceptron ous machine learning models trained on historical data from US domestic airline on-time-
(MLP), Deep Neural performance and weather data for both stages, with the aim of identifying the highest per-
Networks (DNN) forming selection of models. Thiagarajan et al. [196] find that the combination of the gradi-
ent boosted classifier and extra-trees regressor show the highest accuracy. However, while
Thiagarajan et al. [196] take into account the effects of weather on flight departure delay,
they do not consider any features related to the aircraft turnaround process. It is therefore
uncertain whether their findings in model selection translate well to the problem at hand.
[122]® b eXtreme Gradient In their work, Luo et al. [122] aim to forecast the duration of the turnaround process (i.e. re-
Boosting  (XGBoost), gression) and confirm aircraft off-block adherence (i.e. classification) in two separate mod-
Random Forest (RF), els. Next to this, Luo et al. [122] note that the automatic identification of turnaround sub-
Decision Trees, Agent- processes by computer vision techniques are prone to false detections and blank detection.
Based Modeling Therefore, to provide a complete data-set alternative to the actual data provided by an Eu-
(ABM), SHapley Ad- ropean airport, an Agent-Based Modeling (ABM) model is constructed that simulates the
ditive exPlanations turnaround (sub-)processes based on actual data and domain knowledge. Unfortunately,
(SHAP) due to data confidentiality, no comments are made on the performance of the ABM model.
To forecast the duration of the turnaround process and confirm off-block adherence, Luo et
al. [122] train various tree based models on the synthetic and available data. As a side result,
Luo et al. [122] find that splitting the (sub-)process durations in separate features (e.g. first
PAX in, last PAX in) yields higher model performance.
[1211® b Linear Regression, De- Following the work in [122], Luo et al. [121] present a data-driven fusion of turnaround sub-
cision Trees, Random processes to make a prediction on the aircraft ground handling duration. To reduce the
Forest (RF), Principal variables at hand, Luo et al. [121] use Principal Component Analysis (PCA), a mathemati-
Component Analysis cal dimensionality reduction method such that the large data-set can be characterised by a
(PCA) smaller number of variables. Next, the fusion model aims to integrate the sequential infor-
mation on the (sub-)processes into the regression model. As regression models, Luo et al.
[121] consider linear regression, decision trees and random forests to predict the duration
of the turnaround process.
[7]b Fuzzy Logic, Critical Asadiand Fricke [7] employ fuzzy logic to predict the turnaround time of a flight. First, Asadi

Path Method

and Fricke [7] transform the probability distributions of (sub-)processes (e.g. as done in
[59, 6]) into a cumulative density function, which is mathematically equivalent to the fuzzy
membership function (section 4.4). Next, Asadi and Fricke [7] combine fuzzy logic and the
critical path method to make an estimate of the turnaround time of a flight, taking into ac-
count the main turnaround processes. However, the approach suffers from some significant
limitations. For example, only triangular and trapezoidal fuzzy membership are considered
in the model, yielding an inherent loss of accuracy, as not every cumulative density function
can be accurately described by such functions.

2 Burocontrol
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3.2, Discussion on the State-of-the-Art in the Field & Research Gaps

From the overview in Table 3.1, various conclusions can be drawn. The overview shows that in the last decade,
researchers in the field have opted primarily for machine learning algorithms to capture the complex under-
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lying system. As model foundations, most researchers opted for (derivatives of) ANNs and tree-ensembles.
These models, in itself, provide little insights into the underlying processes as the interpretability of these
models is low. In term, this indicates that researchers in the field are more interested in the accuracy of their
predictions, rather than insights into the underlying system, as they trade accuracy for interpretability. Next
to this, Table 3.1 shows that little attempt is made to extract the driving factors from the underlying system
post-hoc.

Some researchers, e.g. Van Hassel [81] and Zhe et al. [224], split the turnaround process into smaller sub-
processes and explicitly model the relationships between them. Subsequently, they make an estimation of
the cycle time of the various processes and evaluate the critical path, yielding the total turnaround duration.
However, in this attempt to add interpretability to the model, the driving factors behind the duration of these
sub-processes remain unknown, as no attempt is made to gain insights into these processes as this requires
turnaround process data (e.g. obtained via camera’s and/or manual input). Most researchers do not have this
data available to them, and therefore opt to implicitly model the turnaround duration via features that are
not directly related with the turnaround process.

Therefore, various research gaps can be identified. For example, in the studies in Table 3.1, little incentive is
made to obtain insights into the turnaround process and how this process relates to other processes, nor are
researchers actively aiming to identify the root causes of delays from the turnaround process. Researchers
mainly focus on prediction accuracy, by employing state-of-the-art machine learning models, significantly
limiting the interpretability of the model. Next to this, often a limited scope is considered. None of the studies
consider a wide variety of factors at once, e.g. factors such as the performance of individual ground handlers
or the influence of the passenger process are generally not accounted for at the same time.

Additional scoping by narrowing down the research area is required to keep the number of variables man-
ageable. After all, a significant number of variables affecting the on-time-performance of flights presented
are subsection 2.2.1-2.2.5. This additional scoping also keeps the research relevant and focused. The refined
research scope is presented in Figure 3.1, and shows that taxi-in and taxi-out have been removed from the
research scope, as well as start-up/push-back. Researchers in the field have devoted little attention to iden-
tifying the driving processes and factors in flight turnaround delay prediction, leaving a significant research
gap. Therefore, taxi-in, taxi-out and start-up are opted to be removed. This to prevent the research from
becoming too broad and unfocused, and contribute to the gap in knowledge.

_ Refined Research Scope

I Taxi-in I Ground handling Start-up/ Taxi-out I
pushback

Touch On Off Take-

down blocks blocks off

Figure 3.1: Refined research scope (figure based on work from Van Hassel [81])






Predicting Turnaround Delays: Machine
Learning Techniques

Machine learning algorithms allow computers to learn the general trend and/or patterns from a set of data
without the need of explicitly modeling the underlying (complex) systems. In this chapter, only supervised
learning techniques are considered. Supervised machine learning algorithms consider two steps: (1) training
and (2) inference [101]. In the training phase, the machine learning model is trained on historical data. In this
phase, the algorithm sets its internal rules, weights and other parameters to make predictions while taking
into account the hyperparameters set by the user (e.g. maximum depth of a tree). The second phase, infer-
ence, considers with extracting predictions from the trained model when subjected to a set of input features.
Relevant example model outputs are continuous numeric, binary, multi-class or probability distributions
(e.g. in [228]).

This chapter considers among other things with supervised learning algorithms, and aims to provide expla-
nations on, and insights into the models used in chapter 3. Next to this, the chapter presents other machine
learning algorithms which show potential in solving the problem at hand. This chapter is structured as fol-
lows. First, in section 4.1, a comment is made on the interpretability and explainability of machine learning
models. Second, ante-hoc explainable machine learning models are elaborated on in section 4.2. Third,
Bayesian Networks are explained and discussed in section 4.3. Fourth, a machine learning algorithm that
does not rely on the absolute truth and can deal with linguistic terms, fuzzy logic, is elaborated on in sec-
tion 4.4. Fifth, black-box machine learning models are discussed in section 4.5. Last, in section 4.6, model
validation techniques are discussed.

4.1. A comment on the Interpretability & Explainability of models

In literature, authors making claims about the interpretability of models often do not define interpretability,
nor state why it is of high importance in some applications (e.g. in [161]). Lipton [115] identifies two possible
causes for this: (1) the definition is universally agreed upon and nobody had the opportunity to set it in stone
or (2) the term interpretability is ill-defined. Lipton [115] found the latter case to be true, and other critical
literature agrees [42]. As a result, there is no clear definition or motive for the concept of interpretability and
it may refer to more than one concept [115, 69]. Therefore, in order to compare the interpretability of models
qualitatively, a formal and consistent proxy of interpretability is required.

Doshi-Velez and Kim [42] define interpretability in the context of explainable machine learning as follows:
"the ability to explain or to present in understandable terms to a human'. In [132], interpretability is defined
as the degree to which a human can understand the cause of a decision made by the model, given the context
of the model. According to Kim, Khanna, and Koyejo [103], interpretable models are models that allow one
to correctly and efficiently predict the model’s results. In this literature study, interpretability is defined as
follows: interpretability, as a passive characteristic of a model, defines the degree to which the inner workings,
i.e. the decision or prediction process, of the model are understandable by an expert in the field. This means
that no additional tools are required to understand the models inner workings, and requires the models inner
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workings to be transparent. Different dimensions of interpretability exist [42]. For example, a model may be
globally and locally interpretable. In case of the former, the user is able to understand the whole logic of the
model leading to all possible model outputs. Local interpretability entails that a user is only able to predict
the model output for a single case as the model may contain too many variables for a human to comprehend
the whole logic. After all, the interpretability degrades with the number of input features [93].

Interpretability is often used interchangeably with explainability (e.g. in [132]), while literature suggests there
are arguments to distinguish between the two [69]. In this literature study, interpretability and explainability
are not considered as interchangeable. Instead, explainability is defined as follows: explainability defines the
degree to which the decision or prediction process of the model can be clarified or detailed post-hoc in human
terms by experts in the field. Here, experts may consider the use of additional tools. Hence, an explainable
model is one from which (parts of) the decision or prediction process of the model can be extracted post-hoc
by an expert in the field and his tools, and does not require the model to be ante-hoc interpretable.

In the upcoming (sub)sections, various machine learning algorithms are discussed. Please note that the main
sections have been ordered based on their simulatability by a human, starting with simulatable ante-hoc
interpretable models in section 4.2. Next, Bayesian Networks and Fuzzy Logic, more sophisticated but less
simulatable ante-hoc intepretable systems, are discussed in section 4.3 and section 4.4 respectively. Last,
non-simulatable black-box machine learning algorithms are discussed in section 4.5.

4.2, Simulatable Ante-hoc Interpretable Machine Learning Models

In this section, a selection of ante-hoc interpretable machine learning models are elaborated on. Ante-hoc
interpretable machine learning models offer interpretability (primarily transparency) at the cost of accuracy,
and subsequently are less complex as their black-box counterparts, to be discussed in section 4.5. This section
will elaborate on three ante-hoc interpretable machine learning models. First, in subsection 4.2.1, multiple
linear regression is elaborated on. Second, subsection 4.2.2 goes into detail about logistic regression. Third,
subsection 4.2.3 discusses decision trees. Fourth, Naive Bayes, of which its foundations lay in Bayes theorem,
are elaborated on in subsection 4.2.4. Please note that models such as K-nearest neighbours or decision rules
are not discussed in this section. This is because it is expected that when these models are subjected to a
highly complex system, the inherent transparency of such models is lost due to the sheer number of variables
at hand [93].

4.2.1. Multiple Linear Regression

Multiple Linear Regression aims to predict the target variable using a bias term, set of weights w and set of
features x. The target variable is the weighted sum of the various feature values and their respective weights
and a bias term, as the model assumes linear dependence or approximate linear behavior between the input
features and target variable [93, 99, 8, 82]. Therefore, as the target variable is simply the linear sum of the ele-
ments in the input vector X and weights vector W, the interpretation of the model is rather straightforward.
The mathematical formulation is presented in Equation 4.1 [82].

p
FX=wo+ Y xiw 4.1)
i=1

Here, w, is the bias term, x; a feature value from input vector X and w; the corresponding weight for feature
x; from the set of weights W. The mathematical formulation shows that multiple linear regression models
are not able to capture feature interactions, as it is simply the sum of the weighted feature values. Therefore,
multiple linear regression models require the features in input vector X to be non-correlated. However, in-
teraction terms or the use of regression splines may overcome this limitation [135]. For example, one might
define x; as the product of x; and x¢. The model remains linear in its parameters while the terms itself might
not be linear, as it is still a weighted sum of the mathematical parameters [82]. The inclusion of higher order
terms also does not violate this property, allows for the modelling of non-linear systems and often leads to
better prediction performance in the region of interest [94]. However, it should be noted that an increase in
the polynomial degree may yield worse performance than lower degree polynomials, as the model tends to
overfit on the training data. Furthermore, higher degree polynomials also become unstable near the bound-

aries of the training data [43].
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The set of weights W is often obtained from ordinary least squares [82, 135]. Ordinary least squares aims to
minimize the sum of squared errors between f and the training data (i.e. observations, required to be inde-
pendent), given by a set of input variables and their respective observation y.

Multiple linear regression provides an inherently transparent model, as the weights and relationships can
be directly observed and are easily understood [135]. Moreover, multiple linear regression is able to model
non-monotonic relationships. Here, an increasing monotonic function satisfies f (x;) < f (x;+1), while for de-
creasing monotonic functions f (x;) = f (xi+1) holds. However, the model suffers from some key downfalls.
Linear regression is unable to deal with non-linear complex problems and does not provide the best expla-
nations [192, 116]. Next to this, the model describes a function over the entire domain, while for some parts
of the domain this might not be the perfect fit. This downfall can be mitigated by implementing Multivariate
Adaptive Regression Splines (MARS), an expansion of the recursive partitioning regression strategy and addi-
tive modeling approach presented by [136, 24] and [63] respectively [60].

(A) One knot (B) Two knots

Figure 4.1: Visual example of the forward stage of the MARS algorithm [19]

The general idea of MARS is as follows [19, 82, 60]. MARS first constructs a basic function over the entire
domain. Next, the algorithm splits the domain into two sub-domains. Here, MARS splits the domain on cut-
points (knots), where the largest decrease in training error (e.g. MSE, R?) can be achieved. This process is
repeated until a minimum increase in model performance is observed or the maximum number of knots M
is obtained. On every cutpoint, a basis function is constructed for either side of the knot. A visual example
of this process is presented in Figure 4.1. This stage, also called the forward stage, therefore considers with
discovering a set of simple piecewise linear functions over the domain.

The result of the forward stage may be prone to overfitting on the training data [60]. Therefore, a backward
stage is considered. In this stage, one by one every basis function is removed from the model and the remain-
ing model is evaluated. The term that yields the lowest increase residual squared error is removed from the
model [19, 82]. The removal of redundant terms simplifies MARS’s output, increasing the interpretability of
the model.

MARS is well suited for problems with a large number of variables, is able to deal with correlated features,
performs automated feature selection and is able to deal with non-linear complex problems [32]. Correlated
features do not necessarily hurt model performance, but can make model interpretation difficult [19]. When
considering two highly correlated features, MARS selects only one of these two variables. This is due to the
fact that the second feature will contribute significantly less to the overall objective. Consequently, this de-
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creases the applicability of MARS as it is assumed that some input features will be highly correlated which
MARS is not able to adequately identify and subsequently may yield wrong or inaccurate conclusions. Next
to this, multiple linear regression and MARS require all features to be instantiated in order to obtain a predic-
tion [162].

Multiple linear regression and MARS yield continuous model outputs, which may not be appropriate to all
problems. The classification counterpart of these models is logistic regression, and is discussed in the next
section.

4.2.2, Logistic Regression

In contrary to what its name suggests, logistic regression is only applicable to classification problems [10]. In
"standard" binary classification using logistic regression, the model output is the probability P of a certain
input set to belong to class X [193]. The complement, i.e. 1 — P, is the probability of the set of input features
to belong to class Y. Logistic regression shows resemblance to linear regression, discussed in the previous
subsection. Here, the primary difference lays in the model output as linear regression’s output range is un-
bounded, while logistic regression’s output ranges between 0 and 1. At the foundation of the model lies the
logistic function, presented in Equation 4.2 [135],

1
Logit(n) = Tte7 (4.2)
where 7 is equal to the right hand side of Equation 4.1, i.e. Zle x;w;, and Logit(n) the probability that the set
of input values belongs to class X. Here, the logit is defined as the natural log of the odds, i.e. the probability
of being classified in class X divided by the probability of being classified in class Y [10, 193]. Equation 4.2
transfers the input values to the domain [0,1]. Here, the input variables do not require to be discrete, as logis-
tic regression is able to deal with continuous, discrete, dichotomous or a mix of these variables [193]. Next to
this, multinomial logistic regression expands logistic regression to multi-class classification, and is therefore
able to model scenarios where more than two discrete model outputs are possible [45]. Several optimized
implementations are available, such as from Scikit-learn [190, 68].

In model training for "standard" logistic regression, the objective is to assign high probabilities to instances of
X and low probabilities for instances of Y [68]. This requires the best combination of linear coefficients in 7,
in order to maximise the probability that an instance is classified correctly. To estimate the set of coefficients,
various methods are available in literature. One of these methods is the maximum likelihood estimation, an
iterative process which aims to find the most probable set of weights to obtain the sample instances [193, 86].
First, all weights are assigned arbitrary values. Next, the algorithm aims to determine the direction and size
of change in coefficients such that a better estimate of the observed instances is obtained. Subsequently, this
model is evaluated and the process of determining the direction and size of change in coefficients is repeated,
until a stopping criterion is met.

One of the main advantages of logistic regression is that it does not require linear relationships between the
input and output features, due to the nonlinear transformation to the odds ratio [10]. Next to this, several
methods are available in literature to obtain insights into the relevancy of the input features and to find a
feature’s contribution to the model outcome [193]. Moreover, logistic regression does not make assumptions
on the distributions of the input features and is able to deal with a mix of input variables. Logistic regres-
sion models are "one of the most interpretable linear machine learning models for certain class of events" [44].
However, the algorithm may require post-hoc explanations, especially when the results are to be explained to
a non-expert audience [8]. This is partly due to the more complex nature of the nonlinear mathematical op-
erations, as the interpretation of weights becomes non-additive but multiplicative instead [135]. Next to this,
logistic regression assumes linear dependency between the model output and input features, and requires
little to none multicollinearity between the input values [164]. Furthermore, logistic regression shows low to
average performance with respect to other ante-hoc interpretable and more sophisticated machine learning
approaches in literature [194].

While multiple linear regression and logistic regression are suited for regression and classification respec-
tively, some machine learning algorithms are able to do both while remaining simulatable. An example of
which are decision trees, elaborated on in subsection 4.2.3.
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4.2.3. Decision Trees

Decision Trees are hierarchical supervised learning algorithms, and can be considered as rule-based systems
[116]. These systems can be applied to both classification and regression problems [192]. The basic idea is to
construct a binary tree where the features are split multiple times on a cut-off threshold (e.g. smaller, equal,
larger than threshold value X) at each internal node [93, 99]. This process stops when a leaf node is reached
and a model output is obtained. Here, a leaf node is defined as a node that has no child nodes. The path
between the root node, i.e. the start node of the tree, and a leaf node describes how a decision or prediction
came about [93]. This makes decision trees transparent in the way they provide their predictions.

A decision tree can be described by a set of rules, which are interpretable by humans. The most common
form being if-then rules, which describe a set of conditions to be met for the outcome to be true [76]. This
desirable property makes decision trees interpretable as one, when subjected to a decision tree which is not
disproportionately large, is able to explore and simulate the workings of the model and obtain a prediction
given a set of input features. Therefore, decision trees show high simulatability and are utilized in decision
making problems due to the transparency and understandability that they offer [8].

Internal
Node
Internal
Node

Internal
Node

Internal
Node

Internal
Node

Figure 4.2: Example graphical representation of a decision tree

When considering a decision tree as a set of rules only, the relevancy of features may not become evident.
Here, the graphical presentation of decision trees provides is of use [76]. An example graphical representa-
tion of a decision tree is presented in Figure 4.2. In this representation, the most relevant features are near the
tip of the tree-like structure and features with less relevancy are located at the bottom. This is possible due to
the internal feature selection in the decision tree algorithm, which aims to identify the most relevant features
and exclude irrelevant features [82, 61]. Therefore, the hierarchical position in a tree provides insights into
the relevancy of the feature [93, 76].

Decision trees are able to deal with non-linear relationships between the in- and output vectors, as well as
correlations between the features and are considered as highly interpretable models in literature [69, 82]. This
relationship cannot be expressed mathematically, however [93]. Moreover, as the number of levels in a tree
grows, the interpretability of the model decreases [116, 93]. Next to this, different trees may be generated
for the same problem and small changes in input may yield large changes in model, as decision trees lack
smoothness [93, 82].

The performance of decision trees relative to other models in literature is low [116, 82, 61]. This is mainly
due to the poor generalization properties (i.e. how well the model performs on data it has not seen before),
as a result of overfitting [9, 82]. The low performance of decision trees can be overcome by aggregating the
the prediction of smaller trees trained on different subsets from the data-set or by connecting decision trees
end-to-end. This will be elaborated on in subsection 4.5.2.

4.2.4. Naive Bayes
The simplest form of a Bayesian Network classifier is naive Bayes [130]. At the core of the Naive Bayes classi-
fier lies Bayes theorem (Equation 4.4). Naive Bayes assumes the features are conditionally independent, i.e. a
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particular feature in a class is uncorrelated to any other feature in the class [16, 64, 169]. For example, an ap-
ple can be identified by the following features: (1) taste, (2) color and (3) shape. Naive Bayes assumes that all
these features do not depend on each other and individually contribute to the classification whether the fruit
is an apple or not. A result of this naive assumption is that the joint probability becomes the product of in-
dividual probabilities, as presented in Equation 4.3 [64]. An example network structure is shown in Figure 4.3.

K
P(X1, X2, Xnlyj) = [ PXnly) 4.3)

i=1
The stochastic independence of features makes the Naive Bayes method rather scalable and useful for large
data-sets, where the complexity is only O(n) [169]. The assumption of conditional independence of features
seems rather unrealistic in the context of this literature study. Nonetheless, the consensus in literature is that
naive Bayes delivers competitive classification accuracy [210]. However, this should be taken with a grain of
salt, as naive Bayes is outperformed in flight delay predictions by other machine learning classification algo-

rithms in [227], [90] and [219].

Naive Bayes can also be adapted such that it can be applied to regression problems. Here, the distribution of
the target value is modelled using kernel density estimators. However, it has not proven itself to be a proper
regression method, as its performance is very poor [56]. This is likely due to the independence assumptions
between the random variables.

Figure 4.3: An example naive Bayes network structure [169] Figure 4.4: An example tree-augmented naive Bayes network struc-
ture [169]

Other forms of and/or adaptations to the naive Bayes classifier exist. Tree-augmented naive Bayes relaxes the
conditional independence assumption by means of a tree structure connecting the features [210]. Here, one
feature has only the class as a parent and the rest of the features have two parents. Namely, the class variable
and another feature, as Figure 4.4 shows. The implementation of the tree structure aims to reduce the bias of
the naive Bayes classifier [169].
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Figure 4.5: An example forest-augmented naive Bayes network Figure 4.6: An example extended tree-augmented naive Bayes net-
structure [169] work structure [169]

An improvement of tree-augmented naive Bayes is forest-augmented naive Bayes, as presented in Figure 4.5.
Here, a forest is constructed from a set of disjoint trees [169]. However, in both tree-augmented and forest-
augmented naive Bayes the relevancy of features is not taken into account. Every feature is connected to the
class variable, without checking whether this connection is justified. Extended tree-augmented naive Bayes
aims to overcome this problem, where it allows features to have the following connections: (1) a connection
to the class variable, (2) the class variable and a feature, (3) a feature and (4) no parent [169]. An example
network structure of the extended tree-augmented naive Bayes is presented in Figure 4.6.

Naive Bayes classifiers are simple probabilistic classifiers and the independence assumptions make them
rather interpretable. After all, the contribution of a variable towards a prediction can be observed from the
conditional probability [135]. However, they show relatively poor performance in flight delay classification
and do not allow one to efficiently and accurately explore the causal relationships between a large number
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of variables. A more sophisticated approach is offered by Bayesian Networks, which will be elaborated on in
section 4.3.

4.3. Bayesian Networks

This section will elaborate on Bayesian Networks, graphical models which are among other things utilized for
obtaining a posterior distribution of a random variable based on evidence (i.e. known values of other random
variables) [131]. Bayesian Networks are a powerful tool for inference, as it allows for abductive inference, i.e.
finding an explanation for the set of observed random variables [31]. This property allowed Bayesian Net-
works to find their use in medicine in the early days. This was helped by the fact that Bayesian Networks are
intuitively understandable and allow expert knowledge to be incorporated [189]. In the years after, Bayesian
Networks became widely accepted models for reasoning with uncertainty [212].

This section is structured as follows. First, a mathematical introduction to classical Bayesian Networks is pre-
sented in subsection 4.3.1. Second, other relevant forms of Bayesian Networks are elaborated on in subsec-
tion 4.3.2. Next, subsection 4.3.3 and subsection 4.3.4 discuss structure and parameter learning in Bayesian
Networks, respectively.

4.3.1. Theoretical framework of Bayesian Networks

Bayesian networks are probabilistic graphical models used to represent knowledge about an uncertain do-
main and are based on Bayes theorem, presented in Equation 4.4 [12, 218, 118]. They allow one to compute
the Joint Probability Distribution (JPD) over a set of random variables and aim to model a situation in which
causality plays a role but where the understanding of a system is incomplete, therefore resorting to a prob-
abilistic approach [153, 31]. One element of a Bayesian network is the Directed Acyclic Graph (DAG), which
in term is made up of a set of connected nodes (vertices) and directed edges. These represent the random
variables and direct probabilistic dependencies between the random variables respectively [31].

P(B|A)P(A)
P(AB) = ——— (4.4)
P(B)

An example DAG is presented in Figure 4.7. In directed acyclic graphs, nodes are often represented by circles
and the dependencies between the variables with directed edges. Within the DAG, no loop or edges connect-
ing a node to itself are allowed as this would violate the acyclic nature of these graphs [218]. A directed edge
from variable X; to variable X; represents a statistical dependence of X; on X;, i.e. the value of variable X;
depends on what value X; takes [12]. Here, variable X; is considered as the parent of X; and X; as the child of
X;. More generally, the parents of node X; are all nodes with direct arcs pointing towards X; and the children
of X; are all nodes which are connected via outgoing arcs from X; [131]. The set of nodes that can be reached
on a direct path from node X; are regarded as the descendants of X;. In similar fashion, the set of nodes from
which node X; can be reached are considered as the ancestors of X; [72]. Returning to the DAG example pre-
sented in Figure 4.7, here D can be considered a descendant of both A and B. Therefore A and B are ancestors
of D. The set of nodes that can be reached on a direct path from A and B contains [D, E, F], while for node C
this only consists of [E, FI.

Bayesian networks represent conditional independence statements, where a node is independent of its non-
descendants given the state of the parent nodes [12, 64, 131]. When the state of the parents of node X; is
known, then the node becomes independent of all non-descendants, i.e. it is only dependent on its parents
and its own descendants. Random variables (X, Y) are conditionally independent given another random vari-
able (Z) if Equation 4.5 holds. Here, random variables X and Y are conditionally independent if for any value
Z = z and the probability of x is not affected when the value of Y = y is known [131]. In more simple terms,
given some value of variable Z = z knowing the value of Y = y does not give any more information about the
value x random variable X takes. Returning to Figure 4.7, the conditional independence statements imply
that when one has an interest in random variable F and its parent E is known, then F becomes independent
of its non-descendants.

P(x|y,z) = P(x|z) V x,y,zvaluesofX,Y,Z (4.5)

More specifically, a random variable X; is dependent on variable X; given set of evidence nodes E if there is a
d-connecting path between X; and X given the set of nodes E. In order for a path to be d-connecting, every
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Figure 4.7: Example Directed Acyclic Graph

interior node in the path between X; and X; should satisfy the following properties: (1) the node is linear or
diverging and not a member of the set of evidence nodes E or (2) the node is converging and the node or one
of its descendants is in the set of evidence nodes E [31]. In literature, the definition of d-separation is more
common. Considering two random variables X; and X; and a set of evidence nodes E, then E d-separates
X; from X; if every node in the set of interior nodes satisfies one of the following properties: (1) a converging
node is considered and nor it nor one of its descendants is in the evidence node set E or (2) a non-converging
node is considered and the node is in the set of evidence nodes E [153]. When an interior node satisfies either
condition, the path is considered to be blocked.

In traditional probability, when considering only binary variables, one requires 2"V — 1 parameters in order to
define the complete joint probability distribution [31]. Describing a JPD for a medium to large set of param-
eters becomes computationally expensive and significantly decreases the interpretability of the JPD [131].
The conditional independence feature of Bayesian networks decreases the number of parameters required to
define the JPD of the network, which in term makes obtaining a posterior probability given the evidence less
cumbersome and decreases the computational effort required [123, 12].

A Bayesian network also consists of a quantitative part [131]. The strength of the dependencies are quantified
by conditional probabilities [153]. The local conditional probability is represented by a conditional proba-
bility table, one for each variable, which contains the feasible values of a child node for each combination of
values of its parents [12, 64].

More formally, Bayesian networks are defined as follows [64, 12, 131]. A Bayesian network B consists of two
elements, namely an annotated Directed Acyclic Graph G and the set of parameters ©. The system aims to
represent a Joint Probability Distribution over a set of random variables V. The nodes in G represent the
random variables [Xj, ..., X,;] and the directed edges the dependencies between variables. Here, the variables
are independent of its non-descendants given its parents in G. The quantitative element consists of a set of
parameters in the network, namely 0y,;, = Pg(x;|7;) for each realization x; of X; conditioned on 7;. Here,
the term 7; denotes the set of parents of X; in G and 0,5, the conditional probability of X; given its parents.
The local probability distribution of root nodes, which have no parents, are unconditional. For example, A, B
and Cin Figure 4.7 have no parents and are therefore considered as root nodes, making them unconditional.
With both elements of the Bayesian network B described, the Joint Probability Distribution over the set of
random variables V can be computed with Equation 4.6 [12]. Hence, one requires the prior probabilities of
all root nodes and the conditional probabilities of all non-root nodes given all possible states of their parents
to obtain the JPD [31].

n n

Pg(X1,... XN) = [ P (Xilnx,) = [ [ Oxiim, (4.6)
i=1 i=1

As an example, the JPD of the DAG in Figure 4.7 can be computed as follows. Working from right to left, the

first term one encounters is random variable E Its only parent is node E, yielding Pp (F|E) (or alternatively

0rr). The next term is E, with two parents C and D, yielding Pg (E|C, D) (i.e. Og|c,p). In similar fashion, one
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computes Pp (D| A, B) for node D. As nodes A, B and C are root nodes, P (X;|7;) = Pp (X;). Combining previ-
ous results yields the result as presented in Equation 4.7 for standard, discrete Bayesian Networks. Relevant
adaptions to the discrete Bayesian Networks are shortly elaborated on in subsection 4.3.2.

Pg(A,B,C,D,E,F) = Pg(A)- Pg(B)-Pg(C) - Pg(D|A,B)-Pg (E|IC, D) - Pg (F|E)
(4.7)
=04-0p-0c-0pjaB-Orc,D OFE

4.3.2. Other forms of Bayesian Networks

Other forms of Bayesian Networks are proposed in literature. Relevant forms will be elaborated on in this sub-
section. It should be noted that this subsection only focuses on the high-level characteristics, and therefore
extensions of these forms are not considered in this literature study. It should be noted that these forms of
Bayesian Networks are more complex, and therefore not all structure and parameter learning algorithms are
suited for these models. An overview of the general methodology behind structure and parameter algorithms
is presented in subsection 4.3.3 and subsection 4.3.4, respectively.

Dynamic Bayesian Networks

Traditional Bayesian Networks are static and therefore only represent the probabilistic relationships between
the random variables at a specific moment in time [142]. Dynamic Bayesian Networks are an extension of the
traditional Bayesian Network which takes into account the temporal characteristic [38]. Dynamic Bayesian
Networks are able to represent how random variable X; is related to its own value and the values of other
random variables at points earlier in time. For this, only the state of the network at time ¢ —1 is required
to describe the state at time ¢ (also known as the Markov property) [142]. When a set of stochastic and time-
varying random variables is considered, then Dynamic Bayesian Networks perform better than the traditional
Bayesian Networks [150]. A mathematical formulation for dynamic Bayesian Networks is presented in [142].

Gaussian Bayesian Networks

In Gaussian Bayesian Networks, all random variables are considered to be continuous and the conditional
probability distributions are linear Gaussians [106]. As a result, alternative representations of multivariate
Gaussian distributions are Gaussian Bayesian Networks [85].

Hybrid Bayesian Networks

In most real-world scenarios, data is a combination of both discrete and continuous random variables. Hy-
brid Bayesian Networks (HBN) are able to deal with both discrete and continuous random variables in the
model. Here, continuous random variables have discrete and/or continuous parents (assuming that the ran-
dom variable has a linear Gaussian distribution), while discrete random variables can only have discrete ran-
dom variables as parents [141].

Continuous time Bayesian Networks

Continuous time Bayesian Networks are an extension of the classical Bayesian Networks where the state of
the nodes (i.e. random variables) evolves continuously over time [188]. Hence, the state of a node’s parents
influence the evolution of the node. Here, edges can be cyclic [205]. This form of Bayesian Networks are
especially useful for modeling systems that evolve over time and involve continuous time events.

4.3.3. Structure learning in Bayesian Networks

The structure of the Directed Acyclic Graph can be constructed from expert knowledge in case the number
of variables is limited. When the number of variables increases the construction of the DAG by hand may be-
come rather cumbersome and one may resort to the implementation of structure learning algorithms. These
algorithms aim to learn the approximate or exact structure of the DAG on the basis of data. Although the
structure learning problem is NP-hard, various approximate and exact learning algorithms exist in literature
[35]. Three general approaches can be distinguished, namely: (1) score-based, (2) constraint-based and (3)
hybrid algorithms [71]. However, the DAG G is only one of two elements of which define a Bayesian Network.
Parameter learning allows one to estimate the set O (i.e. the set of conditional probability distributions), given
the graph G obtained from structure learning [178].
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Score-based Bayesian network structure learning

Score-based Bayesian Network structure learning comprises of two steps: (1) defining a search strategy which
in term aims to generate a path to follow in the search space defined by all possible graphs and (2) evalua-
tion of each explored graph in the defined search space by use of an objective function [104, 37]. The former
defines how the algorithm traverses the search space, and also how the search space can be reduced. The
latter aims to assess the "goodness-of-fit" of the considered graphs, where the graph that shows the highest
"goodness-of-fit" is the preferred graph [37, 178].

Many algorithms do not guarantee to return the best fitting graph from the search space and return therefore
may return a sub-optimal graph structure [104]. These algorithms are considered as approximate algorithms,
as there is uncertainty in whether the globally optimal graph structure is returned. Exact algorithms on the
other hand always return, when subjected to the objective function, the highest scoring graph in the search
space. Therefore, for exact algorithms, when defining the search strategy, one should be in particular careful
to not remove the optimal solution from the search space.

Two categories in objective functions can be distinguished: (1) Bayesian scores and (2) informatic-theoretic
scores. The former allows for the incorporation of prior knowledge and focuses on the "goodness-of-fit"
[104]. The latter considers model complexity next to the "goodness-of-fit" in the objective function to prevent
model overfitting.

Constraint-based Bayesian network structure learning

Constraint-based learning methods use conditional independence tests between the variables at hand, with
the goal of obtaining a set of edge constraints and their orientation for the graph [107, 37, 178]. Therefore,
this always yields a graph that is consistent with the provided data [104]. In simple terms, constraint-based
structure learning algorithms aim to test for conditional dependence and independence in the data, and then
find a class of networks that best explains these results [106].

Hybrid Bayesian network structure learning

In most forms, hybrid Bayesian Network structure learning are a combination of constraint-based and score-
based approaches [104]. These approaches contain two steps: (1) restriction of the search space and (2)
obtaining the graph with the maximum local or global score [178]. Here, constraint-based approaches are
utilized to restrict the search space. Within this restricted search space, score-based algorithms subsequently
find the graph with highest local or global score. This form is often referred to as restrict/maximise hybrid
algorithms [104].

A more detailed explanation of most forms of hybrid approaches is as follows [178]. Considering a set of
random variables X, the first step consists of finding a set of candidate parents for node X; using conditional
independence tests. The next step, assuming that the number of elements in the set of candidate parents
is small with respect to the number of elements in the set of random variables X, is to obtain the network
structure in the reduced and more regular search space subjected to the constraint that the parents of random
variable X; should be in the set of candidate parents.

Discussion

Many Bayesian network structure learning approaches exist. An overview of the evolution of Bayesian Net-
work structure learning algorithms is presented in Figure 4.8. Among other things, the figure shows the class a
structure learning approach belongs to, whether it is approximate or exact and whether it is able to deal with
latent variables or not. Moreover, for hybrid algorithms, the figure also shows whether it is a restrict/maximise
approach in nature.

Scanagatta, Salmeron, and Stella [169] note that the standard approaches to structure learning require the
data-sets to be complete, as only a few methods are able to deal with incomplete data. Hence, it is quintessen-
tial to assess whether a data-set is complete before one aims to select a structure learning algorithm.

It should be noted that a structure learning algorithm for classical (and static) Bayesian Networks may not
applicable to every Bayesian Network form discussed in subsection 4.3.2. For example, in Dynamic Bayesian
Networks, a temporal dimension is added, which makes it rather complex to explore the structure [38]. Other
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algorithms, not present in Figure 4.8, may be able to deal with this in a better way. Most algorithms also as-
sume the random variables to be discrete, and are not able to directly deal with continuous variables [169].
Therefore, special attention is required in the selection of structure learning algorithms.

The main concern in constraint-based approaches is the implementation of experts’ knowledge into the sta-
tistical independence tests [71]. Moreover, constraint-based approaches are sensitive to failures in individual
independence tests, where one failure may have adverse effects on the construction of the graph structure
[106]. Score-based approaches are less sensitive as they consider the whole structure at once, and do not de-
pendent on individual independence tests. Here, score-based approaches are able to make a better trade-off
between the "cost" of adding an edge and the dependency between the variables [106]. However, score-based
approaches may not always be as efficient as constraint-based approaches.

Scutari, Graafland, and Gutiérrez [178] found that in the cases that they subjected the hybrid structure learn-
ing approaches to, the obtained results were not more accurate than constraint-based approaches. Moreover,
in simulated and real-world complex data, constraint-based algorithms show a lower accuracy with respect
to score-based algorithms while not offering computational efficiency benefits.

With the DAG, the set of parameters © that describe the strength of the dependencies between the variables
can be obtained using parameter learning algorithms. This procedure is elaborated on in subsection 4.3.4.

4.3.4. Parameter learning in Bayesian Networks

The aim of parameter learning is to obtain an estimate of the conditional probability tables. After all, these
tables describe the causal relationship among the variables. Here, we can distinguish two types of parameter
learning: (1) approaches that require the data-sets to be complete and (2) approaches that consider data-sets
to be incomplete. Here, a data-set is considered complete if for every observation n the observed value for
all random variables X; € X (i.e. nodes in the DAG) is available. In literature, various methods are proposed,
such as constraint-based parameter learning [197, 226, 53, 200], models based on expectation-maximization
[222, 209], a combination of the former two [112], a combination with other methods (e.g. [191] combines
expectation-maximization and genetic algorithm to converge to global instead of local optima) or new con-
cepts such as [201, 124].

One significant disadvantage of standard Bayesian Networks is the need for discretization of continuous data.
This means that all continuous variables, i.e. numerical values (e.g. number of PAX), need to be discretized
such that they can serve as an input for the Bayesian Networks. In term, this yields a loss in accuracy as
information is lost in the discretization process. Next to this, standard Bayesian Networks are also not able to
deal with subjective features. In the next section, Fuzzy Logic is discussed. Fuzzy Logic is able to deal with
subjective input features as it considers features to be part of multiple sets when no strict boundaries can be
set.

4.4. Fuzzy Logic Systems

Ordinary set theory considers elements to either be part of (1) or excluded from (0) set X. This means that
there is no partial truth, the elements cannot be part of both sets. In many real-life problems, it is not always
clear whether an element is part of set X or not, as no clear boundaries can be set [220, 7]. For example,
someone who's never seen an aircraft before might consider the first aircraft they see to be very large, while
another who’s travelling by plane on a daily basis reckons it is not that large and only medium in size. Here,
boundaries on which to classify the airliners based on size vary and can be rather vague. Computers are not
able to interpret this, as they operate on binary classification [7].

Fuzzy logic aims to mimic the way that humans analyse problems and make decisions based on vague and/or
subjective values, not relying on the absolute truth [177]. This allows fuzzy logic to deal with terms as very
old, old, young and very young [100]. In fuzzy logic, next to being fully part or excluded from set X, there also
exists a partial truth. Here, an element is attributed a value in the interval (0, 1), denoting that it is partially
part of a fuzzy set [220, 177, 100]. The extent to which an element x is part of a fuzzy set X is determined
by the membership function px (x). The mathematically possible outcomes of the membership function are
summarised in Equation 4.8 [25].
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1 if x is a full member of X
px(x) =< €l0,1] if xisa partial member of X, (4.8)
0 if x is not a member of X.

Fuzzy logic consists of the steps presented in Figure 4.9. The first step considers with fuzzification, the process

where a crisp input is converted into a fuzzy value using the membership functions [100, 177]. This is elab-

orated on in subsection 4.4.1. The second step considers with inference, to be discussed in subsection 4.4.2.

Next, the defuzzification process is elaborated on in subsection 4.4.3 and a discussion on fuzzy logic systems
Crisp

is presented in subsection 4.4.4.
output

Crisp Defuzzifier ——

input i
e Fuzzifier

i

— Infi
Fuzzy input nierence Fuzzy output

sets sets

Figure 4.9: Elements of a fuzzy logic system [100]

4.4.1. Fuzzy Membership Functions

Various membership functions can be distinguished, such as triangular, Gaussian, trapezoidal, Bell-shaped,
two-sided Gaussian and singleton functions [223]. Here, the triangular and trapezoidal membership func-
tions have the most straightforward arithmetic operations [7]. Some membership functions are explained
into greater detail below.

 Triangular membership function: the triangular membership function is described by three param-
eters. Namely: a and c¢ denote the left and right bound respectively, and b defines the location of
maximum height. Mathematically, it is formulated as follows [11, 223]:

Ux(x) :max{min(z:z,%)ﬁ}

* Trapezoidal membership function: the trapezoidal membership function is described by four param-
eters. The lower and upper bound are given by a and d, and the location of the corner points is given
by b and c given a < b < ¢ < d. This can be mathematically formulated as follows [223]:

ux(x) :max{min(u,l,u)ﬂ}
b—-a "d-c

Note that when b = ¢, the triangular membership function is obtained.

* Gaussian membership functions: the Gaussian membership functions, namely symmetric and two-
sided Gaussian, are based on the width of the curve o and distance from the origin c. In a two-sided
Gaussian membership function, the left-side curve is described by (o, ¢;) and the right-side curve by
(02, c2). Here, ¢ < ¢y such that the maximum value does not exceed one [223]. Moreover, the two-sided
Gaussian membership function takes the value of 1 in the interval [c, c2]. Mathematically, a Gaussian
membership function is formulated as follows:

—u—wj

Hx (x) = exp( 20_2

* Bell-shaped membership functions: have symmetrical shapes and are described by the parameters 4,
b and c which are the width of the curve, an often positive parameter and the center of the curve [223].
The mathematical expression is presented below.
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ux(x) =
L |
¢ Singleton membership functions: is a special membership function and comparable to the unit im-
pulse. The singleton membership function is one at x = ¢, and zero at the rest of the locations. This can
be formulated as follows [36, 98]:
1, ifx=c

ux(x) = {

0, otherwise

4.4.2. Fuzzy Inference

The second step, inference, aims to generate fuzzy decisions based on rules in the rule base and assigns the
values to the output vector [177]. The rules in the rule base are if-then rules and describe the quantitative
relationship between the variables in linguistic terms [98]. The rules are often based on experience, but can
in some cases be obtained from machine learning or empirical approaches [100]. A rule can be described by
its antecedent and its consequent [98]. A generic example is presented below. As the example shows, logical
operators (e.g. AND, OR and NOT) can also be added to the antecedent [100].

ifX;isaandX, is b then Y;isc
~ 4 ~——

Antecedent Consequent

Here, it holds that if the antecedent is true to some extent, then the consequence is true to that same extent
[98]. Moreover, it is possible to add more elements to the consequence. For example, one may opt to add
another output Y; is d to the example. If more consequents are added, they are all subjected to and affected
by the same antecedents [98].

4.4.3. Fuzzy Inference Systems

Three fuzzy inference systems can be distinguished, namely: (1) Mamdani-type systems, (2) Takagi-Sugeno-
type systems and (3) Tsukamoto-type systems. They all have in common that the antecedents follow the
same form, but the consequent element varies between the types and they vary in the way outputs come
about [36, 98]. The Tsukamoto-type system will not be considered in this literature study, as they are less
transparent than Mamdani- and Takagi-Sugeno-type systems [159]. In Mamdani-type systems, the output
membership function is expected to output a fuzzy set [98]. For every output variable, a fuzzy set is generated
which requires to be defuzzified in order to return a crisp value. In Takagi-Sugeno-type systems, the output
membership functions are linear or constant [98].

The last step, defuzzification, considers with the translation from the fuzzy output to a single crisp value [100].
There are many defuzzification methods. A few applicable to the Mamdani-type inference systems are (1)
Centre of Sums, (2) Center of Gravity, (3) Weighted Average Method and (4) maxima methods. Takagi-Sugeno-
type inference systems do not use output membership function, and therefore do not require defuzzification.
Results are obtained using weighted averages of the consequent [151].

4.4.4. Discussion on Fuzzy Systems

Fuzzy logic is a proper modelling tool to deal with qualitative terms, vagueness and expert knowledge [156].
Fuzzy logic systems in literature are often employed in control theory, e.g. for traffic junctions [152] or pH-
control of flowing waste water [33]. Yet the practical application of fuzzy logic systems to aircraft turnaround
problems is limited to only one academic paper: [7].

Mamdani inference systems have as an advantage that they are inherently capable of handling non-linear re-
lationships between the model in- and output [151]. Takagi-Sugeno-type systems have this same advantage
and do this via the interpolation of multiple linear systems [98]. However, Takagi-Sugeno inference systems
have less expressive power and interpretable rule consequents with respect to Mamdani inference systems
[151]. Therefore, they are less relevant in the context of this literature study. However, Kalogirou [98] and
Pandey, Kushwaha, and Kumar [151] do not comment on how interpretability is defined. It is assumed that
these authors relate the linguistic terms in the rule base to interpretability, which is rather simplistic reason-
ing [87]. Rule bases for accurate models may consist of many rules, limiting ones ability to fully understand
the model. Here, Hiillermeier [87] draws an analogy with decision trees, where small trees are interpretable
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while larger and more accurate trees lose interpretability due to the increase in number of nodes.

Differences in interpretability exist between fuzzy logic models where the rules are based on knowledge and
extracted from data. The models based on the former are rather small, often made up of only a few rules for-
mulated by an expert to formalize the relationship between variables of interest [87, 88]. Combined with the
expert knowledge that generated these rules, a fuzzy logic model based on manually defined rules is rather in-
terpretable. However, this comes at a high labour cost, even when a small number variables is considered. For
models where the rules are extracted from the data-set, interpretability is lost rather quickly as the rules are
computer generated which may influence its semantic interpretation [87]. When a lot of rules are generated,
this basically transforms the model to a look-up table [2]. This large set of rules decreases the interpretability
of the Fuzzy Logic model, and transform the system into a black-box (section 4.5).

4.5. Black-box Machine Learning Models

This section will elaborate on Artificial Neural Networks (ANN) and tree-ensemble machine learning algo-
rithms, both widely regarded in literature as black-box models. This is due to their inherent lack of trans-
parency, as the inner workings and decision making processes are not easily understood. However, at the
cost of interpretability, they offer higher predictive capabilities and are able to capture more complex un-
derlying systems. First, in subsection 4.5.1, Artificial Neural Networks (ANN)s are elaborated on. Second, in
subsection 4.5.2, tree-ensemble based machine learning algorithms are discussed.

4.5.1. Artificial Neural Networks (ANN)

Artificial Neural Networks (ANN) inspiration originates from the information processing mechanisms present
in biological nervous systems, especially from elements that consider with the information processing mech-
anisms in the human brain [17]. In particular, the nerve cells, called neurons [101]. ANNs, first introduced in
1943 in [127], aim to model the way human brain processes information [68]. While they are now at the core
of deep learning, this has not always been the case as the computational power of computers was low and
only small quantities of data were available.

Artificial Neural Networks consist of a set of interconnected nodes, which represent the neurons present in a
human brain. Each of these nodes learns a simple function, i.e. mapping the input to a single output. When
combining the nodes in the network, a more complex function can be described due to the emergence of
interactions between these simple nodes [101]. In ANNS, three types of layers can be distinguished. Namely,
(1) an input layer, (2) one or more hidden layers and (3) an output layer [204, 180]. A graphical representation
is presented in Figure 4.10.

Input Hidden Hidden Output
layer layer 1 layer 2 layer 3

Figure 4.10: Schematic representation of Artificial Neural Networks Figure 4.11: Schematic representation of the internal working prin-
(adapted from [101]) ciples of an artificial neuron [101]

In the input layer, the network takes in the set of variables X. The nodes in this layer do not process infor-
mation, but solely output the input they are fed [68]. From the first hidden layer onwards, information is
processed in artificial neurons according to the principle visualised in Figure 4.11. This process consists of
two stages. First, the inputs to the artificial neuron [x;, ..., x,;] are multiplied with a weight w; after which of-
ten a bias term is added, which is analogous for the firing threshold in a biological neuron [17]. Typically, this
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is represented by a bias neuron xy, who'’s corresponding weight wy is always 1 [68]. The result of the weighted
sum (the "z" value") is passed to the second stage, a non-linear activation function ¢ [17]. These functions
allow the ANNSs to capture non-linear and complex behavior of a system. Various activation functions exist.
For example, hyperbolic tangent functions, logistic functions, Rectified Linear Unit Functions (ReLU) and
sigmoid functions [68, 101, 70]. The result of the activation function is then passed along to the next layer in
the ANN. In this manner, the information traverses through the layers of the network until the output layer is

reached.

Hyperparameter Learning

ANNs allow for the use of different activation functions in different layers of the network, in order to max-
imise the accuracy of the model output. Within layers, generally activation functions of the same type are
used [101]. The activation functions are a design parameter, set by the user (i.e. hyperparameter) before
training commences. One can test various activation functions and evaluate their performance, or select the
most common in literature.

The number of hidden layers in ANNs define the depth of the network. While Figure 4.10 only shows two
hidden layers with four and three nodes respectively, the number of hidden layers in the network and nodes
in these layers are hyperparameters set by the user before training commences [204]. Other examples of hy-
perparameters in ANNs are batch size, strength of weight regularization, learning rate and dropout [129, 14].

The set of hyperparameters influences the performance of the model, and therefore requires special atten-
tion. Finding the optimum set of hyperparameters is still an active field of research [204]. Various methods
have already been proposed in literature, an example of which is grid search [14]. In grid search, for every
hyperparameter, a set of possible hyperparameter values is defined. Next, the performance of the ANN is
evaluated for every possible combinations of hyperparameters. The combination of hyperparameters that
yields the best model performance is selected. The simplicity of grid search makes it simple to implement
and parallelize. However, evaluating model performance for every combination of hyperparameters makes
grid search rather time-consuming and computationally expensive [183]. Next to this, grid search does not
perform well in practice [14].

In random search, hyperparameters are sampled from the same configuration space as defined by grid search
and then evaluated on performance [14]. This means that not all combinations of hyperparameters are eval-
uated, making the method less computationally expensive and time-consuming than grid search. Next to
this, the approach remains rather simplistic, easy to implement and parallelize. However, the method has
proven to be unreliable and is rather inefficient in finding the hyperparameter optimum [55, 13]. Fortunately,
in literature, other hyperparameter optimization algorithms are proposed which outperform grid and ran-
dom search, such as sequential hyper-parameter optimization algorithms [13], Bayesian optimization [67],
Hyperband [111] and BOHB: a combination of Bayesian optimization and Hyberband [52]. However, given
the main goals of the literature study, these are not elaborated on.

Model training

The aim of the training process is to adjust the internal weights, such that the error between the trained
model and the true system output is minimal [204]. The general procedure of training feedforward ANNs
in more simple terms is as follows [101, 82, 204, 144, 46, 68]. The training process commences with the
assignment of random values near zero to all internal weights. Next, the training set is presented to the model
and forwarded through the layers until a model output is obtained (forward pass). This estimate is then
compared to the true system output and the difference is quantified using a loss function C (e.g. squared
errors). The next step considers with computing the gradients of the loss function with respect to the weights
and biases layer by layer (backward pass), i.e. compute 6C/dw and 6C/db. These gradients are utilised to
update the weights and biases in the network, and point towards the direction of steepest increase in loss
function. Updating the weights can be, among other algorithms, done by the gradient descent algorithm.
The process (forward and backward pass, updating the weights) is repeated iteratively until the error reaches
a set minimum. Optionally, one may adjust the hyperparameters or implement procedures to improve the
model performance or to prevent overfitting (e.g. via regularisation) on the training data.
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Discussion

One of the main advantages of ANNSs is that they allow one to model highly non-linear and complex rela-
tionships between the input features, given that the depth (i.e. number of hidden layers and nodes) of the
model is sufficient. ANNs transform the input space through a cascade of non-linear transformations, which
allow the model to capture the non-linear and complex relationships between the variables [204, 28]. An in-
sufficient number of layers and/or nodes may yield unexpected and inaccurate results, as the model is not
able to capture non-linear behaviors (underfit) [82]. On the other hand, too many hidden layers increases
the capacity of the model, but decreases the generalization performance as the model overfits on the training
data [125, 70, 82]. Generally, ANNs have the tendency to overfit rather than underfit [101]. In literature various
methods (e.g. regularization and dropout) have been proposed which aim to mitigate this efficiently [70, 207].

In literature, a significant amount of attention has been devoted to ANNs in the last decade as ANNs have
demonstrated state-of-the-art performances across several fields of research and offer high processing speeds
[204, 17]. A share of the field’s attention is devoted to the development of more sophisticated training algo-
rithms, as training of the network is considered to be computationally costly [109]. These algorithms aim
to decrease the training time and the computational expense of training the network, as well as to improve
model performance and mitigate overfitting.

The transformation of the input space through a cascade of non-linear transformations together with the use
of activation functions significantly limit the interpretability of the model. In literature, the consensus is that
ANNSs are considered to be black-boxes, as they lack transparency and are difficult to trust [99, 68]. The latter
is strengthened by the fact that standard ANNs do not provide a measure of uncertainty of the model output
[32, 70]. An adaptation to standard ANN, Bayesian Neural Networks (BNN), are able to provide such measure
of uncertainty.

In standard ANNs, model weights and biases are considered constant and the model input random variables.
The model weights and biases in classical training are often obtained from Maximum A Posteriori (MAP) op-
timisation [18, 213]. In Bayesian Neural Networks (BNN), model weights and biases are treated as random
variables with prior distributions [70]. BNNs aim to learn a posterior probability distribution of the weights
and biases using Bayes theorem (Equation 4.4), given the set of training data [214, 70]. The main benefit of
this approach is that BNNs can evaluate the faithfulness and provide a measure of uncertainty of the models
output [28]. Here, BNNs are able to differentiate between epistemic (i.e. lack of knowledge) and aleatoric un-
certainty (i.e. due to the randomness of the observed events) [32, 125]. Standard ANNSs are not able to capture
this, as standard ANNs aim to find a constant set of weights and biases. One other major benefit is that BNNs
represent regularized versions of standard ANN, which makes them less prone for overfitting [206]. Next to
this, expert knowledge or prior information can be incorporated into BNNs [207, 125].

There are also limitations to BNNs, however. One of them being the scalability of the model, as BNNs can
be computationally demanding and require large computational power to compute the posterior [125, 70].
This is also why, in the early days of machine learning, BNNs were not readily adopted. However, since then,
advancements have been made to substantially increase the scalability of BNNs in literature [207, 125]. Next
to this, BNNs are not inherently transparent and therefore require post-hoc explanations from for example
Local Interpretable Model-agnostic Explanations (LIME) or SHapley Additive exPlanations (SHAP) [160, 120].

4.5.2. Tree-ensemble methods

Tree-ensemble methods are methods based on the aggregation of decision trees, which have already been
discussed in subsection 4.2.3. The aggregation of trees makes the model rather opaque and subsequently less
interpretable due to the loss of decision trees’ inherent transparency. Therefore, the tree-ensemble methods
discussed in this subsection are considered as black-box machine learning models.

Random Forests

Random forests utilize bagging, i.e. the act of generating multiple versions of a predictor and training them
on random sample subsets of the data-set, to obtain a set of independent decision trees that can operate as
an ensemble [22, 68]. Here, sampling is performed with replacement, i.e. a sample can occur more than once
as samples are considered to be independent. The main idea is to average a large number noisy but unbiased
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models to reduce the variance, yielding better generalization performance [9, 82, 23]. Every independent
decision tree generated in the bagging process is identically distributed, yielding that the expectation of any
tree is the same as the expectation of the set of trees. This also yields that the bias of an ensemble of trees
is the same as an individual decision tree from this ensemble [82]. It should be noted that the independent
decision trees trained on a subset of the data-set have a higher bias than one trained on the original data-set.
However, the aggregation of model results yields a lower bias and variance for the ensemble of trees. The net
result is that the ensemble of trees has a similar bias to a decision tree trained on the original data-set, but
with a lower variance [68].

The random forest algorithm obtains it classification results by means of voting. Here, the independent de-
cision trees will form a committee and cast a vote (i.e. class prediction). The class prediction with the most
votes from the independent decision tree yields the random forest model output [68]. In regression problems,
the average of the independent predictions from the set of generated decision trees yields the model output.

Adaptive Boosting (AdaBoost)

Adaptive Boosting (AdaBoost) was the first practical application of boosting (first proposed in [57]), where the
main idea is to obtain a highly accurate model by combining many base-learners (in this context: decision
trees) [33]. Boosting aims to build an ensemble of decision trees sequentially where the trees are connected
end-to-end. At each iteration, a new decision tree is trained that attempts to reduce the error in model out-
put of the whole ensemble [133, 68, 140]. A prediction is obtained by a weighted majority vote, of which the
weights are adjusted between iterations [82]. The AdaBoost algorithm is primarily designed for binary clas-
sification problems [170]. In literature, adaptations have been proposed to make the algorithm suitable for
multi-class and regression problems, such as AdaBoost.R(T) [186, 57].

eXtreme Gradient Boosting (XGBoost)

eXtreme Gradient Boosting (XGBoost) utilises gradient boosting, an adaption to boosting discussed previ-
ously. In gradient boosting, the aim is to maximise the correlation between the negative gradient of the loss
function of the whole ensemble and the base learner (e.g. decision trees) [140]. This gradient allows the
algorithm to focus on increasing its performance more efficiently, as it points towards the region in which
more model performance can be obtained. At every iteration i, a new base learner f; is trained which aims
to predict the error of the current ensemble (pseudo response) [46]. Next, this trained base learner f; is first
multiplied by a shrinkage factor v and subsequently added to the ensemble F; such that the error of the en-
semble is decreased [62].

At XGBoosts foundation lays Equation 4.9 [33]. Here, [ is a differentiable convex loss function with a sum of
two terms as input. The first aims to quantify the difference between the true state y; and prediction about y;
at the latest full iteration j — 1, and the second term adds to this f;, the contribution of the trained tree struc-
ture at iteration j (i.e. the corrective term) given setx;. Q(f;) is a regularisation term, which aims to penalise
the complexity of function f; as to promote the use of simple functions. The first term in the regularisation
term, y T, penalises the number of leaves T [133]. The second, L w? penalises the attribution of extreme
weights. The terms y and 1 are hyperparameters, set by the user [133].

L& . 1
U = Y l(y,-,f/;] b + fj (x,-)) +Q(fj), whereQ(fj)=yT+ 5/1” wl? (4.9)
i=1

The regularized objective presented in Equation 4.9 has the goal to mitigate model overfitting [33]. Next to
this, in XGBoost, contains more measures to improve its generalisation performance. The shrinkage factor,
analogous to the learning rate in ANNs, reduces the influence of individual base learners which in term leaves
room to subsequent trees to further decrease the model error [33]. One could also implement column fea-
ture subsampling in order to mitigate overfitting. However, this is currently not supported by open-source
packages [33].

Discussion

Tree-ensembles have several advantages over their individual counterparts. For example, tree-ensembles
overcome the poor performance of individual decision trees and add better robustness and generalisation
properties to the model [82, 8]. However, as already touched upon in the introduction of this section, the
aggregation of trees makes the model rather opaque and less transparent. Consequently, this makes it more
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difficult to understand model behaviour [44]. The workings of some models can be better explained than oth-
ers. For example, the workings of tree-ensembles based on bagging are more easily understood than those
based on gradient boosting, as gradient boosting is more complex. Next to this, XGBoost provides a gen-
eralised gradient boosting implementation, as in its fundamentals use is made of regularised loss function
which takes into account the complexity of the base-learners. This makes understanding the inner workings
of the model rather cumbersome. This inherent loss of transparency forces users to use post-hoc explanation
techniques in order to get an estimate of the working principles [44, 8].

When comparing the tree-ensembles discussed in this section and other tree-ensembles available in liter-
ature, XGBoost has some key advantages. Namely, XGBoost is significantly more computationally efficient,
has a better scalability (most importantly: ability to parallelize model training), is able to efficiently deal with
missing values in a data-set, shows state-of-the-art results when subjected to a wide range of problems and
shows competitive performance with respect to Artificial Neural Networks (ANN) [33]. However, this model
performance is only achieved given a set of optimised hyperparameters. Various methods exist in literature
for hyperparameter optimisation for tree-ensembles, some of which are also applicable to ANNs such as grid
search or Bayesian optimisation. When only considering grid search, random search and Bayesian optimisa-
tion, with the latter a more optimal set of hyperparameters is obtained [155].

A model is only when it properly captures the complex system which it aims to model. To determine whether
the model captures the system at hand to a sufficient extent, validation is performed. Validation and its
associated performance metrics are discussed in the next section, section 4.6.

4.6. Model validation

Assessing the performance of a machine learning model is of paramount importance to determine the useful-
ness in the domain of application as, after all, the goal is to construct and train a machine learning model such
that captures the behavior of a system and is able to make accurate predictions (i.e. within some specified
tolerance) in the domain of application [221, 211]. One of the key aspects in evaluating model performance
is assessing the generalization, i.e. how well it performs on input data which the machine learning model has
not seen before. Quantifying model performance using performance metrics aids in determining the relative
performance of the model with respect to the complex system of which it aims to capture the behavior.

This section is structured as follows. First, in subsection 4.6.1, K-cross validation will be elaborated on. Sec-
ond and third, subsection 4.6.2 and subsection 4.6.3 will discuss the performance metrics applicable to clas-
sification and regression problems respectively. Next to this, sensitivity analysis can also be part of the model
validation process [102]. This will however not be discussed in this section, but be elaborated on in sec-
tion 5.1.

4.6.1. K-Cross validation

When sufficient data is available one may opt to allocate 70-80% of the training data towards the training of
the machine learning model, and the other 20-30% towards validating the model. When data is scarce, or
when one aims to prevent overfitting and desires to estimate its generalisation abilities, one can make use of
K-cross validation [15]. Here, it should be noted that K-cross validation does not guarantee equal or higher
model performance, as the authors of [68] demonstrate. In K-cross validation the available data is split into
K roughly equal-sized chunks (folds), typically ranging from 5 to 10 folds [82]. Then, for K iterations, the
machine learning model is trained on K —1 data chunks, where the performance metrics are evaluated on the
remaining chunk of data (the test set). In every iteration, a different test set is used and hence every iteration
is the model is trained on a slightly different data-set. Aggregating the results yields an overall assessment of
the machine learning models performance [82]. Next to the fact that it may not guarantee equal or higher
performance, K-cross validation is also computationally expensive as it requires retraining the model several
times [68].

4.6.2. Performance metrics for classification models

From classification models, a non-continues response is obtained with little intrinsic meaning [108]. For
example, binary classification models yield 0 and 1, indicating whether the target variable is part of a specific
class or not. After the evaluation of a classification model, one might have an interest in the number of
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correctly classified samples (True Positive (TP) and True Negative (TN)) and the number of wrongly classified
samples (False Positive (FP) and False Negative (FN)). With these results, one can evaluate the accuracy of the
model, i.e. the overall portion of correctly classified samples [204]. This can be computed with Equation 4.10
and is the total number of correctly classified samples divided by the total number of samples.

Acc 1PN (4.10)
uraCly = —m™™m™m™™m™ .
Y = TP+ TN+FP+FN

The error rate can subsequently be computed by subtracting the accuracy from 1. However, these metrics are
highly sensitive to changes in data and are also can also yield deceiving results [84]. For example (from [84]),
considering a set of 100 samples of which 5 are of type 0 and 95 of type 1. Naively classifying every sample as
type 1 (i.e. TP =95, FP =5 and TN = FN = 0) yields an accuracy of 95%. However, in this case, 0 cases of type 0
are correctly classified, yet still an accuracy of 95% is obtained. Next to this, accuracy shows inconsistencies
in performance representations as it is sensitive to data distributions [84].

Precision refers to the total number correctly classified positive samples, divided by the total number of sam-
ples classified positive. This is mathematically formulated in Equation 4.11 [154, 84].

TP
TP+FP
Recall (or: specificity) defines the share of positively classified samples divided by total number of positive
samples, and can be computed with Equation 4.12 [108, 154]. Precision and recall share an inverse relation-
ship, where only precision is sensitive to data distributions [34].

Precision =

(4.11)

TP
Recall= —— (4.12)
TP+FN

Precision and recall serve as an input for the F-measure, or alternatively F;, which is a measure of the effec-
tiveness of classification given a weighted ratio of recall and precision. This ratio is set by the user, via the
B term in Equation 4.13, yielding more insights into the functionality of the classifier [84]. The interval of
possible F; scores ranges from [0, 1], where a score of 1 is attributed to models which correctly classify all
samples. However, the F; score is less interpretable than the performance metrics discussed previously, as a
value between one and zero does not have a clear description [108].

P At B?) - Precision - Recall
~ Precision + 82 - Recall

(4.13)

4.6.3. Performance metrics for regression models

Arguably one of the most famous performance metrics is the coefficient of determination R?, a "goodness-
of-fit" metric, mathematically formulated in Equation 4.14 [34, 29, 110]. The coefficient of determination
describes the proportion of the variance in the target variable, given a set of input variables [34, 166]. The
interval of possible R? values ranges from —oo to 1. A negative value of R? is obtained when the regression
model does not follow the trend of the data, or in other words, a horizontal line is a better fit. A value near 1
is obtained when the model shows an almost perfect relationship with the data [168].

A 2
") = fxn)
- = 2
7 () = fx)
However, R? has several limitations. For example, R%is inherently biased, is insufficient as a performance
metric and is misleading [110]. Next to this, the applicability to non-linear problems is up to debate (e.g. con-

flicting views in [34] and [166]) and considered as an incorrect measure of predictive accuracy [166]. More-
over, the coefficient of determination is not capable of adequately dealing with outliers [34].

R’=1

(4.14)

Mean Squared Error (MSE) measures the average squared distance between the model output and the true
value from the data-set. Therefore, MSE is able adequately deal with outliers, as it attributes high weights
to such predictions [34]. Possible MSE values are in the interval [0,00], where higher values are attributed
to models that show large discrepancies between the model output and true values from the data-set. An
advantage of MSE is the fact that its units are expressed in the squared units of the target variable [208].
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m
MSE=— Y (F (i) - f (x))’ (4.15)

mi=1
Root Mean Squared Error (RMSE) is the square root of the Mean Squared Error, of which its mathematical
representation is shown in Equation 4.16 [34]. Therefore, the units are expressed in the units of the target
variable. However, MSE (and consequently RMSE) suffer from shortcomings and weak performance [208].
Next to this, RMSE was found to be unreliable [5]. Although, this has been disputed in [30]. While able to
adequately deal with outliers, this also represents one of its weaknesses as the metric might be skewed due to

only a handful of outliers [34].

1o
RMSE = ¢E S (f e - f ) (4.16)
i=1

The Mean Absolute Error (MAE) performance metric, presented in Equation 4.17, attributes the same weight
to all differences between the model output and true value from the data-set [30]. This makes MAE less prone
to be skewed by outliers with respect to MSE [34]. However, as discussed in the preceding paragraphs, this
can also be considered a disadvantage. Next to this, as is the case for RMSE, MAEs units are expressed in the
units of the target variable, which makes the metric more natural to understand.

1 m )
MAE=— 3} |f(x;) - f (x:)] 4.17)
mi3

The Mean Absolute Percentage Error (MAPE), Equation 4.18, is also less sensitive to outliers than MSE. It
provides an intuitive interpretation in terms of the relative error and it has been argued that MAPE is suitable
for forecasting applications when large quantities of data are available [40]. However, MAPE is biased towards
low forecasts due to the nature of its denominator (i.e. when f (x;) — 0, MAPE — oo). This makes them
unsuitable for evaluating model performance when large discrepancies are to be expected [34].

Ly
MAPE = —
mizy

f ) = f ()
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Summarising, all performance metrics discussed in this section have their advantages and disadvantages. It

is therefore not surprising that no consensus has been reached on a single, unified performance metric to
evaluate machine learning models [34].

(4.18)







Model-Agnostic Explainability Frameworks
for Machine Learning

In recent years, machine learning models have evolved and shown the ability to capture more complex un-
derlying systems. However, this comes at the cost of a loss in interpretability, limiting a users ability to un-
derstand the inner workings and/or decision process of the machine learning model. Consequently, this
reduces a users trust in the model, as one does not understand how the predictions came about. Post-hoc
explainability frameworks aim to provide insights into the inner workings or the importance of features in a
prediction, and aim to restore a users trust into the predictions made by a black-box machine learning model.
This chapter will elaborate on model-agnostic post-hoc explanatory frameworks (with the exception of de-
compositional methods in section 5.3). Model-agnostic frameworks consider the machine learning model to
be a black-box, and are therefore applicable to all models considered in chapter 4.

This chapter is structured as follows. First, in section 5.1, local and global sensitivity analysis are discussed.
Second, Permutation Feature Importance (PFI) is elaborated on in section 5.2. Third, section 5.3 delves into
rule-based extraction frameworks. Fourth and fifth, Local Interpretable Model-agnostic Explanations (LIME)
and SHapley Additive exPlanations (SHAP) are elaborated on in section 5.4 and section 5.5 respectively.

5.1. Sensitivity Analysis (SA)

Sensitivity Analysis (SA) is a method aimed to measure the change in the model output based on a change
in input variable(s), providing information on the inner workings of a black-box model [187, 202]. Local and
global sensitivity measures exist. Local sensitivity analyses have the aim of providing insights into the be-
havior of the black-box model around prediction point X. Global sensitivity analysis analyzes the black-box
function response to a change in the entire input space [202, 187].

5.1.1. Local sensitivity analysis

The most simple version of the sensitivity analysis is the one-at-a-time (or nominal range) method and is the
most popular in top journals [21, 54]. The main idea of the one-at-a-time method is that given black-box
model input space [x1, X2, ..., X;] one analyses the model output to a change in one input variable while the
other input variables are kept constant [58]. The mathematical formulation is presented in Equation 5.1 [21].

Aif:f(xi“'AxirX?,i)_f(Xgi) (5.1)

Here, f denotes the black-box model, x° the base case (i.e. the input feature values of [x1, X2, ..., X;] at X),
x; +Ax; a change to input feature value x; by A;, xgi the input vector without x; and A; f the change in black-
box model response due to the change Ax; in input feature value x;.

From Equation 5.1 the sensitivity of the black-box model to a change in input variable x; is obtained. There-
fore, this process has to be repeated for all variables x; in the input vector in order to obtain the sensitivity of
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all variables at the considered prediction point X [21, 165]. Note that the extent of the change Ax; along the
input variables should be consistent (e.g. 10% of the base case value, one standard deviation [21, 80]) in order
to compare their effects on the model output.

The effects of a change in variables [x1, X2, ..., X;] can be visualised using a Tornado diagram, of which an ex-
ample is presented in Figure 5.1. The figure shows the change in black-box model output when subjected to
a positive and negative change in input feature x;. In the Tornado diagram, the input feature changes which
yield the highest change in black-box model output are located at the top of the diagram.

Tornado Diagram

-400  -300  -200  -100 0 100 200 300 400

Figure 5.1: Example Tornado diagram [21]

Both the Tornado diagram and the one-at-a-time approach do not take into account interactions between
features [21]. Moreover, the results are most valid when the sensitivity analysis is done on a linear model
[58]. Next to this, the one-at-a-time method is inefficient when the input vector is large and only a few inputs
are influential [165]. This makes the one-at-a-time technique less attractive as a model-agnostic analysis
technique as feature interactions and highly non-linear systems are considered in this literature study. Frey
and Patil [58] note that conditional sensitivity analysis may be an alternative to the one-at-a-time approach
as it accounts for correlation between inputs or non-linear interactions in the model response. However, this
method has its limitations and computationally expensive when a relatively large input vector is considered
[58]. Next to this, it still does not account for interactions between features. A global sensitivity analysis,
subsection 5.1.2, is able to capture these interactions.

5.1.2. Global sensitivity analysis

A global sensitivity analysis takes into account the interactions between the feature inputs as it considers a
change in the entire input space, yielding more insights into the relevancy of features in the model. [58].
Here, scatterplots provide a simple and visual impression of the relative importance of features [165]. How-
ever, visual inspection of the scatterplots may be rather cumbersome, especially when a significant number
of input features is considered [21]. Next to this, Iooss and Lemaitre [92] note that scatterplots do not capture
all interaction effects between the model inputs. This does not render scatterplots useless, as scatterplots
may serve as an initial step in a broader sensitivity analysis [105].

More sophisticated and quantative approaches are offered by Sobol’s indices. Sobol’s indices are based on
the variance of input features on the model output, and aims to quantify the variance contribution of an
individual input variable on the variance of the model output [198, 21]. Sobol’s indices can be represented by
a sum of elementary functions and is mathematically formulated in Equation 5.2 [92, 185].
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d d
F@=fo+d fitx)+ ) fij(xi, %))+ + fi,..alx1, X2, ..., Xa) (5.2)
i=1

i<j
Here, it is assumed that the inputs are independent [21]. Therefore, the variance can be decoupled and by
substituting Y = f(x) the variance of Y is obtained, presented in Equation 5.3 [165],

d d
Var(Y)=) 2;(Y)+ Y 2ij(Y)+---+D;j. q(Y) (5.3)

i=1 i<j

where & is given by Equation 5.4 [92].

9;(Y)=Var[E[Y | x;]]
2 (Y)=Var[(E|x;,xj)] - 2: (V) -2, (Y) (5.4)
Dij.a¥)=...

Next, the Sobol’ indices can be obtained from Equation 5.5 [92]. Here, the first order Sobol’ indices represent
the individual contributions of input features on the output variance [165]. In similar fashion, second and
higher order Sobol’ indices represent the share of the output variance due to the interactions between input
features [198, 165].

2,Y) 2ijY)
i=——, Sij= , (5.5)
Var (Y) Var (Y)
Naturally, the first and higher order Sobol’ indices sum up to one, as presented in Equation 5.6 [165].
n d d d d d
Si+ Y. D Sij+2 Y Y Sijk+-+Sijk.a=1 (5.6)
i=1 i=1j>i i=1j>ik>j

The total contribution of x;, including all interaction effects, can be computed by summing the terms in
which x; is considered. When considering the three factor (i.e. dimensions) model example from Saltelli et
al. [165], the total variance contribution of variable 1 to the total output variance (i.e. the direct contribution
and the contribution of higher order interactions) can be computed with Equation 5.7. The total contribution
of all variables can be computed with St = Z;.izl St;, for which holds that S7 =1 [21].

Stp= S1 +S12+ 813+ Sz (5.7)
~—~— —_——— ~—~—
1order 2" order 3™ order

The total number of indices grows exponentially with the number of dimension, by 241 [21]. The calculation
Sobol’ indices requires therefore many model evaluations. As a result, Sobol’s method is fairly computation-
ally expensive. In case model evaluation is too costly, more global sensitivity analysis methods are available
in literature such as Extended Fourier Amplitude Sensitivity Test (FAST) which are less computationally ex-
pensive [58].

5.2. Permutation Feature Importance (PFI)

Permutation Feature Importance (PFI) aims to evaluate the importance of features in a machine learning
model, by measuring the increase in model error after a feature’s values in the validation set have been per-
muted [23]. This breaks the relationship between the feature and the target variable [135]. If shuffling of a
feature’s values yields a higher model error, then this feature contributed to the model prediction. When shuf-
fling of a feature’s values does not yield a higher model error, then the model ignores this feature, indicating
that this feature does not contribute to the prediction made by the model. When all features have been per-
muted and evaluated, comparing the increases in model error due to the permutation of the feature’s values
yields the relative importance of a feature in the model.

PFI relates to local Sensitivity Analysis (SA), discussed in section 5.1. However, there are some key differences
between the two. For example, permutation feature importance randomly shuffles the values of a particu-
lar feature, while in a sensitivity analysis changes are made to the input variables. This means that, in PFI,
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a permuted feature’s values will not be outside the numerical domain the model has already seen in model
training. This is not necessarily the case in sensitivity analyses. Next to this, PFI and SA do not have the same
goal. PFI aims to rank the features on their importance in the predictions, while SA aims to determine the
sensitivity to a disturbance in input variables.

PFI offers one the ability to obtain an importance ranking of features in a trained model in a rather simplis-
tic computationally inexpensive manner, providing insights into the features that drive a model’s behavior.
In the process, PFI takes into account the interaction and main feature effects, since shuffling of a feature’s
values destroys the relationship between the specific feature and other features in the model [135]. This can
be considered as an advantage but also as a disadvantage, since an increase in model error does not solely
capture the effect of a feature, but also the interaction effects between the specific feature and the rest of the
features. The importance of a specific feature can therefore be overestimated [135]. Next to this, correlated
features may yield a misleading feature ranking. In the case of correlated features, a correlated feature’s im-
portance is split between the set of correlated features [135]. This decreases the relative importance of the
features in the set of correlated features with respect other features in the model, which in term may lead to
misleading conclusions.

5.3. Rule-extraction

Rule-extraction, a post-hoc explanatory framework, aims to obtain a set of rules from more complex machine
learning models and are able to provide very interpretable rules for complex models. Therefore, they serve as
a simpler proxy to understanding the model [116, 8]. These rules aim to approximate the internal reasoning,
i.e. the relationships between the input features and target variable(s), of machine learning models [167]. In
term, these relationships provide insights into the behavior of the model. In literature, rule extraction algo-
rithms can be divided into two main approaches: (1) decompositional and (2) pedagogical [3, 77]. The former
approach considers the model as a black-box, and obtains a set of rules that describe the global behavior of
the model. This approach is therefore model-agnostic. The latter is model specific, as the approach analyses
the individual components of the model (e.g. activity of hidden nodes [116]) to obtain a set of rules from the
model [27].

Given the sheer number of rule-extraction algorithms available in literature (small overview presented in
[76]), the two approaches are only discussed in very broad lines. In pedagogical approaches, rules are ob-
tained from the model with a rule-based surrogate model [77]. The surrogate model aims to mimic the black-
box model locally, requiring the surrogate model to be a good fit of the black-box model locally (i.e. show
high fidelity) [116, 97]. As surrogate model, any machine learning model can be employed that is ante-hoc
interpretable [97]. Here, note that this does not entail that every model provides the same explanations. Ped-
agogical approaches are most common in literature [91]. However, they suffer from some limitations. For
example, there are no guarantees that the surrogate model will be faithful to the black-box model. In con-
trast, decompositional methods show perfect faithfulness to the model [97]. However, also decompositional
algorithms show limitations. For example, the scalability and comprehensibility of decompositional methods
is limited [97].

5.4. Local Interpretable Model-agnostic Explanations (LIME)

Local Interpretable Model-agnostic Explanations (LIME) aims to provide insights into the reasoning behind
individual black-box predictions [160]. LIME trains a transparent and interpretable model locally by tweaking
the feature values and observing the result of these changes on the model output [89, 161]. The behavior of
the surrogate model around prediction X should be locally faithful to how the black-box model behaves in the
vicinity of prediction X [160]. This means that LIME does not provide global explanations, but only in smaller
regions of interest in close proximity of prediction X. Ribeiro, Singh, and Guestrin [160] note that local fidelity
does not imply global fidelity, and that features that are important globally may be of less importance locally
and vice versa.

The mathematical formulation of the model is as follows [160, 161, 135]. Consider a set of interpretable mod-
els g € G (e.g. linear models or decision trees), where a model can provide explanation using visual or textual
artifacts. As the interpretability of the models g € G varies, the creators of LIME let Q0(g) be the measure of
complexity of the model. In case of decision trees, this may be the depth of the tree, while for linear models
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the number of non-zero weights can be considered [160]. Moreover, LIME considers 7, as a proximity mea-
sure between prediction X obtained from black-box model f ([R%d — R) and an instance z. The unfaithfulness
of g in approximating f in the local region bounded by 7, is defined as & ( f.gm x)- The goal of LIME is to
minimize the measure of unfaithfulness in approximating the black-box function f (i.e. &£ (f,8 7x)), and the
measure of complexity, A(g), to ensure local fidelity and interpretability. This is mathematically formulated
in Equation 5.8 [160, 161, 135]. Here, ¢(X) is the explanation obtained by LIME.

&(%) = argmin &£ (f, g 7y)+Q(g) (5.8)
geG
Before the fidelity . (or loss function) can be estimated, first a set of perturbed samples (x’' € X’) around % is
to be generated, the black-box model f be evaluated and the perturbed samples to be weighted according to
proximity measure 7, [161, 182]. These serve as an input for the loss function, mathematically presented in
Equation 5.9 [160]. Here x’ denotes a perturbed sample, an element of the set of perturbed samples X'.

N A 2
2(fem)= 2 [F(x)-g()] m(x) (5.9)
x'eX’
Weighting of the proximity measure follows from Equation 5.10 [182]. Here, D denotes some distance func-
tion (e.g. cosine distance, Euclidean norm) with width .

7y =exp(—D(x,2)?/0?) (5.10)

As the first term of Equation 5.8 can now be computed, this leaves the complexity Q(g) of the surrogate model
to be computed in order to obtain explanation ¢(%). In practice, the complexity Q(g) is set by the user, for ex-
ample by selecting the maximum number of nodes in a decision tree or the maximum number of features in
a linear regression model [135].

An example explanation from LIME is presented in Figure 5.2 [160]. Here, the black-box function f is visu-
alised by the blue and pink background and the prediction X is represented by the bold red cross. The other,
smaller crosses represent the generated perturbed samples. The size of the cross expresses its measure of
proximity to prediction X. The figure shows that the learned explanation, represented by the dashed line, is
locally faithful to the black-box model f.
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Figure 5.2: Example explanation LIME [160]

One of the main advantages of LIME is the flexibility that it offers [135]. With LIME, one can easily change the
underlying machine learning model as LIME considers the trained machine learning models as black-boxes.
Therefore, LIME is independent of the selected machine-learning model. Moreover, LIME gives one the abil-
ity to use a more interpretable machine learning model as local surrogate model, without using this model for
the predictions. Next to this, LIME works for tabular data, text and images. However, arguably most impor-
tant, is that LIME is able to provide a first estimate of the fidelity measure (i.e. how well the surrogate model
approximates the black-box function at the considered point of interest %) from fidelity function £ [135, 160].

LIME also has its disadvantages. In its current form, data points are sampled from a Gaussian distribution,
ignoring the correlation between features [135]. This also entails that some sampled data points may be a
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combination of infeasible feature values, on which the surrogate model is trained. Next to this, in the end, the
user is responsible for the compromise between the complexity of the surrogate model and interpretability.
Moreover, it is possible that LIME does not always provide the same explanations as the perturbed samples
on which the surrogate model is trained vary in every sampling process [135]. This may lower one’s trust in
the explanations provided by LIME.

Next, SHAP is discussed in section 5.5. SHAP is also an additive feature attribution method, and its explana-
tions are build on a common foundation such that its explanations are consistent, a feature that LIME lacks.

5.5. SHapley Additive exPlanations (SHAP)

SHapley Additive exPlanations (SHAP) mathematical foundations are based on coalitional game theory [9].
To be more specific, on Shapley values. In cooperative game theory, Shapley values describe the marginal
contribution of every player in the game towards the end result. In the context of this literature study, features
are considered as players and the model output is considered as the payout. Therefore, the Shapley value of
a certain feature X is its average marginal contribution across all possible coalitions of features [135]. The
mathematical formulation to calculate Shapley values is presented in Equation 5.11.

2]t (M - || - 1)t
M!

oi(fR)=Y [£x(2) - fi (2\i)] (5.11)

ZeX’
Here, ¢; denotes the Shapley value of feature i at prediction point X and M the total number of features. To
calculate the Shapley value for feature i, one iterates over all possible subsets z’ (i.e. coalitions, all permuta-
tions of the input features) as to account for the interaction between feature values [41]. It should be noted
that in almost all subsets z’' € X’ one or more input features of the black-box model is excluded. Consider-
ing feature i, the black-box model is evaluated with (f (2)) and without feature i (f (2/\i)) in subset 2. The
difference between the black-box model outputs yields the contribution of feature i towards the payout in
subset z'. Next, this result is weighted with the number of features in the subset (fraction in Equation 5.11).
Here, the contribution of feature i is attributed a higher weight in case many features are already included.
On the other hand, small correlations are also attributed higher weights, as to isolate the effect of the features
on the model output [41].

In the process of calculating the Shapley values, the input vector of the black-box model remains constant.
When a subset z’ with less elements than the input vector is considered, the missing elements are replaced by
random values from the features in the trained data-set as to sample out the relevancy of these features [41].

In essence, both LIME and SHAP are additive feature attribution methods [120]. Shapley values satisfy three
properties: (1) local accuracy, (2) missingness and (3) consistency. Whether these properties are satisfied by
LIME, depends on the loss function £, proximity measure 7, and complexity measure Q [120]. LIME obtains
the parameters for these functions heuristically [160]. In term, this violates the local accuracy and consistency
properties, which, when subjected to certain circumstances, might lead to unintuitive behavior [120].

In Kernel-SHAP, LIME equations 5.9 and 5.10 are adapted such that they satisfy the local accuracy and consis-
tency properties. In Equation 5.12 and Equation 5.13 respectively, the loss function and proximity measure
equations that satisfy the Shapley value properties are presented. Here, |z’| denotes the number of non-zero
elements in z’ and it is assumed that g (2') follows a linear form. Moreover, complexity Q(g) is set to zero,
eliminating the term from Equation 5.8. Therefore, Shapley values can be obtained from a weighted linear
regression in a model-agnostic manner [120].

2

2(fgna)= Y [F(h'(2)-g(2)) e (2) (5.12)

zZ'eZ

B (M-1
" (M choose |Z']) |Z'| (M = |Z'])

my (2') (5.13)
Shapley values, as part of cooperative game theory, have a strong theoretical foundation [135]. Moreover,
SHAP explanations are consistent [184]. This is an advantage with respect to LIME, where local explanations
may be inconsistent as they lack a common foundation [135]. This consistency property has as an added
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benefit that one can make up global explanations from local explanations [41]. One obtains a global expla-
nation by averaging the Shapley values for all instances in the data-set used to train the black-box model
[187]. Here, SHAP not only provides the relative importance, but also the direction of change on the model
output (i.e. target variable(s)). This cannot be done with LIME, as it is solely a local explanation method [160].

However, SHAP also has its disadvantages. Kernel-SHAP, the model-agnostic version of SHAP, is computation-
ally expensive when Shapley values for many instances are computed [9, 135, 139, 187]. This makes Kernel-
SHAP less attractive. However, a more computationally efficient SHAP framework exists for tree-ensemble
methods, TreeSHAP [217]. Moreover, SHAP assumes features to be independent [9]. In the context of this
literature study;, it is highly likely that this assumption is violated leading to more weight being attributed
towards data-points that are unlikely [135]. The extent of violation of this assumption is unclear, however.






Research Proposal

This chapter elaborates on the research proposal, following the work presented in this literature study. First,
the research objective is presented in section 6.1. Second, the set of research questions that together aim to
build the knowledge to achieve the research objective is presented in section 6.2.

6.1. Research Objective

A research objective sets the goal of a study, and subsequently defines the purpose of a research project.
The analysis of the state-of-the-art in flight departure delays in section 3.1 shows that, in the last decade,
researchers in the field have devoted little attention to obtain insights into the underlying processes of an
aircraft turnaround when predicting flight departure delays. Instead, they have opted for machine learn-
ing models with limited interpretability. In term, this yields higher model accuracy. However, these models
are not able to describe their decision making process, nor the relationships between the input variables.
This limits one’s trust in a model, and subsequently does not allow one to identify bottlenecks in an aircraft
turnaround and discover the causalities between factors and processes. Next to this, none of the researchers
in the field have proposed a model that is able to evaluate the scheduled ground handling end time' adher-
ence at intervals in an aircraft turnaround, in an interpretable and/or explainable manner. This is, as noted
in section 3.2, presumably due to the lack of data available to the researchers in the field. After all, developing
such model requires data from sources such as camera’s in combination with advanced computer vision and
manual inputs on turnaround events, leaving this area of research relatively uncovered. This research aims to
traverse these uncovered grounds, and its associated research objective is presented below. The next subsec-
tion, section 6.2, breaks down the research objective into specific questions which relate to how the objective
can be achieved.

Research Objective

To develop and evaluate an interpretable and/or explainable machine learning model to predict sched-
uled ground handling end time adherence at intervals at Amsterdam Airport Schiphol

6.2. Research Questions

Research questions aim to keep the research focused, by breaking down the research objective into specific
questions related to how the research objective can be achieved. Together, the research objective and re-
search questions help to define the explicit contribution and relevance of a research to the field. The research
questions associated with this research are presented below this paragraph.

(i) What key factors have a significant influence on a timely execution of the aircraft ground handling
processes for flights departing from Amsterdam Airport Schiphol (AAS)?

(a) What underlying processes and factors influence the ground handling duration at AAS?

1 Available ground handling time is defined as follows. For on-time inbound flights: Scheduled In-Block Time (SIBT)-scheduled TOBT.
Delayed inbounds: Minimum Turnaround Time (MTT).
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(b) How do external factors, e.g. weather, airport infrastructure and belated arrival of aircraft, interact
with the underlying processes and factors under (a)?

(c) What is the relationship between the various ground handling processes and/or factors considered
under (a) at AAS?

(i) How can the scheduled end of ground handling time adherence be predicted using interpretable
and/or explainable machine learning?

(a) How can historical data, obtained from e.g. A-CDM and Deep Turnaround, be utilised in model
development?

(b) How can the various factors and variables, e.g. time-of-day, ground handler performance, aircraft
type and airline business model, be incorporated into the model?

(c) How can the causalities between the variables be modelled?

(d) To what extent can the various processes and factors influencing the aircraft ground handling pro-
cess duration at AAS be integrated in the model?

(iii) How well does the model reflect the aircraft ground handling performance at AAS?

(a) What metrics and performance indicators are available and appropriate to assess the performance
of the model?

(b) To what extent do the model assumptions influence the performance of the model?

(c) What differences in ground handling performance can be observed between the model and ground
handling operations at AAS?

(d) How well is the model able to capture the underlying processes and factors of the system?
(iv) How can the model contribute to increasing the efficiency in the aviation network?
(a) What operational partners benefit from the models insights?

(b) How can the models predictions and insights be utilised by the operational partners during the
aircraft ground handling process of a flight?

(c) How can insights provided by the model be leveraged to identify bottlenecks in the turnaround pro-
cess?

(d) How can the model contribute to the predictability of flights in the aviation network?

(v) How well does the model provide insights into the underlying processes and/or factors that drive the
untimeliness of ground handling at AAS?

(a) How well can the inner workings and/or decision process of the model be understood?

(b) How well can the model provide explanations on the output of the model?



Conclusion

The aim of this report is to obtain a critical summary of existing knowledge and research in the field of predict-
ing flight departure delays. Various literature research questions were defined to help build this knowledge
and critical summary. The first question aims to identify relevant ground operation processes and/or factors
affecting the on-time-performance of flights. The next question dealt with the analysis of the state-of-the-art
in academic research in predicting flight delays. Subsequently, research gaps were identified. The last litera-
ture research question aimed to analyse and assess machine learning models and explanatory frameworks.

Various processes and factors were identified that affect the on-time-performance of flights and the ground
operation time. In ground operations, four phases can be distinguished, namely: (1) taxi-in, (2) ground han-
dling, (3) start-up/push-back and (4) taxi-out. The most notable process is the aircraft turnaround process,
defined as the time between AIBT and AOBT. The aircraft turnaround process consists of sequential and par-
allel activities. Here, the shortest path, measured in units of time, of sequential and parallel activities yields
the turnaround time and is defined as the critical path. The most common process members of the critical
path are aircraft boarding and deboarding. Given the stochastic nature of these and other turnaround pro-
cesses, the critical path is variable adding to the complexity of the underlying system.

Predicting whether a flight departs late has drawn the attention from the academic research community in
the last decade. Partly due to the increase of available data and computational power, but also due to the rise
of advanced machine learning algorithms. An analysis of the state-of-the-art in the field shows that most re-
searchers in the field employ complex black-box machine learning models such as Artificial Neural Networks
(ANN) and tree-ensembles to capture the complex underlying system, significantly limiting the interpretabil-
ity. At the cost of reduced interpretability, these models are able to capture the underlying system best and
yield the highest model performance. However, little attempt is made to obtain insights into the turnaround
process, i.e. how this process relates to other processes or into the root causes of turnaround delays while
predicting flight delays.

Various machine learning models are available in literature. Two types of models can be distinguished: (1)
ante-hoc interpretable and (2) black-box machine learning models. The former are often more simplistic
machine learning models, and offer inherent transparency, contributing to the interpretability of the model.
The latter trade-off interpretability for model performance, limiting one’s ability to discover its decision mak-
ing process and extract insights from the model. The best interpretability is offered by Bayesian Networks,
mainly due to the Directed Acyclic Graph (DAG) that describes the causalities between the input features. On
the other hand, highest model accuracy is offered by (derivatives of) ANNs and eXtreme Gradient Boosting
(XGBoost).

Black-box models require post-hoc explanatory frameworks to extract insights into the turnaround process
from the model. Various post-hoc explanatory frameworks were elaborated on. The most sophisticated
frameworks are offered by LIME and SHAP. However, based on the assessment, post-hoc explanatory frame-
works cannot fully explain a model’s inner workings and/or decision making process.
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Variable description & discretization

This appendix provides an overview of the variables and the associated discretization. These are provided in

section A.1 and A.2, respectively.

A.1. Variable description

This section describes the variables used in the model. A list is provided in Table A.1

Table A.1: Description of the variables used in the model

Description

Variable Sta.n dard/
Evidence
Ground-handling delay Standard
Initial total turnaround time | Evidence
Time to the initial TOBT Evidence
Aircraft type Evidence
Destination type Evidence
Outbound flight distance Evidence
E .
xpected total inbound Evidence
passengers
Expected total outbound .
Evidence
passengers
E .
xpected.tlme passenger Standard
de-boarding remaining
Qurrent total de-boarding Evidence
time
De-boarding status Evidence
E i i
: xpec‘Fe.d time ﬁ{e ing truck Standard
in position remaining

Variable representing the extent of the
ground-handling delay.

Node distinguishing turnarounds from one
another based on the initial total turnaround
time available.

Node providing temporal context to the
ground-handling delay node, representing
the time until the initial TOBT.

Variable representing the particular aircraft
type involved in the turnaround.

Variable representing various types of
destinations, as to account for the number
of trolleys and luggage on board.

Variable representing the outbound flight
distance [km] from Schiphol, calculated
using the Haversine function.

Variable representing the total number of
inbound passengers.

Variable representing the total number of
outbound passengers.

Variable representing the (expected)
duration remaining in the passenger de-
boarding process.

Variable representing the progress in the
de-boarding process, as a measure of time.
Variable representing the current status of
the de-boarding process.

Variable representing the (expected) duration
remaining that the fueling truck is in position
during the turnaround.
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Table A.1 continued from previous page

. Standard/ . .
Variable . Description
Evidence
. . Variable representing progress in the fuelin
Current total time fueling , p & Prog '8
. -, Evidence | process, as a measure of time that the fueling
truck in position . ..
truck was in position.
. . Variable representing the current status of
Fueling status Evidence .
the fueling process.
Variable representing the (expected) duration
. . remaining that the catering truck is in position
Expected time catering truck . : .
. . . Standard | during the turnaround. Here, in position
in position remaining o . :
indicates that the catering truck is correctly
oriented and has completed its ascent.
. . Variable representing progress in the caterin
Current total time catering . P &Prog 28
. .. Evidence | process, as a measure of time that the catering
truck in position . L. . .
truck was in position (see previous item).
. . Variable representing the current status of the
Catering status Evidence .
catering process.
. Variable representing the number of PAX on the
Number of PAX on inbound . . pres &
. Evidence | two inbound flight legs (e.g. AMS - LGW -
flight legs
Turnaround).
Variable representing the number of PAX on the
Number of PAX on outbound . presenting
. Evidence | two outbound flight legs (e.g. Turnaround - LGW
flight legs
- AMS).
Expected time BAX loading Standard Variable representing the (expected) duration
and unloading remaining remaining baggage loading and unloading.
Variable representing progress in the baggage
Current total time BAX . loading and unloading process, as a measure
. . Evidence . . .
loading and unloading of time that baggage loading and unloading
has been observed during the turnaround.
Variable representing the total time elapsed
Time since last BAX loading . between the last time baggage loading and
. Evidence . .
and unloading unloading was observed and the current time
grid element.
. Variable representing the (expected) duration
Expected time belt loader e ep & (exp . ) -
. o . Standard | remaining that the belt loader is in position
in position remaining .
during the turnaround.
. Variable representing progress in the belt loader
Current total time belt loader , P & PTOg
. . Evidence | process, as a measure of time that the belt loader
1n position . .
was In position.
. Variable representing the current status of the
Belt loader status Evidence P &
belt loader process.
Expected time passenger Standard Variable representing the (expected) duration
deboarding remaining remaining in the passenger boarding process.
Current total boarding Evidence Variable representing the progress in the
time boarding process, as a measure of time.
. . Variable representing the current status of
Boarding status Evidence P 8
the boarding process.

A.2. Model discretization

This appendix provides an overview of the discretization of the Bayesian network model. This overview is
presented in Table A.2. For strategy, the following abbreviations are used:

* DK: Domain knowledge
* EF: (Regular) equal frequency discretization
* TS: Two-step equal frequency discretization
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» TSLE: Time since the last detection of a certain event

* EC: Event-count

Table A.2: Overview of the cardinality, discretization strategy and exact states of the variables in the model.

Variable Cardinality Unit Strategy States

Ground-handling delay 3 [minutes] DK (-inf, 5), [5, 15), [15, inf)

Initial total turnaround time 4 [minutes] | DK + EF | [25, 40), [40, 50), [50, 73), [73, inf)

Time to the initial TOBT 6 [minutes] DK Initial TOBT-50, Initial TOBT-40, Ini-
tial TOBT-30, Initial TOBT-20, Initial
TOBT-10, Initial TOBT-0

Aircraft type 8 [-1 DK Aircraft A, Aircraft B, Aircraft C, Air-
craft D, Aircraft E, Aircraft E Aircraft G,
Aircraft H

Destination type 3 [-] DK Business, Leisure, Mix

Outbound flight distance 5 [km] EF [0, 593), [593, 732), [732, 1101), [1101,
1461), [1461, inf)

Expected total inbound pas- 5 (-] EF [0, 124), [124, 148), [148, 166), [166,

sengers 175), [175, inf)

Expected total outbound pas- 5 (-] EF [0, 124), [124, 148), [148, 166), [166,

sengers 175), [175, inf)

Expected time passenger de- 6 [minutes] TSEF [o, 1, [1, 3), [3, 6), [6,10), [10, 13), [13,

boarding remaining inf)

Current total de-boarding time 6 [minutes] | TSEF | [0, 1), [1, 6), [6,9), [9, 12), [12, 14), [14,
inf)

De-boarding status 3 [-] TSLE Not started, In progress, No PAX last 5
min

Expected time fueling truck in 6 [seconds] TSEF [0, 1), [1, 341), [341, 682), [682, 1079),

position remaining [1079, 1374), [1374, inf)

Current total time fueling truck 6 [seconds] | TSEF | [0, 1), [1, 347), [347, 691), [691, 1090),

in position [1090, 1385), [1385, inf)

Fueling status 3 (-] EC Not started, In progress, Finished

Expected time catering truck in 5 [seconds] TSEF [0, 1), [1, 354), [354, 755), [755, 970),

position remaining [970, inf)

Current total time catering 5 [seconds] | TSEF | [0, 1), [1, 357), [357, 756), [756, 971),

truck in position [971, inf)

Catering status 3 (-] EC Not started, In progress, Finished

Number of PAX on inbound 5 [-1 EF [0, 247), [247, 287), [287, 317), (317,

flight legs 339), [339, inf)

Number of PAX on outbound 5 [-] EF [0, 251), [251, 292), [292, 320), [320,

flight legs 342), (342, inf)

Expected time BAX loading 6 [seconds] TSEF [0, 1), [1, 285), [285, 582), [582, 939),

and unloading remaining [939, 1305), [1305, inf)

Current total time BAX loading 6 [seconds] TSEF [0, 1), [1, 288), [288, 585), [585, 944),

and unloading [944, 1310), [1310, inf)

Time since last BAX loading 7 [seconds] | DK +EF | [-1, 0), [0, 1), [1, 139), [139, 377), [377,

and unloading 705), [705, 1199), [1199, inf]

Expected time belt loader in 7 [seconds] TSEF [0, 1), [1, 548), [548, 1094), [1094,

position remaining 1664), [1664, 2336), [2336, 3058),
[3058, inf)

Current total time belt loader 7 [seconds] | TSEF | [0, 1), [1, 549), [549, 1101), [1101,

in position 1681), [1681, 2375), [2375, 3093),
[3093, inf)

Belt loader status 3 [-1 EC Not started, Connected, Discon-

nected
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Table A.2 continued from previous page
Variable Cardinality Unit Strategy States
Expected time passenger 6 [minutes] TSEF [0, 1), [1, 5), [5, 10), [10, 15), [15, 20),
boarding remaining [20, inf)
Current total boarding time 6 [minutes] TSEF [0, 1), [1, 5), [5, 10), [10, 15), [15, 20),
[20, inf)
Boarding status 3 (-] TSLE | Not started, In progress, No PAX last 5
min




Model Description & Results

This section presents the full model structure and additional results. First, the full model structure is pre-
sented in section B.1. Next, the precision and recall metrics are visualized in section B.2. section B.3 presents
the confusion matrices for all prediction moments between the initial TOBT-50 to initial TOBT-0 [minutes].
Last, the results from the sensitivity analysis are presented in section B.4.

B.1. Model structure

This section presents the Direct Acyclic Graph (DAG) structure used in this study. For readability reasons, the
DAG structure has been split over multiple figures. A legend is provided in Figure B.1 to distinguish between
regular, network structures and evidence (input) nodes.

7 Network s igence node
*. _ structure__ -

Figure B.1: Legend to distinguish between regular nodes, network structures and evidence (input) nodes.

I"Expected time beltloader *
*. in position remaining -

/ Expected time catering *
‘fruck in position remaining

__________ - Time to the initial TOBT

¢ Expectedtime fueling ~_, /a0 q. handling delay
‘fruck in position remaining

_ -

LemmTTTTTmss - Initial total turnaround time
4 Expected time passenge?\
+, de-boarding remaining -

~

4 Expected time passenger®*
‘. boarding remaining -

Figure B.2: Central network structure of the Bayesian network model.
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(X) Expected total
outbound passengers

(D) Current total boarding

(X) Destination type time

(Pg4) Expected time
passenger boarding
remaining

(X) Aircraft type (M) Boarding status

1
i Central network
s structure ]
N e - 4

Figure B.3: Bayesian sub-network of the passenger boarding process. Letters indicate the type of node.

(X) Expected total
inbound passengers

(D) Current total de-

(X) Destination type boarding time

(Pg4) Expected time
passenger de-boarding
remaining

(X) Aircraft type (M) De-boarding status

Figure B.4: Bayesian sub-network of the passenger de-boarding process. Letters indicate the type of node.

(X) Number of PAX on
outbound flight legs

(D) Current total time
catering truck in position

(Pg4) Expected time
catering truck in position
remaining

(X) Number of PAX on
inbound flight legs

(M) Catering status

Figure B.5: Bayesian sub-network of the aircraft catering process. Letters indicate the type of node.



B.1. Model structure

91

(X) Aircraft type

(X) Outbound flight
distance

(D) Current total time
fueling truck in position

(Pg) Expected time fueling
truck in position remaining

(M) Fueling status

Figure B.6: Bayesian sub-network of the aircraft re-fueling process. Letters indicate the type of node.

)

Expected total inbound
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(X) Expected total
outbound passengers

(Pg) Expected time
BAX loading & unloading
remaining

Time to the initial TOBT
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(Pg4) Expected time
belt loader in position
remaining

X) Initial total turnaround
time

| Central network 1
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(X) Destination type

(

D) Current total time BA
loading & unloading

(M) Time since last BAX
loading & unloading

(D) Current total time
belt loader in position

(M) Beltloader status

Figure B.7: Bayesian sub-network of the baggage loading & unloading process. Letters indicate the type of node.
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B.2. Precision and Recall

This section visualizes the precision and recall metrics for the model and handler.
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Figure B.8: Precision metric for model and handler, for ground-handling delay class (-inf, 5).
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Figure B.9: Recall metric for model and handler, for ground-handling delay class (-inf, 5)
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Figure B.10: Precision metric for model and handler, for ground-handling delay class [5, 15).
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Figure B.11: Recall metric for model and handler, for ground-handling delay class [5, 15).
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Figure B.13: Recall metric for model and handler, for ground-handling delay class [15, inf).
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B.3. Confusion matrices
In this section, all confusion matrices between TOBT-50 and TOBT-0 [minutes] are presented.

Table B.1: Confusion matrix for the initial TOBT-50 [minutes].

Predicted states [%]

(-inf, 5) [5,15) [15,inf)
(-inf, 5) 93.1 6.9 0.1
[5, 15) 76.4 23.4 0.1
[15, inf) 74.3 25.6 0.1

Table B.2: Confusion matrix for the initial TOBT-40 [minutes].

Predicted states [%]

(-inf, 5) [5,15) [15,inf)
(-inf, 5) 86.3 13.7 0.0
[5, 15) 58.5 41.4 0.1
[15, inf) 51.4 48.3 0.3

Actual
states

Table B.3: Confusion matrix for the initial TOBT-30 [minutes].

Predicted states [%]

(-inf, 5) [5,15) [15,inf)
(-inf, 5) 87.3 12.5 0.2
[5,15) 59.6 39.5 0.8
[15, inf) 51.3 46.6 2.1

Actual
states

Table B.4: Confusion matrix for the initial TOBT-20 [minutes].

Predicted states [%]

(-inf, 5) [5,15) [15,inf)
(-inf, 5) 84.0 15.7 0.3
[5, 15) 46.6 50.4 3.0
[15, inf) 35.8 57.1 7.1

Actual
states

Table B.5: Confusion matrix for the initial TOBT-10 [minutes].

Predicted states [%]
(-inf, 5) [5,15) [15,inf)
(-inf, 5) 79.0 20.4 0.6
[5, 15) 41.0 52.2 6.8
[15, inf) 27.5 45.9 26.6

Actual
states

Table B.6: Confusion matrix for the initial TOBT-0 [minutes].

Predicted states [%]

(-inf, 5) [5,15) [15,inf)
(-inf, 5) 82.7 16.1 1.2
[5, 15) 30.8 53.8 15.4
[15, inf) 18.3 40.1 41.6

Actual
states
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B.4. Sensitivity Analysis

This section presents the sensitivity analysis results.

Table B.7: Sensitivity analysis for rounded bins and applying K-means in the two-step discretization.

. . . Time to initial TOBT [minutes]
Ground Handling Delay | Metric w.r.t. baseline | Model 50 20 30 20 10 0
K-Means | 0.12 0.0 0.11 -0.45 0.05 -0.35
N/A Anceuracy (%] Rounded | 0.14 -0.01 0.12 -0.5 -0.1 -0.29
Aprecision [%] K-Means | -0.2 -0.2 0.0 0.0 06 0.0
(inf, 5) Rounded | -0.1 -0.2 0.0 -0.1 05 0.0
Anecat 1%] K-Means | 0.8 03 -03 -0.6 -0.7 -0.3
Rounded | 0.8 04 -03 -0.7 -06 -0.4
Aprecision 1% K-Means | -25.7 -56 -69 25 4.1 -1.2
(5, 15) Rounded | 0.8 02 04 -09 -04 -0.2
Anecat 1%] K-Means | -1.1 -06 03 -0.3 0.0 -1.5
Rounded | -1.0 -09 0.5 -0.3 -03 -1.0
Aprecision (%] K-Means | 214 151 2.7 -1.1 -3.0 -1.7
(15, inf) Rounded | 21.4 196 27 -06 -2.8 -1.2
Agecall 1% K-Means | 0.0 0.1 07 -02 22 1.6
Rounded | 0.0 0.3 04 -02 17 1.1

To assess the model’s ability to deal with a finer resolution in discrete states, four experiments were conducted

expanding the granularity in various areas within the two-step discretization of nodes P4 and D:

e T1: The addition of one bin to the number of bins in the total distribution.
» T2: The addition of two bins to the number of bins in the total distribution.
* P1: The addition of one bin to the number of bins representing the intermediate states.

* T1P1: The addition of one bin to the number of bins representing the total distribution and one bin

representing the intermediate states.

Table B.8: Sensitivity analysis results of expanding the number of bins for nodes Pq and D.

. . . Time to initial TOBT [minutes]
Ground Handling Delay | Metric w.r.t. baseline | Model 50 40 30 20 10 0
T1 [-0.05 0.02 -0.05 0.41 0.3 -0.19
T2 | -03 0.11 -0.09 0.35 0.43 -0.23
N/A Anceuracy (%] P1 |-0.23 0.05 -0.01 0.12 0.78 -0.24
T1P1 |-0.19 0.04 0.01 0.31 0.51 -0.22
T1 |-02 00 -01 03 03 0.0
Apsecision %] T2 | -07 -04 00 03 04 0.0
: Pl1 | -05 -02 01 01 05 0.0
(cinf, 5) TiP1 | -05 -03 00 03 05 0.0
T1 02 -01 01 01 02 -01
et %] T2 1.0 14 -01 06 07 03
P1 05 08 -02 05 08 -03
TiIP1 | 0.8 11 -01 07 07 -03
T1 03 00 01 06 04 -02
Acecision [%] T2 05 06 00 05 06 -02
P1 00 03 01 01 10 -03
5 15 TIP1 | 04 03 01 04 06 -01
[5,15) T1 |-06 00 03 02 03 -01
Aeeat 1% T2 | -28 -1.7 05 01 01 0.1
Pl |-17 -11 06 -01 05 03
TiP1 | -21 -15 06 02 01 03
T1 |-19 19 -106 1.7 -0.8 -0.7
Aeecision [%] T2 43 -67 -63 -03 -0.9 -05
P1 | 109 -20 -86 -15 04 -04
(15, inf) TiP1 | 243 -31 -3.0 -1.2 -09 -0.8
T1 |-01 -01 -1.0 1.6 06 -0.7
T2 00 -01 -12 02 03 -13
Arecall [7] PL | 00 00 -07 -06 15 -1.3
TiP1 | 0.0 -0.1 -0.8 -04 09 -1.0







Knowledge Elicitation

This appendix presents the knowledge elicitation interview questions, based on the knowledge elicitation
questions from Shadbolt and Smart [179]. In the structured interview, the set of questions below was used for
every turnaround process within the scope of this research.

* Probe E1: Can you [in one or two minutes] talk me through [process under consideration]?
Function E1: Provides an overview of the [process under consideration] concept, tasks and structure
of the [process under consideration].

* Probe E2: When [in the turnaround process] would you execute [process under consideration]?
Function E2: Reveals the temporal "location" of the [process under consideration] and possible de-
pendencies between turnaround processes.

* Probe E3: Is [temporal location of process under consideration] always the case? [Why is it not always
the case?]
Function E3: Reveals the generality of the temporal location of the process.

* Probe E4: What do you reckon the "nominal" duration of [process under consideration] is? [What

factors affect the nominal duration?] [What if it were not the case that [nominal duration]?] [What
event defines the end of the process?]
Function E4: Asks the expert to assess the "nominal" duration of [process under consideration]. Teases
the expert to define the "nominal" duration and its generalizability, subsequently revealing underlying
precursors. After all, there is no "nominal" between turnarounds. "Nominal" is defined by a set of
precursors and rules, and the interview aims to extract them from the expert.

* Probe E5: Is/are [precursor(s) from the previous question] always the case?
Function E5: Assesses the generality of the [in previous question(s) obtained] precursor(s).

* Probe E6: What would be the minimum process duration time for [process under consideration]? [When
is this the case?]
Function E6: Extracting more precursors, validating business rules.
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