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Abstract

Trajectory data holds significant potential for advanced analytics, driven by the development
of sophisticated models and tools. This thesis aims to unlock this potential by addressing the
challenges inherent in trajectory data, meticulously preprocessing the data, and performing pre-
dictive analysis. We present two use cases: the primary use case focuses on predicting battery
consumption in electric buses, while the secondary use case involves predicting ship trajecto-
ries. These contributions have important implications for enabling intelligent transportation
systems (ITS) and promoting greener urban transportation, as well as enhancing maritime nav-
igation and safety.

In the primary use case, our research thoroughly examines and preprocesses the trajectory
data, employing methods such as map matching, trajectory segmentation, and linear interpola-
tion. Additionally, we enrich the trajectories with semantic information to create a clean and
usable dataset for prediction tasks. In the predictive analysis, we compare a baseline model with
a deep learning model, with the latter outperforming the former, achieving an RMSE of 1.31
kWh and an R? score exceeding 80%.

In the secondary use case, we apply similar preprocessing techniques, including the detection
of temporal and spatial gaps in the trajectory data. The predictive analysis reveals that the best
prediction accuracy is achieved with a 30-minute observation window, predicting 5 minutes
into the future, resulting in a MAPE of 1.2% and a mean distance error of 0.35 kilometers
from the actual trajectories.
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Introduction

1.1 MOVEMENT AND TRA]ECTORIES

Movement data is ubiquitous, encompassing human movement, vehicle movement, and ani-
mal movement. This data provides valuable insights into patterns or phenomena within move-
ment. Furthermore, movement data can be extensive, consisting of numerous smaller seg-
ments. For instance, examining a person’s movement over an entire day reveals several smaller
movements, such as trips to the supermarket or going for a run. These smaller sets of move-

ments, or segments, can be defined as trajectories [6].

To understand these smaller segments better, we need a clear definition. Trajectory data is
defined as a series of occurrences that match the time-referenced, recorded locations of moving
objects [7]. This means a trajectory contains spatial information about the location of an object
and temporal information thatis referenced by the spatial data, providing a comprehensive view
of the movement. Integrating both spatial and temporal information in trajectory data offers
an overview of the evolution of object movement, which is highly valuable in various real-world

applications.

The real-world applications of trajectory data are numerous. One notable example is in pub-
lic transportation. By recording the movement of a bus from start to finish, we can obtain
information regarding the bus’s trajectories, including stops and variations in routes depend-

ing on the day. Another example is tracking ship movement; we can monitor a ship throughout



its journey, knowing its location at any given time. However, modeling trajectory data solely
based on spatial and temporal information has its limitations.

One of the primary limitations of raw trajectory data, which includes only spatial and tem-
poral information, is its lack of context. According to Ferrero et al. [8], adding information
about the locations visited by an object, referred to as Points of Interest (POlIs), can enhance
the contextual understanding of the trajectory. Additionally, there are challenges in balancing
the accuracy of data with privacy concerns. The abundance of spatial and temporal informa-
tion can be maliciously exploited by attackers to extract sensitive information, such as home
addresses, personal preferences, and even medical data [9]. Conversely, the accuracy of this
data is essential for providing precise analyses. Nevertheless, new techniques continue to be

developed to address these issues effectively.

1.2 ANALYSIS AND PREDICTION ON TRAJECTORY DATA

With the limitations and difficulties inherent in representing trajectory data, specialized tools
have been developed to facilitate trajectory data analysis. One such example is MobilityDB
[10], a PostgreSQL extension that allows for the analysis and processing of spatio-temporal
data. Additionally, the development of MobilityDB has led to the creation of other trajectory
analysis tools, such as PYMEOS [11], which enables analysis and preprocessing in a Python
environment. Similarly, tools like MovingPandas [12] provide comprehensive functionalities
for performing trajectory data analysis.

These new technologies have significantly simplified the processes of analyzing and prepro-
cessing trajectory data, thereby enhancing the insights and analytics derived from such data.
Advanced analysis and preprocessing capabilities are now more accessible, allowing for efficient
transformation and representation of trajectory data. For instance, interpolation of trajectory
data based on location and time can be easily performed using these tools. Visualization of
trajectory data has also become more straightforward, facilitating better understanding and
interpretation. Moreover, the advanced preprocessing capabilities of these tools enable the in-
tegration of trajectory data with other advanced techniques, such as deep learning.

Deep learning has gained considerable popularity in recent years, driven by advancements
in techniques and increased computational power. This has made it possible to uncover hid-
den patterns within trajectory data. Given the sequential nature of trajectory data, deep learn-
ing techniques are well-suited for analyzing such data. Techniques like Recurrent Neural Net-

works (RNNGs) [13], which can learn patterns from sequences, are particularly effective. By



combining these tools and techniques, we can perform more in-depth analysis and make pre-
dictions based on trajectory data.

When performing predictions using deep learning techniques, trajectory data typically needs
to be preprocessed first [14]. This preprocessing is crucial as it prepares the data for analysis by
performing preliminary steps and transforming the data into a format suitable for deep learn-
ing models. Preprocessing steps may involve representing the trajectory data in different forms,
such as aggregating trajectories or downsampling them. This comprehensive preparation en-
sures that the deep learning models can accurately interpret and analyze the data, ultimately
leading to more reliable and insightful predictions. This capability opens up numerous real-
world applications, enabling advancements in fields such as transportation, healthcare, and ur-
ban planning.

One real-world application involves analyzing aviation data. For example, MobilityDB has
been used to analyze busy hours for flights or congested areas in the sky [15], demonstrating the
importance of these tools in data analysis. In this thesis, a specific application focuses on the in-
telligent transportation system, predicting battery consumption from bus trajectory data. This
is crucial for developing green transportation systems and optimizing battery usage. Despite
these advancements in tools and techniques, there are still challenges that need to be addressed

in the future.

1.3 CHALLENGES IN ANALYZING AND PREDICTING TRA_]EC-

TORY DATA

Analyzing and predicting trajectory data present significant challenges, even with the advance-
ments in techniques and tools. One of the primary challenges is the varying characteristics of
trajectory data. These variations can include spatial resolution (ranging from fine to coarse),
spatial dimensions (2D or 3D), temporal resolution (from sparse to frequent sampling), sam-
pling intervals (regular or irregular), and the overall size of the data [14].

These differences in characteristics add complexity to the preprocessing of trajectory data.
Applying the right techniques and tools to handle these variations is crucial. For instance, man-
aging spatial dimensions requires careful representation of each spatial information type, such
as Point or LineString. Additionally, the characteristics of the data influence how it should be
cleaned. Cleaning trajectory data for vehicle movement differs significantly from cleaning tra-

jectory data for human movement. Proper preprocessing is essential as it forms the foundation



for building accurate predictive models.

In predicting trajectory data, correctly modeling the problem is critical to achieving reli-
able predictions. For example, trajectory prediction tasks often involve forecasting the next
sequence based on historical data. Accurately defining the problem helps in selecting appropri-
ate techniques for model development. In real-world scenarios, the challenges vary depending
on the specific task and context of the trajectory data.

In this thesis, the primary use case involves predicting battery consumption from electric
bus trajectory data. This task presents several challenges in the data prerprocessing, including
Global Positioning System (GPS) inaccuracies, the sparsity of trajectory data (recorded every 30
seconds), handling missing values and adding context from the raw trajectories. These issues
must be carefully addressed to develop an accurate predictive model. Additionally, further
challenges arise in ensuring the quality and reliability of the model predictions.

The secondary use case involves trajectory prediction for ship movement data, particularly
using the Automatic Identification System (AIS) dataset. This use case faces similar challenges,
such as GPS inaccuracies and data cleaning requirements. These issues are common in the
analysis and prediction of trajectory data, necessitating a strategic approach to address them

effectively.

1.4 ADDRESSING THE CHALLENGES AND CONTRIBUTIONS

In this section, we will discuss how to address the challenges mentioned in the previous section,
focusing on those presented in the primary and secondary use cases. We will explore specific
strategies for data preprocessing and predictive modeling, highlighting our contributions to the
field. By systematically addressing these challenges, we aim to demonstrate the effectiveness and
versatility of our approach in overcoming them.

One of the challenges in our primary use case is preprocessing the raw bus trajectories in the
form of Automatic Vehicle Location (AVL) data. To address this, we will define a data pipeline
strategy to extract the necessary information from the bus trajectories before feeding it into the
prediction model. This data pipeline will include data cleaning and preprocessing techniques
such as map matching, linear interpolation, and stop detection. Additionally, we will augment
the data with contextual information such as weather and elevation data. It is also necessary to
aggregate the trajectory data to ensure it is comprehensive and ready for model building.

After preprocessing the data, our next challenge is to build an accurate predictive model

from our trajectory data. To address this, we will employ a strategic approach that begins with



developing a baseline model, followed by iterative improvements to enhance prediction perfor-
mance. We will evaluate the predictions using metrics such as MSE and standard deviation
to assess both the performance and consistency of our models. This systematic approach en-
sures that we can refine our models effectively, leading to more reliable predictive outcomes
and laying the groundwork for our key contributions.

Building on this foundation, our contribution through this approach to predicting electric
consumption from electric bus trajectory data includes the creation of a comprehensive data
pipeline for processing bus trajectory data within public transportation networks. Addition-
ally, we will develop a predictive model to forecast battery consumption based on this data.
This work will aid in creating greener cities and increasing the efficiency of public transporta-
tion networks by optimizing planning and routing based on forecasted battery consumption.
Ultimately, this will enhance our contributions to intelligent transportation systems.

Additionally, we are including a secondary use case to demonstrate the versatility of our ap-
proach across different types of trajectory data. This ensures that our methods are robust and
adaptable to various real-world scenarios. The challenges in this use case involve building a
comprehensive data pipeline to process our AIS dataset, which includes data cleaning and pre-
processing.

Building on the insights gained from addressing these challenges, additional contributions
from both use cases will include the development of predictive models for these datasets and
the integration of preprocessing and modeling techniques into a cohesive method for trajectory
prediction on dense trajectory data. Overall, these two use cases will contribute to advancing

intelligent transportation systems.

I.s STRUCTURE OF THE THESIS

In this section, we will outline the structure of the thesis, which is organized to address the chal-
lenges identified in previous sections and to present our systematic approach to solving them.
By detailing the organization of each chapter, we aim to provide a clear road-map of the research
process, methodologies, and findings. This structured overview will help readers understand
the logical progression of our work and the contributions made through our research.
Chapter 2 will review the necessary literature relevant to addressing the challenges and build-
ing our solution. This chapter will begin with an overview of trajectory data, followed by the
techniques required for cleaning and processing it, and conclude with methods for developing

predictive models.



Building on this foundation, Chapter 3 will provide an in-depth discussion of our primary
use case. This includes a detailed examination of the dataset, the construction of our data
pipeline, and the validation of our preprocessed data from the data pipeline.

Continuing from the data pipeline construction, Chapter 4 will describe the process of
building the predictive models. We will start from the baseline and progressively improve it,
detailing the metrics used for evaluating our predictions and presenting our analysis of the pre-
diction results.

Extending our approach, Chapter s will deepen the exploration of our challenges by inte-
grating the secondary use case. This chapter will explain the entire prediction process, from
building the data pipeline to assessing the prediction results for this additional scenario.

Finally, Chapter 6 will present the conclusion, summarizing our key findings and reflecting
on how we addressed the challenges in both use cases. It will also discuss the broader impact of

our findings on intelligent transportation systems and outline potential future work.



Literature Review

In this chapter, we will introduce the necessary literature that forms the foundation of our the-
sis, with a focus on intelligent transportation and maritime navigation. This review explores
the methodologies and techniques employed in trajectory data representation, cleaning, pre-
diction, and evaluation, laying the groundwork for the experimental studies presented in sub-
sequent chapters.

The literature review is organized into several sections, each systematically addressing key
areas relevant to our research. We begin in Section 2.1, which introduces trajectory data, its
various representations, and the types of trajectory data considered in this study. Building on
this understanding, Section 2.2 focuses on the methods used for cleaning trajectory data, partic-
ularly emphasizing map matching, trajectory segmentation, and the enrichment of trajectories
with semantic context.

Transitioning from data cleaning to predictive analysis, Section 2.3 explores the tasks of pre-
diction within trajectory data, with a specific emphasis on intelligent transportation and mar-
itime navigation domains. This section also discusses the methods used for performing these
prediction analysis.

Building on this, Section 2.4 examines the application of deep learning techniques, high-
lighting relevant architectures and their effectiveness in processing trajectory data. To ensure
the robustness and accuracy of our models, Section 2.5 outlines the evaluation metrics applied
throughout this thesis. Finally, Section 2.6 concludes the chapter by summarizing the key in-

sights from the literature review.



2.1 TRAJECTORY DATA

Trajectory data is a fundamental concept in understanding the movement patterns of objects
over time and space. According to Spaccapietra et al. [16], a trajectory can be defined as a
segment of an object’s movement that is delimited by a specific time interval [z‘begin, fend|, where
it is described as a continuous function from the time interval to space. Additionally, Zheng
[2] defines a trajectory as a trace generated by a moving object, represented as chronologically
ordered points, with each point comprising both spatial and temporal information.
Spaccapietraetal. [16] further explain thata trajectory has two key facets: the geometric facet
and the semantic facet. The geometric facet includes the spatio-temporal recordings during the
object’s movement, while the semantic facet encompasses the trajectory’s characteristics and its
application-specific meanings. This combination of spatial, temporal, and semantic informa-
tion is crucial as it enables more complex analyses of trajectory data, such as understanding

movement patterns, optimizing routes, or predicting future movements.

2.1.1 TRAJECTORY DATA REPRESENTATION

After understanding the definition of trajectory data, it is important to explore how trajectory
data is represented. According to Spaccapietra et al. [17], there are three primary representa-
tions of trajectory data: continuous, discrete, and segmented. Continuous trajectories typically
consist of a finite sequence of spatio-temporal information, supplemented by an interpolation
function that allows for the retrieval of these details at any given instant within the time inter-
val [l‘begim fend). In contrast, discrete trajectories are composed of a finite list of spatio-temporal
positions without providing continuity in the movement of the object. These continuous and
discrete trajectories are common forms of representing trajectory data and are often referred to
as raw trajectories.

Segmented trajectories, on the other hand, are defined by a step function that maps the inter-
val [z‘begin, fend) to a finite set of values, with each value defining an annotation or “episode” in the
trajectory. Understanding these representations is crucial, as they form the foundation for how
trajectory datais structured and analyzed. For instance, the continuous and discrete trajectories,
typically contain basic location and time information and serve as the base representation for
many types of trajectory data. Additionally, the segmented representation is closely linked to
trajectory segmentation techniques and semantic trajectories, providing a foundation for more

advanced topics in trajectory analysis. All these representations and definitions are discussed



in detail by Spaccapietra et al. [17]. Building on this foundational understanding of trajectory
data representation, we can now introduce and define the types of data utilized in this thesis,

which will be explained in the following sections.

2.1.2 AVL DaTA

An AVL system is used to track vehicle locations and has become a critical component of in-
telligent transportation systems. In public transportation, particularly for buses, AVL systems
are widely employed to monitor and manage bus movements and positions. As explained by
Hickman [18], AVL systems in buses operate by communicating their positions at periodic
frequencies, such as every 30 or 6o seconds, through polling. In addition to location and times-
tamp data, AVL systems can capture other relevant information, providing not only real-time
tracking but also a comprehensive historical record of movements, enriched with contextual
information.

Additionally, as explained by Furth etal. [19] and cited in Gerstle [20], there are two types of
AVL data: location-at-time data and time-at-location data. Location-at-time data aligns with
Hickman’s definition [18], where buses report their location via the Global Positioning Sys-
tem (GPS) at specific times, capturing the bus positions with corresponding timestamps in a
periodic manner. Time-at-location data, on the other hand, is collected when a bus passes a par-
ticular location, meaning that the timestamps may not be evenly spaced depending on when
the bus reaches those locations.

Given these definitions, data from AVL systems, especially location-at-time data, can be
treated as trajectory data. Each position point from the AVL data within a given time interval
can be considered a discrete trajectory. With the application of an interpolation function, this
data can be represented continuously. Furthermore, by employing step functions and mapping
trajectory data to a set of values, it can be represented as segmented trajectories. This enables
more advanced analytics, such as in the work by Ankitetal. [21], where AVL data was used to
predict bus arrival and journey times.

Our primary dataset, which focuses on the battery consumption of a bus, is essentially location-
at-time AVL data collected at 30-second intervals. In addition to positional information and
timestamps, the dataset includes contextual data differentiated by signal attributes such as bat-
tery percentage, battery autonomy, total distance, and cumulative battery consumption. Each
signal attribute value provides specific data relevant to its context, which is crucial for analyz-

ing battery usage patterns. For our analysis, we will specifically focus on cumulative battery



consumption. A detailed overview of the data structure will be presented in Chapter 3.

2.1.3 AISDATA

AIS is a vital tracking mechanism that enables vessels to broadcast essential information, such
as identification, speed, and course, to other ships and Vessel Traffic Services (V'TS) stations
[22]. AIS plays a crucial role in enhancing maritime safety by facilitating search and rescue
operations and supporting the advancement of sophisticated maritime systems. As outlined
by Aremu [s], AIS data is categorized into three primary types: dynamic, static, and voyage-

related information.

Dynamic information includes variables that fluctuate throughout a voyage, such as time,
position, speed, course, and heading. In contrast, static information comprises attributes that
remain constant, such as the Maritime Mobile Service Identity (MMSI), ship type, and other
fixed characteristics. Additionally, voyage-related information, including the vessel’s destina-

tion and estimated time of arrival, is also transmitted.

Asdescribed in [5], dynamic information is typically transmitted every 2 to 10 seconds when
the vessel is in motion and every 3 minutes when it is anchored. Voyage-related information
is broadcast every 6 minutes. This comprehensive dataset offers detailed insights into a vessel’s
spatial and temporal position, along with supplementary contextual information. Due to its
composition, AIS data is often categorized as trajectory data, incorporating both positional and
temporal elements. Devogele et al. [23] provide a detailed methodology for processing raw AIS
position data into structured trajectories, highlighting the importance of converting raw data
into usable trajectory information. This processed trajectory data is essential for numerous
applications, including trajectory prediction analysis, which has been explored in a variety of

studies [24, 25, 26].

In this study, we employ a secondary dataset comprising AIS data from Danish Maritime
Authority [27], the structure of which is detailed in Table A.1 in the Appendix. The dataset
conforms to the standard AIS attributes discussed earlier, providing a solid foundation for our
analysis. However, not all available information from the AIS dataset will be utilized in our
analytics. In Chapter s, we will detail how specific elements of this dataset are incorporated

into our analysis and prediction tasks.
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2.2 TRAJECTORY DATA CLEANING AND PREPROCESSING

After determining how we will represent our data and understanding the specific type of our
dataset, it is essential to establish the foundation and techniques for preprocessing and cleaning
our trajectory data. Proper preprocessing is crucial because the quality of the trajectory data
directly impacts the accuracy of the subsequent analysis, such as movement pattern recognition

and prediction tasks.

From a broader perspective, Parent et al. [28] describe the process of transforming raw trajec-
tories into more manageable and reliable representations. This process includes cleaning raw
trajectory data, performing map matching, and compressing trajectory data, offering a general
overview of the key steps involved in preprocessing and cleaning. Various studies have proposed
different approaches to trajectory data cleaning, each tailored to the specific characteristics of

the trajectories and the intended applications.

For instance, addressing inaccuracies in positioning systems like GPS, Marketos et al. [1]
emphasize the need for both basic and advanced cleaning techniques. They discuss methods
such as applying thresholds to filter out erroneous data points, alongside more sophisticated
solutions like the Kalman Filter [29], which corrects these points by estimating their true posi-
tions. In cases where trajectories are influenced by external factors such as road networks, map
matching becomes an indispensable technique. This method corrects errors by aligning the
trajectories with the appropriate paths, a topic that will be explored in detail in subsequent

sections.

Another approach to trajectory data cleaning is introduced by Li et al. [30], who propose
a data-driven method known as the historical trajectory point cloud, offering a novel solution
for trajectory cleaning. Complementing this, Zheng [2] presents a comprehensive overview
of trajectory data preprocessing techniques, including trajectory segmentation, noise filtering,
and stay point detection. Together, these methods establish a robust framework for eftectively
handling trajectory data, ensuring that the cleaned data is accurate and ready for subsequent

analysis.

In alignment with these methodologies, our thesis will focus on map matching as the pri-
mary technique for cleaning the trajectory data in our primary dataset. Additionally, we will
focus on trajectory segmentation and the incorporation of semantic information, further refin-

ing our dataset to support advanced analytical tasks.
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2.2.1 MAar MATCHING

Map matching is an established technique used to correct GPS inaccuracies and errors, particu-
larly in trajectories constrained by road networks. For trajectories confined to a road network, a
map-matching algorithm works by aligning each trajectory point with the corresponding road
segment. This process produces new coordinates that are accurately matched to the road net-
work, effectively removing inaccurate points that fall outside the network.

The concept of map matching can be visualized in Figure 2.1, where trajectory points are
aligned with the appropriate road segments. In the figure, the trajectory is represented by
points P; and road segments S;, with points Py, Ps, and P, successfully map-matched to their
corresponding road segments. However, point P, has multiple potential road segment candi-
dates, Sy and S5, illustrating a common challenge in map matching. Different map-matching
approaches address this challenge in various ways, determining how to accurately align points

with the correct segment.

P4 P; Point
Sj Road Segment

Figure 2.1: Map matching algorithm [1]

Chao etal. [31] discuss several approaches to map matching, including the similarity model,
state-transition model, and candidate evolving model. A basic approach involves directly map-
ping trajectory points to the nearest road segment, but this method is prone to errors as it works
solely on closeness, similar to the similarity model. To improve accuracy, more sophisticated
approaches, such as the state-transition model, take the object’s movement into account. In
this thesis, we will focus on the state-transition model, specifically the Hidden Markov Model
(HMM), due to its widespread adoption and the availability of several production-ready open-
source solutions.

One of the major advancements in map matching using HMM is the work by Newson et
al. [32], who developed a novel algorithm for implementing map matching. This algorithm is

particularly robust, having been tested on lower frequency data with higher levels of noise. In
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their approach, road segments are modeled as HMM states, and the noisy vehicle positions are
treated as state measurements. The objective is to match each position measurement with the
corresponding road segment state, a logical choice given that state transitions are constrained
by the actual road network. This approach is further supported by calculating measurement
probeabilities to determine which measurements are associated with particular road segments,
and transition probabilities to estimate the likelihood of movement between road segments.
The transition probability is calculated based on the distance traveled.

These measurement and transition probabilities are then utilized by the Viterbi algorithm to
calculate the optimal path. The Viterbi algorithm works with the HMM to identify the most
likely sequence of states and observations. The results of this algorithm are impressive; even
with a sampling frequency of 30 seconds, the algorithm performs well with minimal error, and
at higher sampling intervals, it demonstrates robustness to noise, with standard deviations as
large as so meters. This algorithm forms the basis for the implementation of open-source tools
such as Valhalla®, which use it in their map matching modules.

Interestingly, while the algorithm developed by Newson et al. [32] is not the first HMM-
based map matching algorithm, it has become one of the most frequently cited in the litera-
ture. Previous researches [33, 34], and more recent studies [3 5, 36] have also developed HMM-
based approaches, underscoring the popularity and widespread adoption of this method in
map matching models. In our thesis, we will specifically employ the map matching approach
using the HMM model with the Viterbi algorithm, as implemented by the open-source tool
Valhalla in its map matching modules. This will enable us to preprocess our AVL data, which
contains erroneous GPS points, and allow us to perform advanced preprocessing as described

in Chapter 3.

2.2.2 TRAJECTORY SEGMENTATION

In addition to the map matching algorithm, another crucial strategy for preprocessing and
cleaning our data is trajectory segmentation. This method is particularly effective for man-
aging complex datasets by breaking down trajectories into smaller, more manageable segments.
As discussed in the previous section, segmented trajectories are one of the key representations
of trajectory data.

Spaccapietra et al. [17] describe segmented trajectories as subsequences of tuples ordered

by temporal information, where all the time intervals are disjointed. This approach, as illus-

*Valhalla open source routing engine
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trated in Figure 2.2, demonstrates how trajectories can be divided into segments .S;, resulting
in distinct, non-overlapping segments. Segmentation not only simplifies the analysis but also

provides an opportunity to uncover patterns that may be hidden within the larger trajectory.

‘I's1 ,.."/82 ! :"J82
A R f81

(a) (b)

Figure 2.2: (a) Segmented trajectories by spatial gaps [1] (b) Segmented trajectories by temporal gaps [1] (c) Segmented
trajectories by stay points [2]

Zheng [2] emphasizes that trajectory segmentation is valuable not only for managing com-
plexity but also for revealing unseen patterns within subsets of the data. By focusing on smaller
segments, we can better understand specific behaviors or movements that might be obscured
within the full trajectory. This granular approach to trajectory analysis highlights the impor-
tance of segmentation in enhancing the clarity and usability of trajectory data.

There are several approaches to segmenting trajectories. One such approach is discussed by
Marketos et al. [1], who explore segmentation in the context of reconstructing raw trajectories
using key parameters. These parameters—including temporal gaps, spatial gaps, maximum
speed, noise duration, and tolerance distance—are crucial in determining how raw trajecto-
ries are segmented. By applying these parameters, we can systematically segment trajectories,
thereby making the dataset easier to manage and analyze.

One practical application of these parameters is illustrated in Figure 2.2, where segmentation
is performed using temporal and spatial gaps. As shown, when the gap between two spatio-
temporal points exceeds the threshold, a new segment is created. This method not only helps
in organizing the data but also aligns with the previously discussed benefits of segmentation,

reinforcing its importance in trajectory preprocessing.
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Another parameter in reconstructing trajectories involves the use of tolerance distance, which
defines the maximum distance between two positions of the same object for it to be considered
stationary [1]. Closely related to this concept, Zheng [2] introduces the idea of stay points,
where objects remain stationary for a certain period. Detecting these Stay Points allows us to
transform trajectory data into more meaningful representations, as illustrated in the following

equation adapted from [2]:

T:{E,T27T3,...,Tn}:>S:{Sl—>S2%S3,...,Sn}

Here, each §; segments includes trajectory points 7; that are separated by stay points. This
refined segmentation process not only helps in managing the complexity of trajectory data but
also facilitates more advanced analyses by distinguishing between stationary and non-stationary
points. Figure 2.2, illustrates how stay points SP;, depicted in red circles, can be used to define
segments in the data.

In this thesis, we apply these concepts to segment our trajectories, thereby producing smaller
trips and managing the complexity of the trajectory data. For our primary dataset, we use the
Stay Point approach to segment the trajectories, a process that will be detailed in Chapter 3. In
our secondary dataset, we combine temporal gaps and spatial gaps to construct the trajectories,

as will be explained in Chapter s.

2.2.3 SEMANTIC TRAJECTORIES

Another important aspect of building trajectories is the addition of semantic information to
raw trajectory data. Spaccapietra et al. [17] define semantics in this context as any representa-
tion of a trajectory that has been enriched with contextual data or transformed to add meaning
to the raw data. This enrichment process enables us to create semantic trajectories, where the
added contextual information provides deeper insights into the trajectory data.

The next crucial step in processing trajectory data is enriching it with semantic information.
Parent et al. [28] describe semantic enrichment as the process of enhancing raw trajectories
with contextual repositories to produce a set of semantically annotated trajectories. Addition-
ally, Marketos et al. [1] provide a practical framework for constructing these semantic trajecto-
ries. Their approach involves first segmenting the trajectory data into episodes, followed by an-
notating these segments with relevant contextual information, such as regions, lines, or points.

The first step in this framework is constructing episodes or segments. Once these segments

are established, they can be enriched with additional context. One approach is to annotate the
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trajectories with regions by performing spatial joins with data sources containing geo-objects,
thereby adding geographical context. Another method is to annotate the segments with lines,
such as road networks, which adds a further layer of meaning. Techniques like map matching,
mentioned earlier, are particularly useful for this purpose. Finally, adding points of interest
helps identify significant stop episodes within the trajectories, further enriching the dataset
with valuable insights.

By applying these methods, we can significantly enhance the semantic value of our trajectory
data. In Chapter 3, we demonstrate how these approaches are used to annotate trajectories
with lines through map matching and to enrich them with geographical information. This
added semantic information proves invaluable, enabling us to extract more detailed behaviors
and insights from our trajectories, ultimately leading to more informed analysis and decision-

making.

2.3 TRAJECTORY DATA PREDICTION

Navigating the spatio-temporal context of trajectory data presents significant challenges. How-
ever, with a solid understanding of how to define, represent, preprocess, and clean this data, we
are now well-positioned to conduct more advanced analyses. One such analysis involves mak-
ing predictions based on our datasets. It is crucial to approach predictive modeling with care,
given that trajectories encompass not only spatio-temporal aspects but also their associated se-
mantic contexts.

Research in this field has extensively explored various predictive modeling tasks using trajec-
tory data. In their review paper, Graser et al. [14] outlined several common prediction tasks
that utilize trajectory data. These include trajectory prediction, arrival time estimation, and
subtrajectory classification, which are often applied to dense trajectory datasets.

In addition to these tasks, predictive modeling can also extend to more specific applications.
For example, tasks like next location prediction, anomaly detection, synthetic data generation,
and location classification are typically performed on aggregated trajectory data. Other studies
have explored predictions related to environmental and vehicle performance metrics, such as
emission prediction [37], electric vehicle range estimation [38], and fuel consumption forecast-
ing [39].

Applying these predictive tasks to our trajectory data provides concrete use cases and demon-
strates the practical application of our preprocessed and cleaned datasets. Building on this

foundation, we introduce two key use cases: predicting electric bus battery consumption as
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our primary focus and predicting ship trajectories using AIS data as a secondary focus.

2.3.1 PREDICTING VEHICLE BATTERY CONSUMPTION

Our primary use case with the AVL bus dataset involves analyzing battery consumption by
vehicles over specific trips. This analysis is critical for developing smarter transportation plan-
ning strategies, which ultimately contribute to greener urban transport systems. To establish
a robust foundation for our approach, it is essential to review related research on fuel usage
prediction, as these methodologies provide valuable insights and draw parallels to studies on
battery consumption.

Prior research in fuel consumption prediction has provided valuable insights that are directly
applicable to battery consumption modeling. Statistical models, such as regression and Autore-
gressive Integrated Moving Average (ARIMA), have been widely utilized to predict fuel usage,
as demonstrated in studies by Kabir et al. [40] and Cappiello etal. [37]. Additionally, machine
learning methods, particularly the random forest approach, have been successfully applied in
this context, as evidenced by the work of Yao et al. [41] and Perrotta et al. [39].

Furthermore, advancements in prediction techniques, including artificial neural networks,
have significantly enhanced the accuracy of fuel consumption forecasts. Studies in [40, 41, 42]
have shown how these more advanced models can capture complex, nonlinear relationships in
the data. These developments in fuel consumption prediction have naturally led to their adap-
tation and application in the context of battery consumption prediction for electric vehicles.

Research specifically targeting battery consumption has also employed various statistical
modeling techniques. For instance, studies in [43, 44] have explored different approaches to
predicting battery usage. Caewer etal. [44] utilized multiple linear regression models, with one
model incorporating kinematic factors and another integrating acceleration variables, both ag-
gregated over entire trips. Additionally, they developed a micro-model to predict consumption
on a more granular level, such as micro-trips. These studies demonstrated that more detailed
models tend to offer greater accuracy. However, the micro-model’s regression coefficients did
not fully align with the physical principles of battery consumption, even though it achieved
accuracy comparable to other models, suggesting potential for further refinement and explo-
ration.

More recent studies have explored the use of deep learning techniques for battery consump-
tion prediction. For example, Bundgaard et al. [45] applied deep learning features to predict

battery consumption at the trip segment level, achieving notable advancements. Similarly, in
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Zarei et al. [46], deep learning combined with Symbolic Aggregation Approximation (SAX)
filtering was employed to predict battery consumption in electric buses. This approach demon-
strated significant improvements in accuracy compared to traditional regression models, high-
lighting the effectiveness of deep learning methods.

In this thesis, we aim to leverage both statistical and deep learning models. Regression will
serve as our baseline model due to its interpretability, which provides a clearer understanding
of the predictor variables. In parallel, we will employ more advanced deep learning models to
turther enhance prediction accuracy. The detailed methodology and implementation of these

models are discussed in Chapter 4.

2.3.2 PREDICTING SHIP TRAJECTORIES

A secondary use case that we can explore with our AIS dataset, which contains ship trajectories,
is trajectory prediction. While not the primary focus of our study, predicting future ship tra-
jectories is nonetheless crucial for enhancing maritime navigation safety, as these predictions
can help prevent collisions and assist in planning new courses for ships. A classical approach to
trajectory prediction has its origins in the field of computer vision.

In computer vision, prior research on predicting future trajectories, such as that conducted
in [47, 48, 49], primarily addresses short-term prediction. These studies utilize deep learning
models to predict short-term human movement trajectories and include additional context
related to human interactions or environmental segmentation in the prediction process. Re-
search dealing with long-term trajectory prediction, such as [5o], also employs deep learning,
incorporating techniques like transfer learning to extend the prediction horizon. Additionally,
[51] adopts a probabilistic method for long-term prediction.

A similar application has been implemented in the context of ship trajectory prediction. For
example, [25, 52, 53] have developed trajectory prediction models using deep learning tech-
niques that incorporate environmental context, while [54] employs probabilistic methods for
prediction. A more general approach, involving the creation of a framework for trajectory pre-
diction, has been proposed by [55, 56]. Specifically, [5 5] enhances trajectory prediction for on-
line usage by focusing on streaming data, whereas [56] concentrates on building a deep learning
framework for trajectory prediction.

However, these approaches often introduce a degree of complexity. A simpler method, as
proposed by [24], involves using a straightforward deep learning model combined with linear

and spline interpolation to predict future ship trajectories. This approach relies only on ship
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speed and geographical coordinates (latitude and longitude) for the prediction.

In our research, as a secondary use case, we will utilize the same approach by employing
a straightforward deep learning model and using the same features, which will be detailed in
Chapter 5. This secondary use case aims to demonstrate the flexibility of our methodology,
drawing from consistent knowledge in representing, preprocessing, and cleaning trajectory

data.

2.4 TRAJECTORY DATA PREDICTION MODEL

In the previous section, we observed that several applications of trajectory data prediction uti-
lize deep learning methods for their analysis. These deep learning algorithms have been exten-
sively studied and, due to their robustness, have been successtully applied to the trajectory data
domain. One of the most common and well-researched deep learning methods for prediction
analysis on trajectory data is the use of RNN.

In [57], the authors employed the RNN architecture to exploit the sequential nature of
trajectory data. Additionally, recent studies by Graser et al. [14, 58] indicated that RNN-based
architectures account for 39% of recent publications related to the application of deep learning
to trajectory data. This popularity is largely due to the fact that trajectories can be naturally
viewed as sequences ordered by their timestamps, making RNN-based architectures well-suited
to capture and exploit the sequential attributes inherent in trajectories.

In the following sections, we will provide an overview of Artificial Neural Networks as a
foundation for our deep learning model, followed by a discussion on RNN architecture. We
will then focus on one of its most prominent variants, the Long Short-Term Memory (LSTM)
network. These sections will explain how these architectures are constructed and emphasize

the specific properties that make them particularly effective for predicting sequential data.

2.4.1 ARITFICIAL NEURAL NETWORKS

One of the foundations of deep learning is the feedforward neural network, also known as the
multilayer perceptron (MLP). Goodfellow et al. [4] describe that the goal of this network is
to approximate some function f;. Additionally, in this specific network, there is no feedback
from the output back through the model, which is why it is called a feedforward neural network.

Next, we can examine this network by looking at its components.
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As explained by Nielsen [3], these networks are composed of small components called neu-
rons. One of the earliest approaches to modeling a neuron is the perceptron, developed by
Rosenblatt [59]. The perceptron takes each input and multiplies it by a weight. The output of
the perceptron is influenced by a threshold, known as the bias, which determines the neuron’s
activation. The operation of the perceptron can be mathematically expressed as a dot product
between the weights and the inputs, represented as w - x, with the bias added, resulting in the

following equation [3]:

f=w-x+b
0 iff<0
Output = /<
1 iff>0

Instead of using the perceptron’s step function, other activation functions can be used within
neurons. With the perceptron, a small change in the weight or bias can cause the output to
flip, which is often too extreme. To address this issue, the sigmoid function can be introduced,
allowing for continuous inputs and producing a smoother transition in the output. The sig-
moid function is applied as follows: o(w - x + &). The sigmoid function is described by the

following equation [3]:

1
o(2) =
1+e¢*
The choice of activation function is not limited to the sigmoid; other functions can be used
depending on the desired behavior of the network. This selection of functions, known as acti-

vation functions, is crucial in determining the output of each layer.

As illustrated in Figure 2.3, the complete structure of a feedforward neural network is de-
picted, where each layer comprises a set of neurons. This network architecture includes hidden
layers, which are responsible for additional computations before the final output is produced.
The formal structure of this network can be described as outlined by Goodfellow et al. [4],
where the network function is represented as f{x) = f3(f2(fi(x))). In this formulation, f; cor-
responds to the first layer, £, and f; represent the subsequent layers, and during the training

process, each layer is iteratively adjusted to approximate the optimal function f; (x).

While feedforward neural networks are effective for approximating complex functions in
model building, they have certain limitations. Specifically, these networks do not incorporate

feedback from the output back into the network, which restricts their ability to maintain state
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Figure 2.3: Neural networks architecture [3]

or context across different layers. To address this limitation, other types of neural networks
have been developed that integrate feedback mechanisms, allowing the network to retain infor-

mation over time. One such network is RNN, which will be discussed in the following section.

2.4.2 RECURRENT NEURAL NETWORKS

Recurrent neural networks (RNN), as described by [4], are a class of neural networks specifi-
cally designed to work with sequential data. When presented with a sequence of inputs, x4, . . . , x;,
an RNN can learn the dependent patterns within the sequence by maintaining a memory of

previous computations.
N @ @ @ ) |
Unfold

As depicted in Figure 2.4, an RNN can be conceptualized as a loop that recursively processes

Figure 2.4: lllustration of an RNN architecture [4]

the sequential data, with each iteration referencing the previous timestep. When thisloop is un-
folded, it becomes apparent that each layer within the RNN corresponds to a specific timestep

of the input sequence. The operations of the RNN can be mathematically formalized as fol-
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lows, based on the equations provided in [4]:

Ae)=b+ W -b(t—1)+ U-x(z) (2.1)

h(t) = tanh(fz)) (2.2)

o(t) =c+ V- bh(z) (2.3)

In these equations, the matrices 17, U, and V represent the weights that connect different
parts of the network. Specifically, 7is the weight matrix for the connections between hidden
states, U is the weight matrix for the connections from the input to the hidden state, and V'is
the weight matrix for the connections from the hidden state to the output.

Equation 2.1 describes the computation at each timestep #, where the function f{¢) is com-
puted by combining the previous hidden state 4(# — 1), the current input x(¢), and a bias term
b. The current hidden state 5(z) is then obtained by applying the tanh activation function to
A#), as shown in Equation 2.2. Finally, the output activation o(#) is calculated by adding a bias
vector ¢ to the weighted hidden state /(z), as expressed in Equation 2.3.

From the equation we can see why RNN is powerful in taking sequence input, since it incor-
porated the previous hidden state in the current time step as the part of the equation. However
this not without a problem, Hochreiter in [60] and Bengio et al. [61], described that major
drawbacks for this RNN network is the vanishing gradient problem and the difficulties learn-
ing much more longer sequences. Hence, in [60] new variant of RNN network is inroduced,
which called Long-term short memory (LSTM).

LSTM networks introduce the capability to control the flow of information, selectively re-
taining what is essential and discarding what is irrelevant. As illustrated in Figure 2.5, this flow
management is achieved through structures known as gates. The LSTM cell comprises three
primary gates: the input gate, the forget gate, and the output gate. Each gate serves a specific

function, as represented by the following equations [4]:

g =e (e S s Sl =
J J

Asshown in Equation 2.4, the forget gate’s primary role is to determine whether information

from the previous timestep should be retained or discarded. This decision is made by applying
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Figure 2.5: lllustration of an LSTM architecture [4]

a sigmoid activation function to the hidden state of the previous timestep.

) =108 g b DU+ D W (25)
J J
(9) (%) (¢=1)
g = |G+ Ux"+ ) wih (2.6)
J J

The input gate, as seen in Equation 2.5 and Equation 2.6, governs the extent to which new
input information should be integrated into the cell state. This update process involves a com-
bination of information from the forget gate, which decides the retention of previous cell states,

and the input gate, which determines the amount of new information to be incorporated.

lol(-t) = tanh (sl(-t)) -qft) (27)

7 = | B+ DU+ W (8)
J J

Finally, the output gate, as described in Equation 2.8 and Equation 2.7, determines whether
the information from the current hidden state will be transmitted as output. In these equations,
b*, U*,and W™ represent the bias, input weight, and recurrent weight at each gate, respectively.

The introduction of these gates significantly enhances the LSTM’s ability to manage infor-

mation flow, making it more effective than a standard RNN, particularly when working with
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longer sequences. By controlling the retention and update of information through the input,
forget, and output gates, LSTM networks address the limitations of traditional RNNs in han-
dling long-term dependencies. In this thesis, we employ LSTM as the primary model for both
prediction analyses, which will be discussed in detail in Chapter 4 and Chapter s.

2.5 EVALUATION METRICS

To evaluate our predictive analysis, we will define the metrics used and provide the rationale be-
hind their selection. The evaluation metrics chosen are straightforward and have been selected
to facilitate easy interpretation of our results. As discussed in [62], common quantitative mea-
sures for assessing the performance of regression models include Mean Squared Error (MSE)
and Root Mean Squared Error (RMSE). Additionally, the R* Score can be used to assess the
model’s ability to explain variance in the data. We will use these metrics to evaluate our models
and will also explore the Mean Absolute Error (MAE) and Mean Absoulute Percentage Error
(MAPE).

R?* Score: The R* score, or coefficient of determination, as explained by [62], indicates the
proportion of the variance in the dependent variable that is predictable from the independent
variables. This metric helps compare the predictive performance of models by indicating how
well they explain the variance in the data. The formula for the R* score is as follows:

Z?:lo’i B )A’l*)z

R =1-
Zz’:l (yl’ - )’)2
MSE: MSE is calculated by taking the average of the squared differences between the actual

and predicted values. MSE is sensitive to outliers, as it disproportionately penalizes larger errors.

The formula for MSE is given by:
1l & X
MSE = ; Z(yl _.yz')z
=1

RMSE: RMSE is similar to MSE but is more interpretable, as it is on the same scale as the
data. It is calculated by taking the square root of the MSE and is also sensitive to outliers. The
formula for RMSE is:

1 n
RMSE = | = 3 (s — 3,2
n;@ 5)
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MAE: As explained by [63], MAE is a more natural measure of average error in prediction
results. It is less sensitive to outliers compared to MSE, as it simply averages the absolute differ-

ences between the actual and predicted values. The formula for MAE is:

n

1
MAE:;Z

=1

Vi _5’;‘

MAPE: Similar to MAE, MAPE calculates the mean of the percentage error between the
actual data and predicted data. It is particularly useful when we want to express the error as a

percentage. The formula for MAPE is:

n

MAPE — © Z

n

.yl‘ _5}1'

Ji

x 100

=1

Defining these evaluation metrics is crucial. In our primary use case, the R* scoreand RMSE
will be used for comparative analysis between the baseline and deep learning models, providing
a clear evaluation of predictive performance. In the secondary use case, RMSE and MAPE will

be employed to measure the deviation of the predicted values from the actual data.

2.6 SUMMARY

In this literature review, we have thoroughly and extensively explored the foundational liter-
ature that underpins our thesis. We began by examining the literature on trajectory data, fo-
cusing on how to preprocess, clean, and use this data for predictive analysis. This review is an
integral part of our research as it provides the guidelines for our approach and identifies the
gaps that our study aims to fill.

Our research is focused on applying foundational theories regarding trajectories to tangible,
real-world applications. We started by understanding the characteristics of trajectories, draw-
ing upon studies such as [2, 16, 17]. We then adopted an extensive and exhaustive approach to
preprocess and clean our trajectory data, informed by the work of [1, 28, 32]. Finally, we exam-
ined methods for our predictive analysis by reviewing prior predictive analysis tasks in [14, 38]
and studies regarding deep learning models in [3, 4].

Based on our literature review, [6] provided a comprehensive overview of all aspects of tra-
jectories, including their applications. Our research extends this theoretical foundation by in-

corporating more modern and practical approaches, utilizing tools such as MobilityDB [10],
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PyMEOS [11], MovingPandas [12] , and Valhalla to represent and process trajectory data. In
the application phase of our research, we adopt advanced tools for predictive analysis, integrat-
ing deep learning models across both of our use cases.

In our primary use case, which involves predicting electric bus battery consumption, prior
research, such as [42, 45, 46], has applied deep learning models to predict vehicle energy con-
sumption. However, these studies do not extensively address the trajectory aspect. In our re-
search, we thoroughly investigate our dataset and carefully transform it into a more meaning-
tul representation using the foundational theories we have reviewed. Techniques such as map
matching and trajectory segmentation are employed. In the prediction analysis, research in
[46] is the most closely related to our work, as it also predicts electric bus energy consumption
using public transportation data. However, we extend this approach by incorporating road
segment information as suggested in [45].

To complement our analysis, we provide a secondary use case predicting ship trajectory data,
following the same approaches in representing and preprocessing trajectories. This secondary
use case offers a different perspective, demonstrating the versatility of our approach by employ-
ing concepts such as temporal and spatial gaps detection. In the prediction task, abundant
research has been conducted in the field of trajectory prediction, including [47, 48], with a
particular focus on ship trajectory prediction in [24, 25, 52]. Our approach is most similar to
[24, 25], as we utilize the same prediction model. However, their approach is more focused on
the characteristics of AIS datasets, whereas our research emphasizes general trajectory data.

In conclusion, we will conduct predictive analysis on trajectory data, basing our methods
on foundational literature related to trajectories. We will represent, preprocess, and clean our

data, and employ advanced models such as deep learning to perform the predictive analysis.
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Data Preprocessing for the Electric Bus

Usecase

Given the vast amount of trajectory data available, particularly in urban environments, one
significant application of trajectory prediction is to enhance intelligent and eco-friendly trans-
portation systems, especially public transit. By leveraging trajectory data, we can implement
smart planning strategies in public transportation to improve trip efficiency and minimize en-
ergy consumption. This is increasingly important with the growing adoption of electric ve-
hicles, particularly in Europe. As a preliminary step toward smart planning, we can begin by

predicting the battery consumption of vehicles during their trips.

In predicting battery consumption, prior research such as [45, 46] has focused on electric ve-
hicle data. Specifically, [45] focused on predicting battery consumption for electric cars, while
[46] concentrated on electric buses. In this use case, we will focus on predicting electric bus

consumption using bus trajectories in the form of AVL data.

Section 3.1 provides a brief overview of our dataset. Section 3.2 explores the challenges
present in our data. Section 3.3 explains how we address these challenges and clean the data.
Section 3.4 offers a comprehensive overview of our data cleaning pipeline to build the data for
prediction. Finally, Section 3.5 summarizes the steps taken and outlines potential improve-

ments.
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3.1 DATASET OVERVIEW

In order to build a comprehensive analysis and develop a predictive model for forecasting bat-
tery consumption from an electric bus trajectory, it is crucial to thoroughly explain the dataset
and acknowledge the associated constraints. By doing so, we can establish a clear path and strat-
egy for implementing an effective data preprocessing method, which serves as the foundation
for constructing our prediction model.

Understanding the specifics of our dataset is the first step in this process. The primary dataset
comprises bus trajectories collected over a period of 20 days. This datasetincludes key attributes
such as the vehicle identification number (ID), the recorded signal values, and the geographical
position of the bus, represented by latitude and longitude coordinates. The recorded signals
consist of battery autonomy, battery percentage, cumulative vehicle distance, and cumulative
battery consumption.

For the purposes of our thesis, we focus on the cumulative battery consumption signal. This
filtered dataset retains essential information including the vehicle ID, cumulative battery con-
sumption measured in kilowatt-hours (kWh), and geographical coordinates. Each trajectory
point in the dataset is also timestamped, which is crucial for accurately sequencing the trajec-
tory points. The timestamp data plays a critical role in our analysis, enabling precise reconstruc-
tion of the bus trajectories. Table 3.1 provides detailed information regarding the data type of

each attribute.

Attribute Datatype
T Timestamp
Vehicle ID String
Cumulative Battery Consumption Integer
Latitude Float
Longitude Float

Table 3.1: Filtered primary dataset: Attributes and data types

By understanding the structure and constraints of our dataset, we can establish a robust
foundation for our subsequent analysis. This knowledge allows us to identify and address po-
tential issues that could impact our predictive model’s performance. In the next section, we
will conduct a preliminary analysis of the dataset, identifying specific challenges and outlining

the steps necessary for effective data preprocessing.

2.8



3.2 DATA EXPLORATION

A thorough investigation of the constraints and limitations within our dataset allows us to
strategically address these challenges and build a comprehensive data preprocessing pipeline.
This step is vital before proceeding with the development of our prediction model. By recog-
nizing and tackling these issues, we can implement the most suitable techniques to improve the

quality and accuracy of our dataset.

3.2.1  GPS INACCURACIES

After understanding the structure of our dataset, it is essential to examine the characteristics of
the data to identify any challenges that need to be addressed through data preprocessing. One
of the first aspects to consider is the nature of our trajectories. By plotting the trajectories on
a map, we can inspect our raw data visually. Figure 3.1 illustrates the spread of one vehicle’s
trajectory over a single day, depicted in blue, along with the bus road networks depicted in

orange.

Figure 3.1: A day of vehicle trajectory

As shown in Figure 3.1 the trajectories are primarily concentrated along bus road networks,
with slight deviations in certain areas. This visualization allows us to assess the general path
followed by the vehicle. However, to gain a more comprehensive understanding of the data,
it is necessary to closely examine the individual points within the trajectory. This detailed in-

spection can reveal specific data points and their alignment with the actual bus road networks.
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Figure 3.2 provides a closer look at these individual points within the trajectory, highlighting

how they align with the bus routes and where deviations occur.

Figure 3.2: Unprocessed points along the bus road network

From Figure 3.2, it is evident that points do not align perfectly with the bus road networks
depicted on the map. This discrepancy is expected, as GPS data is not always precise. Under-
standing these inaccuracies is crucial for refining our data preprocessing methods to improve

the overall accuracy of our predictive model.

3.2.2 DISCONTINUITIES AND FREQUENCIES IN Bus TRAJECTORIES

Another important aspect to consider from our trajectory data is that buses do not travel con-
tinuously throughout the day but make several stops along their routes, either to charge their
batteries or to wait for the next scheduled trip. This is illustrated in Figure 3.3, where several
points close to each other are indicated in pink. Detecting these stop points is important as it

allows us to refine our algorithms and segment the bus trajectory more precisely.
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Figure 3.3: Possible stopping points in trajectories

These issues, coupled with the dataset’s frequency, further complicate our analysis. The
frequency of our dataset introduces additional challenges. Our data points are recorded every
30 seconds, or 0.03 Hz, typically resulting in a 30-second gap between each trajectory point.
However, not all data points adhere strictly to this frequency; some gaps can be as large as
7 hours 40 minutes, resulting in frequencies as low as o.0oo03 Hz, creating a much sparser
trajectory. Importantly, no trajectory points are recorded with a gap shorter than 30 seconds.
This sparsity presents a significant challenge in accurately estimating battery consumption. In
comparison, previous studies [45, 46] have utilized datasets with frequencies of 1 Hz and o.1-
1 Hz, respectively. Thus, our dataset is notably more sparse at 0.03 Hz, complicating the data

analysis and preprocessing tasks further.

3.2.3 CUMULATIVE BATTERY ENERGY CONSUMPTION

In addition to the sparsity of the dataset, the battery consumption value is calculated cumula-
tively, adding complexity to analyzing energy consumption at a finer granularity, such as at the
trajectory point level. Figure 4.1 shows the cumulative battery consumption over a day. As we
can see, the consumption gradually increased from zero to the maximum consumed for that

day. Additionally, we observe slight fluctuations in the consumption data, and in some cases,
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Figure 3.4: Cumulative battery consumption (kWh) throughout the day

the readings can drop to zero at the end due to issues with the reading device. This cumula-
tive nature of the data, necessitates additional preprocessing steps to address these challenges

effectively.

3.2.4 DATASET CONTEXT DEFICIENCY

Moreover, we must consider the context within our dataset, which includes spatial and tempo-
ral information. The spatial context is represented by the position of the vehicle through Longi-
tude and Latitude, while the temporal information is provided by the timestamp value. These
two pieces of information are sufficient to reconstruct the trajectory and show the changes in
cumulative battery consumption over time. However, they do not fully capture the reality of
the situation, leading to challenges in accurately reflecting the factors influencing battery con-
sumption. Addressing these contextual limitations is crucial for improving the accuracy of our
predictive model.

This lack of context can lead to problems in capturing more variables that affect battery

consumption. Having more context from the dataset will help capture more variables and en-
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able more accurate predictions of battery consumption. Knowing this, we will need to add
context to our dataset that might affect the prediction of battery consumption, but we must
do this carefully to ensure data integrity and accuracy. By thoroughly investigating the con-
straints and limitations of our dataset, we can strategically address these challenges to build a
comprehensive data preprocessing pipeline. This is an important step before developing our

prediction model.

3.3 DATA CLEANING

In this section, we will systematically address the various issues in our dataset and provide a
thorough explanation of the algorithms, techniques, and tools used to resolve these problems.
We will begin by addressing the GPS inaccuracies. Next, we will tackle the issue of disconti-
nuity in the bus trajectories. Following that, we will address the challenges associated with the
cumulative battery consumption values in our dataset. Finally, we will explain how we added

additional context to enhance the dataset.

3.3.1 MaAP MATCHING

We recognize the issues related to GPS inaccuracies in our dataset, and addressing these inaccu-
racies is crucial for our analysis. Handling bus trajectory data presents specific challenges, such
as the need to correct the inaccurate GPS points and align them with the road network. This
correction process, known as map matching, enhances the precision of the GPS locations by
aligning them with the actual road network.

A straightforward approach to tackle GPS inaccuracies is to snap the inaccurate GPS points
to the nearest points on the road network. However, this method is not optimal because it
does not consider the sequential order of the points. More sophisticated algorithms, such as
those utilizing fuzzy logic or HMM [64], provide better solutions by maintaining the order
and context of the points. Employing these advanced techniques can significantly improve the
accuracy of the matched GPS points in our dataset.

In this study, we utilize a HMM-based map matching algorithm, specifically the Viterbi
search algorithm. This method is widely used and supported by tools such as Leuven Map
Matching [35] and Valhalla Meili. We selected Valhalla Meili for its comprehensive documen-

tation and efficient C++ implementation *, accessed via its trace route APL

*Valhalla Meili implementation details
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For implementing map matching with Valhalla, we group the data by vehicle per day. This
grouping ensures that the map matching process handles an optimal amount of data while
retaining sufficient information about the trajectory. Table 3.2 illustrates the trajectory param-
eters passed to the map matching algorithm. Latitude and longitude are used to derive the
map-matched trajectory, and time data maintains the sequence of the trajectory points. These
trajectory points, combined with other parameters for map matching, are essential for the map

matching process.

Attribute Type

Latitude Float
Longitude Float
Time Integer

Table 3.2: Trajectory attributes for map matching

Table 3.3 outlines the parameters used for map matching. The search radius parameter, set
to 10 meters, defines the radius within which the algorithm searches for corresponding road
segments, enhancing accuracy. The shape match parameter specifies the map matching algo-
rithm, and the costing algorithm is set to ’bus’ to ensure matching on bus road networks. With

these parameters configured, we can execute the map matching process.

Parameters Value

Search Radius 10m
Shape Match map snap
Costing bus

Table 3.3: Configuration parameters for map matching

After defining the parameters, we apply the map matching algorithm as shown in Algo-
rithm 3.1. This algorithm processes each trajectory by combining it with the map matching
parameters to accurately align the trajectory with the corresponding road segments. In addi-
tion to generating the map-matched points, we also extract further information about the road
segments to facilitate additional preprocessing of our dataset.

The output of the map matching process includes a map-matched trajectory with new coor-
dinates for each point, along with the relevant road segment details. These attributes are crucial

for estimating energy consumption at the road segment level. Furthermore, we calculate the
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distance traveled along each segment, which aids in precise distance estimation. This processed

data will form the foundation for further analysis in subsequent stages.

Algorithm 3.1 Map Matching Function

Require: trajectory 7
1: parameters = get_parameters()
2: map_matched_trajectory = callValhallaMapMatch(7,
parameters)
for point in map_matched_trajectory
road_segment_ids = get_road_segment_id(point)
road_segment_length = get_road_segment_length(point)
distance_along_road_segment = get_distance_along_road_segment(point)
end for
return (map_matched_trajectories, road_segment_ids,
road_segment_length,
distance_along_road_segment)

N o W

Following the application of the map matching algorithm, we have obtained cleaned trajec-
tories that are accurately aligned with the bus road network. Figure 3.5 illustrates the difference
between the trajectories before and after applying the map matching process. The red points
indicate the positions before map matching, while the blue points indicate the positions after
map matching. The next step involves segmenting the trajectory data, which will be detailed

in the following section.
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Figure 3.5: Map matching result

3.3.2 SEGMENTING THE TRAJECTORIES

Previously, we noted that buses do not travel continuously throughout the entire day; instead,
they have stops between their trips. To distinguish between actual bus trips and stops, we need
to segment the trajectory data. By segmenting the trajectory and dividing the bus data into
individual trips, we obtain a clearer representation of battery consumption during these trips.

There are several approaches to segmenting the data. One possible approach is using General
Transit Feed Specification (GTFS) information from the bus schedule. However, this approach
is challenging due to the nature of our data, which lacks necessary information such as the
specific routes served by the vehicles or the bus stops visited during the journey. Additionally,
deviations from the route, or if the bus is running too early or too late from the schedule, are
not captured in the GTES data. Therefore, we need an alternative method for segmenting the
trajectory.

A viable approach is to detect when the vehicle stops for a certain duration. This approach
is based on the logic that a vehicle typically stops before starting another trip according to its
schedule. By identifying these stopping points, we can segment the trajectory accordingly, sep-
arating the periods when the bus is stationary from when it is moving. This allows us to define

different trips, with stopping points serving as the boundaries between trips.

To achieve this, we utilize the stop detection tools provided by MovingPandas [12] using
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Figure 3.6: Segmented trajectories

version vo.18.1 [65]. We define parameters for detecting stops, as depicted in Table 3.4. The
tool works by collecting points within a defined radius and, if the duration within that radius
meets the minimum threshold, assigning those points as stopping points. The result of this
stop detection process is a set of points identified as stops, which we can then use to split the

trajectory.

Parameters Value
Maximum Radius 100M
Minimum Duration 2.40 seconds

Table 3.4: Parameters for stop detection

After splitting the trajectory based on the stopping points, we obtain segmented trajecto-
ries. As shown in Figure 3.6, the segmentation results in several segments, including stopping
segments. These segmented trajectories allow us to distinguish between actual bus trips and pe-
riods when the bus is stationary. This distinction is valuable for building the data pipeline for
our predictive model. In the following section, we will discuss how we handle the cumulative

battery consumption values in the dataset.
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3.3.3 ESTIMATING BATTERY CONSUMPTION

Another significant issue we encounter is that our battery consumption values are cumulative.
This poses a problem, as we cannot determine the consumption value at each trajectory point.
Knowing the value at each trajectory point is crucial as it serves as a basis for estimating con-
sumption at each road segment. To estimate this value, we will employ linear interpolation.
Linear interpolation is a useful technique for estimating battery consumption at specific
points in time. It is a straightforward method, making it a viable option given the limitations
and constraints of our data. Since our dataset includes temporal information, we can leverage
this to perform linear interpolation. Figure 3.7 illustrates how we apply linear interpolation

using temporal data.
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Figure 3.7: Linear interpolation of battery consumption (kWh) over time

To explain this further, suppose we have a battery consumption value X bounded by times-
tamps 77 and 7z. We can interpolate the battery consumption values at all points between 7’1
and 7Tz. For each value in the trajectory, we create time bounds and interpolate for all points
that lie within these bounds.

After applying linear interpolation, we obtain an estimated consumption value for each tra-
jectory point. This estimation is crucial as it allows us to determine the battery consumption
for each road segment. These values will be utilized in the subsequent section, where we will

add more context to our dataset.
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3.3.4 ENHANCING DATASET CONTEXT

As mentioned in the previous section, one of the challenges in our dataset is the lack of con-
textual information. To represent conditions more accurately, we will enrich the data with
weather information, elevation data, and road grade details for each road segment. To achieve
this, we will utilize open-source APIs to obtain additional data and combine it with our dataset.
We begin by adding weather context.

Capturing weather-related information in our dataset is crucial, as factors such as tempera-
ture, rainfall, and wind can significantly influence bus battery consumption. Environmental
conditions impact the efficiency and energy usage of the bus, making it essential to include
them in our analysis. We obtain this weather information using the OpenMeteo API [66],
which provides comprehensive historical weather data. By integrating this data, we can better
understand and model the external factors affecting battery performance.

The weather dataset from OpenMeteo has a spatial resolution of nine square kilometers and
a temporal resolution of one hour. To integrate this data, we call the OpenMeteo API with spe-
cific parameters, as explained in Table 3.5. Given the nine square kilometers spatial resolution,
asingle query is sufficient to cover the areas included in our dataset. We focus on requesting the
most relevant weather information that may impact battery consumption, such as temperature
variations, precipitation levels, and wind speed and direction. This enriched dataset will enable
us to build a more accurate predictive model by accounting for the environmental conditions

in which the buses operate.

Parameter Value
timezone Europe/Berlin
hourly temperature_2m, relative_humidity_2m, precipitation,
wind_speed_rom, wind_direction_1om, sunshine_duration
location Coordinate of the dataset

Table 3.5: OpenMeteo Weather History API parameters

After obtaining the weather information, we will further enhance our dataset by incorporat-
ing elevation and road grade (the gradient level of the road) for each road segment. Since our
dataset does not contain embedded elevation information, we will utilize external data from
the Tinitaly 1.1 dataset [67]. Tinitaly provides raster elevation data with a 1o0-meter resolution
for Italy, which is sufficiently precise.

To integrate the elevation data into our dataset, we first need to gather the spatial information
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of our road segments. This can be achieved using a tool called Overpass Turbo T, which allows
us to extract the coordinates that define our road segments. Once we have these coordinates,
we can overlay them on the Tinitaly 1.1 raster dataset to obtain the corresponding elevation

data.

With the spatial information in hand, we then use PostgreSQL with the PostGIS extension
to retrieve the elevation data from the Tinitaly 1.1 dataset. This process involves obtaining
elevation values for each coordinate within the road segments. Using this elevation data, we
can calculate the average elevation for each segment. Additionally, we compute the average

road segment grade and angle, as described by Equation 3.1 and Equation 3.2

de — elevation_change % 100 (3.1)
grade = horizontal distance 31
ngle — deg(arctan [ &%) (3.2)
pr— .21

angle eg(arcta 100 3

These calculations involve determining the grade for each consecutive pair of coordinates
within a road segment and then averaging these values to get the overall grade and angle for
the segment. This detailed analysis allows us to understand the characteristics of each road
segment, such as whether it is primarily inclining or declining and the overall steepness. This
enriched data provides a more comprehensive understanding of the road conditions affecting

battery consumption.

3.4 BUILDING THE DATA PREPROCESSING PIPELINE

After addressing the issues in our dataset, we can move on to building the data preprocessing
pipeline. Since our goal is to estimate battery consumption, we will break down the problem by
estimating consumption at the road segment level. First, we need to calculate battery consump-
tion for each road segment. After that, we will validate our calculations against the dataset to
ensure they remain within the cumulative values of the actual dataset. Finally, we will explain

the final dataset used to build our prediction model.

TOverpass Turbo tools for getting road segment informations
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3.4.1 RoAD SEGMENT BATTERY CONSUMPTION

Since we have estimated the battery consumption value for each trajectory point, we can now
utilize this data to calculate the battery consumption for each road segment. From the map
matching results, we obtain information about the road segments traversed between two tra-
jectory points, including the length of each road segment and the proportion of the segment
that has been traversed. Using this information, we can estimate the battery consumption for

each road segment.

Segment A Segment B
BN X
( X meters W ( Y meters W

oY

A Battery Consumption Value
Figure 3.8: Battery consumption estimation at the road segment level

To accomplish this, we employ a straightforward approach for estimating segment consump-
tion. As illustrated in Figure 3.8, we calculate the segment consumption using the proportion
of the traversed segment length relative to the total distance traveled between points A and B.
By applying this proportion to a simple equation, shown in Equation 3.3, we can obtain the

segment consumption value.

segment_length

segment consumption = ( > X Battery consumption value (3.3)

total_length

Furthermore, after calculating the battery consumption for each road segment, we account
for cases where two trajectory points fall within the same segment. In such instances, we aggre-
gate the segment consumption values of the consecutive points within the same road segment.
This approach ensures that we have comprehensive consumption data for each road segment.
The next step involves validating our calculations to ensure accuracy and consistency with the
cumulative values in the dataset. By doing so, we can confirm the reliability of our data and its

suitability for further analysis.

3.4.2 VALIDATION OF ROAD SEGMENT CONSUMPTION CALCULATION

Now that we have calculated the segment consumption, the next step is to validate our dataset.

To accomplish this, we need a method to ensure the accuracy of our consumption estimates.
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Our approach for validation involves comparing the cumulative battery consumption values
with the sum of all road segment consumption values. This method is straightforward and
effective.

However, we face challenges due to the precision of the cumulative values being limited to
integers, which results in the loss of detailed information, especially when battery consumption
data remains constant at the end of the trajectory. Additionally, the map matching algorithm
may remove erroneous trajectory points, leading to missing values in the cumulative battery

consumption data.

Attribute Value

Mean 0.815476
Standard Deviation 0.578912

Table 3.6: Difference between daily ground truth and aggregated segment consumption

To assess the validity of our consumption estimates, we will use the standard deviation and
the mean difference between the maximum cumulative value from the dataset and the summa-
tion of all road segment battery values. Table 3.6 depicts these differences, showing that the
spread and the mean difference are sufficiently small. This indicates that our dataset is reliable

for estimating battery consumption and building a predictive model.

3.4.3 BUILDING THE DATA FOR PREDICTION

After calculating the road segment consumption and addressing the issues in our dataset, we
have developed a comprehensive data preprocessing pipeline. Figure 3.9 illustrates the com-
plete data preprocessing pipeline. This pipeline includes all the steps from raw data collection
to the final preparation of road segment battery consumption data. Each stage in the pipeline is
designed to ensure the data is accurate, comprehensive, and ready for input into our predictive
model.

With this robust preprocessing pipeline, we have a reliable base dataset that can be effectively
used for building and training our prediction model. This comprehensive approach ensures
that our data is well-prepared to yield accurate and meaningful predictions about battery con-

sumption.
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Figure 3.9: Data cleaning and preprocessing pipeline

3.5 SUMMARY

In this chapter, we have thoroughly explained how we explored and addressed the challenges
in the dataset. Our exploration involved identifying problems within the dataset and uncov-
ering the challenges present. Furthermore, we developed a careful approach to address these
challenges and applied appropriate techniques to resolve them. These techniques are crucial
for effectively addressing the issues in the dataset.

Techniques such as map matching are essential, as they clean inaccurate GPS positions and
help identify the road segments associated with each GPS point. Additionally, segmenting
the trajectory aids in identifying stopping points in our dataset, dividing the trajectory into
several smaller trips for more detailed analysis. Linear interpolation is used to estimate battery
consumption at the trajectory point level, providing a more granular understanding of energy
usage.

Building on these techniques, we ensure the quality of the extracted data compared to our

raw data by employing metrics such as mean and standard deviation to measure daily battery
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consumption differences. This evaluation method resulted in a mean of only 0.8 kWh per day
and a standard deviation of 0.5 kWh, indicating a high level of consistency in our estimation
process.

However, while our current methods have proven effective, there is room for further en-
hancement, particularly in the estimation of battery consumption. By utilizing more advanced
interpolation methods that account for unseen factors in the trajectory data, we can improve
accuracy beyond linear interpolation. Additionally, incorporating detailed traffic information,
roundabouts, and vehicle speed could further enrich our dataset. The authors in [68, 69] high-
light the significant effects of roundabouts and speed on electric vehicle battery consumption,
suggesting that these factors should be integrated into our prediction models for improved ac-
curacy.

In conclusion, we have employed an exhaustive approach to address the challenges present
in our vehicle trajectory dataset. We have successfully estimated battery consumption at the
road segment level and validated it against the raw trajectory dataset using daily consumption
levels. However, further improvements are worth exploring to enrich the dataset and to refine

the estimation of battery consumption from cumulative values.
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Prediction for the Electric Bus Usecase

In this chapter, we will explain the process of building prediction models from preprocessed
trajectory data to predict battery consumption, step by step, starting with the baseline model
and progressing to more advanced models. To facilitate this progression, Section 4.1 will detail
the construction of the prediction model, outline the goals of the prediction, and describe the
validation process for the model. Section 4.3 will provide a step-by-step guide on building our
baseline model and analyzing the important features from the dataset.

Following the baseline model, Section 4.4 discusses how we incorporate recurrent neural
networks to enhance the prediction capabilities of our model. Section 4.5 then compares the
performance of the baseline model with our recurrent neural networks model. Finally, we will

summarize the findings of this chapter in Section 4.6.

4.1 BUILDING THE PREDICTION MODELS

After preprocessing our dataset through the data preprocessing pipeline, we obtained cleaned
data with the additional context we need. Table 4.1 shows the cleaned data after preprocessing,
highlighting additional information regarding road segments and temperature. To build better
predictions, we can further enrich the dataset by analyzing it and extracting more features.
Using this enriched dataset, our objective is to predict battery consumption with our model.
Specifically, we aim to generate predictions at the road segment level and then aggregate these

predictions to obtain a daily forecast. We plan to conduct the predictions iteratively, starting
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with simple models and progressively moving to more complex ones. Initially, we will develop
and validate a baseline model, followed by more complex models which will be validated against
the baseline.

The baseline model will employ a simple regression technique, enabling us to understand the
relationship between predictor variables and the predicted values. Subsequently, we will inte-
grate more complex models, specifically Deep Neural Networks, to uncover hidden patterns
within our dataset. Itis essential to validate these models to assess their predictive performance.

We will validate the models using various performance metrics. RMSE will be used to eval-
uate prediction accuracy, while the standard deviation of predictions will assess consistency,
and the R? score will be used to assess model quality. By comparing these metrics, we can de-
termine which model performs better in terms of accuracy and reliability. This comprehensive

approach will enable us to select the most effective model for predicting battery consumption.

Attribute Data Type
Vehicle ID String

T Timestamp
Road Segment ID String
Battery Consumption Float
Trip ID String
Temperature Float
Humidity Float
Precipitation Float
Wind Speed Float
Wind Direction Float
Average Elevation Float
Average Grade Float
Average Angle Float

Table 4.1: Prediction dataset attributes

4.2 PREPARING AND ANALYSING THE DATASET

Before building the prediction model, we will explore the features of our dataset to identify
patterns and extract additional information. We will start by analyzing the temporal informa-
tion our dataset, and exploiting it to get broader view of its effect to the battery consumption.
Additionally we will also look into the weather information to gain additional insights from
the data.
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4.2.1 ADDING TEMPORAL INFORMATION

We achieve this by adding details about the day of the week, indicating which day each trajec-
tory belongs to. Additionally, we divide the time into hourly bins to provide a broader view
regarding the battery consumption. This helps us identify patterns such as rush hours or the
impact of holidays on battery consumption. Figure 4.1 illustrate the distribution of road seg-
ment consumption based on the day of the week and the time range.

In our analysis, we observed an upward trend in battery consumption during weekends and
on Monday. Additionally, the mean battery consumption is relatively higher in the morning
compared to the rest of the day, with a sudden spike towards the end of the day. This tem-
poral context, as shown in the data, enables us to discern clearer patterns that aftect battery
consumption. Incorporating this enriched dataset provides valuable insights for our analysis
and modeling, enhancing our understanding of the factors influencing battery usage.
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Figure 4.1: Mean battery consumption (kWh) by (a) day of the week (b) time range

4.2.2 INSPECTING THE WEATHER

After analyzing the temporal information, we will also examine weather factors to determine
how precipitation and temperature affect battery consumption. This focus is due to the impact
weather has on the utility usage of a bus, consequently affecting its performance. We will begin
by inspecting the effect of precipitation.

To analyze precipitation, we will categorize it for easier interpretation. According to [70],
precipitation can be classified into four distinct levels: no rain, light rain, moderate rain, and
heavy rain. After preprocessing the precipitation data, we will examine its impact on battery

consumption. As shown in Figure 4.2, there is no significant difference in mean battery con-
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sumption between no rain and moderate rain. However, during light rain, battery consump-
tion is noticeably lower. Furthermore, our observations indicate a correlation between temper-
ature trends and battery consumption, with increases in temperature leading to lower rates of
battery consumption.

Incorporating these weather data analyses with the temporal information, we can integrate
additional features—day of the week, time range, and rain status—into our model. This will
aid in feature importance analysis, as we will use a decision tree-based model to determine the

significance of each feature.
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Figure 4.2: Mean battery consumption (kWh) by (a) rain condition (b) temperature

4.2.3 ANALYZING TRIPS

Subsequently, by segmenting our data into multiple trips during the cleaning process, we can
closely examine the characteristics of these trips within our trajectory data. This analysis allows
us to better understand the nature of the trips and how they might influence battery consump-

tion prediction. We begin by examining the duration of the trips. As shown in Figure 4.3, the
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average trip length is 26 minutes and 10 seconds, with 99% of the trips lasting less than 66 min-
utes and 38 seconds. This indicates that the trips in the dataset are of moderate duration, with

the longest trips being relatively manageable in length.
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Figure 4.3: Trip distribution density for all trajectories by (a) duration (hours) (b) distance (km)
In addition to trip duration, we also analyze the distance of the trips. As illustrated in Fig-
ure 4.3, the average trip distance is 3.35 kilometers, with 99% of the trips covering less than

7.18 kilometers. These findings suggest that the trips are sufficiently long to provide mean-

ingful data for analysis, yet not excessively long, ensuring that the dataset remains practical for
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modeling and prediction tasks. This analysis confirms that the trips contain enough data to

support accurate and reliable predictions.

4.3 ESTABLISHING THE BASELINE MODEL

In this section, we will explain the process of building our baseline model. Establishing a base-
line model is crucial as it provides a foundation for comparison with more complex models. A
simple and interpretable model serves as a starting point, allowing us to understand the basic
patterns in the data and set a benchmark for future improvements.

Following feature selection, we introduce techniques to choose the best model, ensuring
robustness and accuracy. The final step involves validating the model to confirm its predictive
performance. Additionally, we will experiment by creating separate models for each vehicle
type and comparing their performance with our baseline model. This comparison will help us

understand the nuances in the data and refine our approach.

4.3.1 FEATURE SELECTION AND ENGINEERING

One of the methods that will assist us with feature selection is utilizing tree-based algorithms.
In [71, 72], the authors explored the use of random forests and Gini importance for feature
selection. In this study, we will employ a Random Forest Regressor to determine the most sig-
nificant features using Gini importance. We will fit our training dataset into the random forest
regression model and obtain the Gini importance for each feature. Figure 4.4 illustrates the
Gini importance of each feature. As demonstrated, features such as mean elevation, segment

length, and average angle are among the most crucial for making accurate predictions.
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Figure 4.4: Gini importance of each features

After obtaining the candidate features through Gini importance, we will further preprocess
our data. Specifically, we will translate the categorical features using one-hot encoding. This
approach is optimal because converting categorical data into numerical features works best with
linear regression, which we will use for our baseline model.

Additionally, we will scale the values of our data using a scaler to normalize the feature mag-
nitudes. Normalizing the features is crucial because it ensures that all features are on a similar
scale, preventing features with larger magnitudes from dominating the learning process and
mitigating the effects of differing units of measurement across features. After implementing

these preprocessing steps, we will have a complete dataset ready to feed into our model.

4.3.2 TRAINING THE MODELS

To build our baseline model, we will begin by splitting our dataset into training and testing sets.
Additionally, we will utilize Grid Search and Cross Validation to obtain the optimal parameters
for our models. We will also explore different combinations of models: one trained on the
entire training set of all vehicles and others trained on training data divided by each vehicle.

The dataset will be splitinto training and validation sets using a 70-30 ratio. This split ratio is
chosen to ensure that we have sufficient data for training while retaining enough validation data
to assess the generalizability of our predictions. The data will be split based on individual trips,
ensuring that the training and validation sets contain distinct, non-overlapping trips, allowing
us to more effectively evaluate the model’s ability to generalize to unseen data.

After splitting the data, the next step is to identify the best parameters for our models. We
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aim to determine the optimal number of features for use in our regression algorithm. For this,
we will employ Grid Search with Cross Validation and Recursive Feature Elimination (RFE) as
estimators. This approach ensures that the number of features used in the regression algorithm
is optimal.

Figure 4.5 illustrates the effect of the number of features on the performance of the Linear
Regression model. Through this method, we determined that using 28 features is the most op-
timal. Subsequently, we will utilize these parameters in building our Linear Regression model

and fit the training data to the model.
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Figure 4.5: Number of optimal parameter searches using K-fold and grid search

In addition to the model trained on data from all vehicles, we will also train separate models
for each vehicle, resulting in a total of 15 models. This approach allows us to evaluate perfor-
mance and determine whether individualized models perform better in capturing the specific
data of each vehicle. The rationale behind this is that each vehicle might behave differently.
However, the drawback is that more models need to be trained if the number of vehicles in-

creases.

4.3.3 BASELINE MODELS VALIDATION

After training our models, the next step is to validate their performance using the test dataset.
This validation involves comparing the predicted battery consumption for each trip against
the actual consumption values from the raw, unprocessed data, which serves as the ground
truth. We will use RMSE to quantify the deviation of the predicted values from the actual

values. Additionally, we will calculate the standard deviation to assess the consistency of the

52



predictions, and the R? score to evaluate the models’ ability to approximate the actual values
based on the predictor variables.

We will compare the performance between the model trained on data from all vehicles, re-
terred to as the Unified Vehicle Model, and the models trained separately on data from differ-
ent vehicles, referred to as Individual Vebicle Models. The first comparison, as depicted in

Table 4.2, aggregates the predictions for all trips.

R> RMSE STD
Individual Unified Individual Unified Individual Unified

0.457 0.491 2.285 2.213 2.284 2.206

Table 4.2: Baseline models performance comparison

The Unified Vehicle Model performs slightly better than the Individual Vehicle Models.
However, both models exhibit relatively low R? scores, with values below o.s, indicating that
neither model can explain more than 50% of the variance in the data. The RMSE for each trip
is approximately 2.2 kWh, which is a moderate value. However, the standard deviation is quite
high, also around 2.2 kWh, suggesting considerable variability in the predictions. In the next
section, we will analyze the performance at the individual vehicle level to determine whether
training a model for each vehicle offers any advantages.

In Table 4.3, itis evident that the Unified Vehicle Model outperforms the Individual Vehicle
Models in terms of overall performance. However, the Individual Vehicle Models demonstrate
greater stability. The RMSE for the Unified Vehicle Model is generally lower compared to
that of the Individual Vehicle Models. When examining the R? scores, we observe that both
models exhibit relatively low scores for most vehicles, indicating a limited ability to explain the

variability in the data.
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R? RMSE Std
Vehicle Individual Unified Individual Unified Individual Unified

Vehicle 1 0.638 0.575 1.703 1.845 2.116 2.214
Vehicle 2 0.375 0.434 2.127 2.024 2.157 2.139
Vehicle 3 0.357 0.304 2.204 2.293 2.409 2.555
Vehicle 4 -0.015 -0.014 2.479 2.478 2.276 2.264
Vehicle s 0.513 0.506 2.135 2.149 2.377 2.433
Vehicle 6 0.368 0.412 2.727 2.631 2.718 2.782
Vehicle 7 0.387 0.433 2.474 2.380 2.060 2.131

Vehicle 8 0.183 0.274 2.214 2.087 1.968 1.966
Vehicle 9 0.446 0.443 2.584 2.593 2.674 2.679
Vehicle 10 0.568 0.627 1.905 1.770 2.333 2.576
Vehicle 11 -0.010 -0.025 2.515 2.535 2.379 2.567
Vehicle 12 0.268 0.317 1.899 1.834 1.972 2.023
Vehicle 13 0.778 0.811 2.079 1.921 3.629 3.802
Vehicle 14 0.102 0.223 2.269 2,111 2.496 2.500
Vehicle 15 0.617 0.683 2.499 2.274 3.382 3.595

Table 4.3: Baseline models performance comparison by vehicle

Overall, our predictions were made at the road segment level and validated against the actual
consumption values at the trip level. This approach was chosen to provide a more comprehen-
sive understanding of the predictions and to enable meaningful analysis, particularly in deter-
mining the battery consumption for each trip. The results indicate that both baseline models
generally exhibited relatively moderate performance, with an RMSE of approximately 2.2 kWh
and R? scores below o.s, suggesting that the models were unable to explain more than half of
the variance in the data. Additionally, no significant benefit was observed in training the model
individually for each vehicle. Consequently, we have decided to use the Unified Vehicle Model

as the baseline for our predictions.

4.4 ArrLYING LSTM MoODEL

After building our baseline model, we aim to improve our predictions to make them more
accurate and consistent. One approach is to utilize deep learning methods. Given that our
dataset contains over 200,000 trajectory points, deep learning models may be particularly useful

in uncovering hidden patterns within the data. To select the appropriate model, it is crucial to
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thoroughly understand the nature of our data.

The trajectory data can essentially be viewed as a sequence sorted by timestamp. Similarly,
road segments within the trajectory can also be considered as sequential data. This sequential
nature suggests that attributes from previous sequences might influence the battery consump-
tion of subsequent ones. In this context, we can employ RNN, particularly LSTM networks.

LSTM networks are well-suited for handling sequence data as their architecture maintains
and regulates the flow of information over extended periods. The authors in the previous re-
search [45, 46] have successfully utilized LSTMs for prediction tasks. In this study, we will in-
corporate embedding layers to represent categorical features within our model. To determine
the optimal parameters, we will conduct hyperparameters tuning. After building the model,
we will validate it using the same metrics as the baseline model: RMSE and R* for measuring

model performance, and standard deviation to assess the consistency of the predictions.

4.4.1  DEFINING THE SEQUENCES

To construct the sequences, we employ a rolling window approach on our trajectory data. Specif-
ically, we use a window size of four. In this setup, the first three sequences within each window
serve as the input, while the fourth sequence is used as the output for prediction. Table 4.4 is
the trajectory data that we will process as sequences, and as shown in Table 4.5 here is how we

define the sequences with window size of four from the trajectory data.

Trajectory  Feature 1 Feature 2 Target
T Th e Y
Tn TnF 1 TnF 2 T}'l Y

Table 4.4: Trajectory dataset definition

Input Sequence Target
TR, W5} {TLR, ThE}{T:R, T3F} .Y
{LF, LR} { TR, T35} { TuF, Tib } 5Y

]
[ ]
{ TR, TEY AT, Tulb} {TsR, TsF}] 1Y
UTuh, T4F} A TsF, TsB b { Tehy, ToF 7Y

Table 4.5: Input sequences and their corresponding targets
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Additionally, we incorporate padding into the windows to enhance our data and address
cases where the sequence length is less than the window size. The windows with padding are
shown in Table 4.6 We use zero as the padding value to indicate that the padding contains no
information. This approach ensures that we do not lose information at the beginning or end
of the sequences. The rolling windows with padding will be used to implement the sequence

of our dataset effectively

Input Sequence Target
[{030}3{070}7{070}] TIY
[{070}7{070}7{T1F17 TIFZ}] TzY
[{0,0}, {11 A, 1 &}, {ToF, T, }) ;Y
{TF, By TR, To5} { TR, 3R] 1Y
[{T2F17T2F2}7{T3FlaT3F2}5{T4FlaT4F2}] 15Y

Table 4.6: Input sequences with padding

4.4.2 EMBEDDING THE CATEGORICAL FEATURES

Our dataset also contains categorical features, such as the day of the week and the time range.
To handle these categorical features, we will use an embedding layer within our model. In-
stead of one-hot encoding the categorical data, using embeddings can capture more complex
relationships between the categories.

The embedding layer is defined with a size of NxA4, where N is the number of unique cat-
egories and A is the dimension of the embedding. The embedding dimension is determined
according to [73] as the fourth root of the number of unique categories. Using this approach,
we can apply the formula in Equation 4.1. This rule of thumb allows us to quickly determine

the embedding dimension.

M= round(num_of_categoriesl/ ) (4.1)

Table 4.7 depicted the size of the categories and resulted embedding dimensions based on
the Equation 4.1. As we can see, the resulted embedding dimension for day of week and time
range is only two considering we only have seven categories and 19 categories respectively for
these two attributes. This shows that our categories is not that complex as we do not need a lot

of dimensions to capture the relationship.
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Name Number of Categories Embedding Dimension

Day of Week 7
Time Range 19

Table 4.7: Embedding dimension of categorical attributes

4.4.3 LSTM MoODEL DEVELOPMENT

After creating the sequences from our data and explaining the embedding of our attributes, the
next step is to build our LSTM model. We will provide an in-depth view of our LSTM network

architecture and incorporate the embedding layer to process the categorical information from

‘ Embedding H LSTM H LSTM ’

¢ ]

‘ LSTM H Dense H Dense ’

our attributes.

Figure 4.6: Architecture of the prediction model

Figure 4.6 shows the architecture of our model, which involves the embedding layer, LSTM
layers, and dense layers. To explain the model, we first take the input, which includes categorical
information. The categorical information is passed to the embedding layer. The weights in
the embedding layer are initialized using Xavier initialization [74], a standard procedure that
yields better performance compared to random weight initialization. We then concatenate the
categorical information from the embedding layer with the input.

After concatenation, the input is passed through our LSTM layers, to capture the temporal
information from our data. The first and second LSTM layers each have 128 units, followed
by a final LSTM layer with 64 units. The output from the LSTM layers is then passed to the

dense layers, which have 64 and 32 units, respectively. These dense layers, are used to capture
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intrinsic patterns in the data beyond the temporal dependencies.

To further refine the model, we incorporate dropout layers between the dense layers to en-
hance generalization. Additionally, we introduce an activation function to add non-linearity
to our network, ensuring it can learn complex relationships within the data. Specifically, the
LSTM layers use the tanh activation function, while the dense layers use the ReLU activation
function. Finally, the output layer, is designed with a single unit, as we are predicting the bat-

tery consumption of the electric bus.

4.4.4 MODEL PARAMETERS

Hyperparameters Value
Activation ReLU, PRelLU, leaky ReLU
Optimizer Adam, Adagrad, sgd, RMSProp
Learning Rate 0.05, 0.001, 0.0005
Batch Size 32, 64, 128
Sequence Length 3,455
Epoch 30
Patience I0
Delta 0.0005

Table 4.8: Hyperparameters for training

After developing the model architecture, we will outline the configuration of our hyperpa-
rameters for training. The training process will span 30 epochs, with early stopping imple-
mented to enhance training efficiency. The early stopping parameters are configured with a
patience of 10 and a delta of 0.0005, meaning that if the validation loss does not improve by
more than o.0005 for 10 consecutive epochs, the training will be halted.

The hyperparameter search is conducted using a grid search algorithm, facilitated by the
WandB tool". To limit the search space, hyperparameters are tuned individually, and the best
resulting parameter is selected based on the tuning results. Table 4.8 shows the selected hyper-
parameters and the candidates.

We will utilize the Leaky ReLLU activation function [75], a variant of ReLU that addresses
the dying neurons problem. Additionally, we will employ the Adam optimizer [76], which
effectively combines the benefits of Adagrad [77] and RMSProp [78]. The optimizer will be

"Weights & Biases: The AI Developer Platform

58


https://wandb.ai/site

configured with a learning rate of 0.001 to ensure a balanced learning pace. The batch size will

be set to 64, and the sequence length will be set to four.

4.4.5 TRAINING THE MODEL

After defining all the parameters, the next step is to train the model. The dataset is split into
three splits: 50% for training, 20% for validation, and 30 % for testing. This split ensures suffi-
cient data for training while maintaining the same size for the testing data as the baseline model.
Once the data split is defined, we proceed with training the model.

During training, the model is trained on the training dataset and validated against the valida-
tion dataset in each epoch. The validation loss is monitored to determine whether the model
has reached convergence, utilizing the early stopping mechanism we implemented. Further-
more, we save the best model weights based on the validation loss. These best weights are then

loaded and used to evaluate the model against the testing dataset.

4.4.6 LSTM MODEL VALIDATION

The next step is to validate the model’s performance using the testing dataset. We will evaluate
the model with the same metrics as the baseline model: RMSE and R? score to assess the quality

of the predictions, and standard deviation to evaluate the consistency of the predictions.

RMSE STD R?

1.315§ 1.31 0.820

Table 4.9: Model performance by metrics

First, we validate the model’s overall performance. As shown in Table 4.9, the model demon-
strates good and consistent predictions, as indicated by the R*scores, RMSE, and standard devi-
ation values. An RMSE of 1.315 kWh suggests that the predictions do not deviate significantly
from the actual values for each trip. Additionally, with an R? score of 0.820, the model is able
to explain a substantial portion of the variance in the data. The model also shows consistency
in its predictions, with a standard deviation around 1.31 kWh.

Overall, the LSTM model shows a marked improvement in prediction accuracy compared
to previous models. The next step is to compare this LSTM model with the baseline model and
provide more detailed insights into the model’s performance and its behavior on our dataset.

This analysis will allow us to examine the predictions in greater depth.
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4.5 COMPARATIVE ANALYSIS BETWEEN MODELS

In this chapter, we present a comparative analysis between the baseline model and the LSTM
model. The comparative analysis employs metrics such as RMSE and R? to assess model accu-
racy and prediction quality, while the standard deviation (Std) is used to evaluate model consis-
tency. We will analyze the overall performance of the model first, and looks into the prediction
based on the duration of the trip.

As illustrated in Table 4.10, the LSTM model outperforms the baseline model in terms of
prediction quality, accuracy, and consistency. The LSTM model shows significant improve-
ments across all metrics compared to the baseline. However, to gain further insights, we will
also compare the predictions based on trip duration to uncover any underlying prediction pat-

terns.

Overall RMSE Overall R? Overall Std
Model LSTM Unified LSTM Unified LSTM Unified

Value 1.315 2.213 0.820  0.491 1.31 2.206

Table 4.10: Overall comparison between the baseline and LSTM models

As shown in Figure 4.7, the RMSE values in the predictions exhibit a pattern based on trip
duration. Generally, the longer the trip duration, the slightly less accurate the model becomes.
This trend is expected, as the prediction is built from the road segment level; longer trips involve
more segments, leading to a compounding of errors at the aggregated battery consumption
prediction at the trip level.

Additionally, there is a noticeable deviation in the predictions for trips with durations be-
tween 50 and 6o minutes. To explore this further, we examine the values within this specific
duration bin. As shown in Figure 4.8, the usual battery consumption for trips lasting so to 60
minutes is typically under 20 kWh. However, for this particular trip, the actual battery con-
sumption is 23 kWh. This discrepancy likely leads the model to underestimate the prediction.
To extend the analysis, we will examine predictions with similar consumption values.

As shown in Figure 4.8, other trips with battery consumption values in the range of 20-25
kWh in the real data are predicted more accurately by the model. This suggests that, for this
particular trip, there may be an unseen factor not captured by our predictors, leading to the

spike in battery consumption and impacting the model’s performance. However, aside from
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Figure 4.7: Prediction RMSE (kWh) by duration of the trips

this anomaly, the model generally performs well and can reliably predict battery consumption
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4.6 SUMMARY

In this chapter, we constructed our prediction models step by step, starting with the baseline
model implemented using Linear Regression due to its simplicity and ease in explaining the
variables. We experimented with building a Unified Vehicle Model, trained on data from all

vehicles, as well as Individual Vehicle Models, where each model was trained on data from a

61



single vehicle. Progressing from the baseline model, we employed recurrent neural networks,
specifically LSTM, to develop a more advanced model by treating the data as a sequence, lever-
aging the fact that the trajectories were already sorted by timestamp. This sequential approach
allowed us to capture dependencies over time, leading to a more nuanced understanding of bat-
tery consumption patterns. Subsequently, we conducted a comparative analysis between the
baseline and LSTM models to better understand their performance differences.

Our analysis demonstrated that training individual models for each vehicle did not yield per-
formance gains, leading us to adopt the Unified Vehicle Model as our baseline. In comparing
the LSTM model with the baseline, the LSTM model consistently showed superior perfor-
mance. By incorporating an embedding layer, the LSTM model effectively captured complex
relationships within the categorical features. Additionally, by modeling the data as a sequence,
the LSTM was able to account for the influence of prior sequences on the current sequence’s
battery consumption.

We also observed that the duration of the trips impacted prediction performance, with the
models being relatively sensitive to certain outliers. Specifically, for trips with unusually high
consumption compared to similar trips of the same duration, our model tended to underesti-
mate the predictions. This suggests that incorporating additional contextual factors, such as
vehicle load, speed, or traffic information, could enhance model performance in future itera-
tions.

Overall, our models, particularly the LSTM model, demonstrated the ability to generate

reliable and accurate predictions of battery consumption across trips.
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Ship Trajectory Prediction Usecase

Trajectory prediction is a fundamental problem in the analysis of trajectory data. The pre-
diction of an object’s future movement has been extensively studied, particularly in the field
of computer vision, with a significant focus on human trajectory prediction. Prior research
in this area, such as [47, 48, 49], has primarily addressed short-term human trajectory predic-
tion. Additionally, there has been substantial research on predicting longer-term trajectories,
as demonstrated by studies like [50, s1]. Beyond computer vision, trajectory prediction has

also been applied to raw trajectory data across various domains.

The raw trajectories contain latitude and longitude information, along with additional con-
textual details about the trajectory. According to [14], prior research has been conducted in
diverse environments, including maritime, artificial, and urban settings. In the maritime envi-
ronment, trajectory prediction can be utilized to implement intelligent transportation systems.
This application allows for better control of sea traffic, thereby enhancing safety at sea. In this
chapter, we will focus specifically on the maritime environment, with an emphasis on predict-
ing future ship trajectories as a use case. By doing so, we aim to contribute to the development

of more efficient and safer maritime navigation systems.

To provide a structured approach to this research, Section 5.1 provides a brief overview of
our ship prediction use case. Section 5.2 discusses the challenges and approaches in cleaning
ship trajectory data. Section 5.3 outlines our approach to predicting ship trajectories. Finally,

Section 5.4 summarizes the work done and suggests future improvements for this chapter.
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5.1 OVERVIEW

To illustrate the diverse approaches required for addressing various problems and challenges in
predicting trajectory data, another use case is incorporated. This case aims to demonstrate that
trajectory data necessitates distinct methodologies depending on the specific issue at hand. Fur-
thermore, it highlights the management of different types of trajectory data, including larger
datasets and denser trajectories. In this use case, we will utilize the AIS dataset provided by the
Danish government [27].

A prevalent issue associated with the AIS dataset is predicting ship trajectories based on his-
torical data. Numerous studies have explored this domain. For instance, the author in [24]
utilized an LSTM network with a TimeDistributed dense layer to predict ship trajectories in
the Strait of Singapore, whereas the author in [25] employed LSTM alongside additional fea-
ture engineering to forecast ship trajectories near Sweden.

These trajectory prediction tasks present several challenges that necessitate meticulous data
processing and precise prediction methods. The inclusion of this use case will demonstrate
the extensive range of applications for trajectory data prediction and underscore the unique

challenges posed by varying trajectory data contexts.

5.2 DATA PREPROCESSING

In this use case, we will utilize the AIS dataset provided by the Danish government, which
encompasses comprehensive historical ship data from the waters surrounding Denmark, with
records spanning from 2006 to the present. Given the extensive volume of data, our analysis
will be confined to a three-day period, and a bounding box will be applied to limit the area of the
trajectory. This approach ensures a more manageable dataset for preprocessing and analysis.

Our analysis will focus specifically on tanker, cargo, and passenger ships. We will exclude
moored, anchored, and aground ships based on their status. Furthermore, we will filter the
AIS data based on attributes such as Speed Over Ground (SOG), Course Over Ground (COG),
Rate of Turn (ROT), and heading, ensuring these attributes fall within valid ranges as detailed
in Table s.1. This initial filtering stage will facilitate more sophisticated preprocessing of our
dataset.

The original dataset comprises various pieces of information beyond spatial and temporal
data. To maintain simplicity, as shown in Table 5.2, we will only incorporate key attributes

from the dataset. The primary attributes used in our analysis will be timestamp, latitude, lon-
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Attribute Unit Valid Value N.A Default Value

Longitude Degrees [-180, 180] 181

Latitude Degrees [-90, 90] 91

Rate of Turn (ROT) Degrees/m  [-127, 127] 128
Speed Over Ground (SOG) Knots [0, 102.2] 102.3
Course Over Ground (COG) Degrees [0, 359.9] 360.0

Heading Degrees [0, 359] S11

Table 5.1: Range and default values of AlS attributes [5]

gitude, and SOG. In the following sections, we will provide an in-depth explanation of our data

preprocessing methods before making any predictions.

Attribute Datatype
MMSI String
T Timestamp
Longitude Float
Latitude Float
Speed Over Ground (SOG) Float

Table 5.2: AlS attributes used for data prediction

5.2.1 ANALYZING THE TRAJECTORIES

Before proceeding with the data cleaning process, it is essential to thoroughly explore our dataset
to understand its characteristics and uncover any underlying patterns. This preliminary analy-
sis will provide a foundation for the subsequent data cleaning steps. We will analyze the trajec-
tories grouped by the MMSI number of each ship.

Figure 5.1 presents the average duration of the ship journeys, which is approximately 21
hours, with only 25% of journeys lasting less than 3 hours and 25 minutes. Additionally, the
average distance of the ship trajectories, indicating that on average, each ship travels 62 kilo-
meters. These extensive voyages do not imply continuous sailing; there may be stops or gaps
in the trajectories due to lost signals or errors in signal transmission. Consequently, it will be
necessary to segment these long trajectories into smaller, more manageable segments.

Building on the observation of lengthy trajectories, we will also examine the SOG of the
ships. Analyzing the SOG provides insights into the velocity variations of vessels at sea. As

depicted in Figure 5.2, the average SOG distribution reveals that the average speed over ground
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Figure 5.1: Distribution of vessels’ trajectories durations (hours)

is approximately 2.59 knots, with 25% of the ships traveling at a speed of 0.23 knots, which
is almost zero. This suggests that many ships travel slowly, with some nearly stopping during

their journeys.
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Figure 5.2: Distribution of vessels’ average SOG (knots)

To gain a more detailed understanding, we will further analyze the SOG data. Figure 5.3
shows the evolution of the SOG for a particular ship, highlighting variations in speed and in-
stances where the SOG is zero or very low and also highlight the ship trajectory over time. We
observe that the ship accelerates at times and then decelerates, maintaining a SOG near zero.

This analysis suggests that it may be beneficial to remove these stopping points to refine our
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data further.
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Figure 5.3: (a) Ship SOG (knots) attribute over the entire course (b) Ship trajectories over the entire course

With the insights gained from this preliminary analysis, we are now prepared to move on to

the trajectory cleaning process. In the following section, we will explain the methods used to

clean the trajectory data and prepare it for prediction.

5.2.2 CLEANING THE TRAJECTORIES

After analyzing the trajectories, the next step is to clean the data before making predictions.
This step is crucial as it ensures the creation of a clean dataset for our predictive models. In this
cleaning process, we will utilize tools such as MobilityDB [10] and PyMEOS [11]. These tools

simplify data preprocessing by providing native functions to handle trajectory data effectively.
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Figure 5.4: Distribution of ships’ trip durations (hours) after gap splitting
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To begin the cleaning process, we must address the long voyages of the ships, as there may be

gaps in the journeys. We define a gap as a ro-minute interval between consecutive timestamps

or a ro-kilometer distance between points. Using these criteria, we will split the trajectory data

at these gaps. This process will be carried out using MobilityDB in PostgreSQL, as demon-

strated in Listing s.1.

Listing 5.1: Splitting trajectory at defined gaps

trip = unnest(
sequences(
tgeompointSeqSetGaps (
array_agg(tgeompoint(
st_transform(geom, 25832),

)
ORDER BY T),
interval '10mins', 10000

)

T

These commands will identify and split sequences that have gaps exceeding the defined max-

imum time interval or distance. By segmenting the trajectories at these gaps, we can effectively

manage significant interruptions in the data, converting one extensive trajectory into multiple

separate trips. This step is crucial for ensuring the accuracy and reliability of our subsequent

analysis. In addition to this, we also filter out trips where the speed is less than 2 knots, as
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traveling at such a slow speed can be considered stationary in the data.

After applying this function, multiple trips will be obtained from a single trajectory. It is
important to assess the duration and length of the processed trajectories with gaps. As shown
in Figure 5.4, 50% of the trips have a duration of only 0.09 hours (or § minutes), which is too
short for our prediction purposes. Additionally, 25% of the trips have a distance of less than
44 meters, which is insufficient for meaningful trajectory analysis. Therefore, further filtering

is necessary to ensure the data is suitable for prediction.
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Figure 5.5: Distribution of ships’ trip durations (hours) after cleaning by minimum duration and number of points

To address this, we will set a minimum trajectory duration of 15 minutes and a minimum of
40 points per trajectory. This ensures that each trip contains sufficient information for accu-
rate trajectory prediction. As shown in Figure s.s, the average duration is now approximately
1 hour and 43 minutes, as short trips have been removed from the data. Furthermore, the av-
erage distance is now approximately 27 kilometers, with 25% of the trips being less than 4.9
kilometers in distance. These adjustments result in longer, but still manageable, trips for the
trajectory analysis.

Additionally, our dataset contains irregular time gaps between trajectory points, which could
affect prediction accuracy. To mitigate this issue, we will resample our dataset at one-minute
intervals. This standardizes the trajectory data, ensuring that each minute has a corresponding
trajectory point. After completing this step, the trajectory cleaning process will be finalized.

Upon completing these steps, we will have a cleaned trajectory dataset ready for prediction.
Figure 5.6 illustrates the cleaned trajectory data after the data preprocessing steps. In the subse-
quent section, we will elaborate on how trips are defined for our trajectory analysis, providing

essential context and framework for the prediction process.
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Figure 5.6: Cleaned ships’ trajectories

5.3 SHIP TRAJECTORY PREDICTION

After cleaning our AIS dataset, the next step is to predict the ship trajectories. To build an
effective trajectory prediction model, we can conceptualize the trajectory data as a sequence.
Since our data is sampled at one-minute intervals, we can utilize the first X minutes of the
sequence to predict the subsequent ¥ minutes.

Using this sequential information, we can train our model to predict future trajectories. One
approach is to employ a Recurrent Neural Network (RNN) to identify patterns within the se-
quence. A suitable variant of RNN for this purpose is the Long Short-Term Memory (LSTM)
network, which is designed for longer sequences and performs better in mitigating issues such
as the exploding gradient problem compared to vanilla RNNs. This can be combined with
convolutional layers.

Convolutional layers can exploit the spatial dependencies in our dataset. By leveraging these
layers, we can extract spatial dependencies from the latitude and longitude information in the
dataset and then combine them with the recurrent layers.

After constructing the model, we can perform predictions using the dataset. To demon-
strate the flexibility of our model, we will conduct predictions with different prediction steps,
utilizing a 30-minute window of historical data as the basis for our predictions.

We will evaluate the prediction performance using several metrics. The mean distance from
the predicted points to the ground truth will provide an overall measure of accuracy. Addition-

ally, we will use RMSE and MAPE to further analyze the deviation of predicted coordinates
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from the actual trajectory coordinates. These evaluations will help us comprehensively assess

the accuracy and reliability of our model.

5.3.1 DEFINING THE SEQUENCE FOR PREDICTION

To generate predictions with our model, it is essential to define the sequence from our dataset.
This step is crucial as it structures the data for input into our network. Our dataset consists of
multiple trajectories, and each trajectory is composed of several trajectory points. The defini-

tion of a trajectory point is provided in Equation s.1.

T = {Latitude, Longitude, Speed Over Ground } (5.1)

Given this data, we need to establish the window size and the prediction steps for our model.
In this example, let us define the window size as five and the prediction step as one. Formally,
we can define the window size for prediction as in Equation 5.2 and since we aim to predict
the subsequent sequence based on the window size, the prediction steps can be defined as in

Equation s.3.

W= {T'lv T27 sy Twindow_size} (52‘)

P = { Twindow_size+17 sy Twindow_size+prediction_steps} (53)

Additionally, we will use a rolling window approach, meaning that we will move the window
size’s starting position and the prediction step’s starting position one time step at a time. As
shown in Table 5.3, the trajectory data has been split into windows for prediction and the cor-
responding prediction size. With a window size of five, we use the first five sequences to predict
the subsequent sequence, in this case, one step ahead. This method allows for the flexibility to
define different window sizes and prediction steps, which can be adapted for various prediction
scenarios. Since the trajectory data is sampled at one-minute intervals, we can conveniently use

minutes as the unit to define our window size and prediction steps.
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Window Prediction

{TI: ceey Ts} {T()}

{Trn cee Tn+4} {Tn+5}

Table 5.3: Sequences for the prediction

5.3.2 EXPLAINING THE MODEL

After defining our sequence, we can proceed to build the model for trajectory prediction. In
this section, we will explain the architecture of the model, the rationale behind each layer, and

the loss function used for the prediction. Figure 5.7 illustrates the general architecture of our

model.
Input ’
ConviD ’—)‘ ConviD H LSTM ’
I
v
LSTM H Dense H Dense ’
‘ Output ’

Figure 5.7: Model architecture for prediction

The convolutional layers are configured with 128 and 64 filters, respectively. These layers
are applied to the latitude and longitude data to exploit the spatial dependencies present in the
trajectory. Following the convolutional layers, the results are concatenated with the non-spatial
features and then fed into the recurrent layers.

The recurrent component of our model comprises two Long Short-Term Memory (LSTM)
layers, each containing 250 units. These LSTM layers are specifically designed to capture tem-
poral dependencies within the sequences. In addition, we integrate a time-distributed dense
layer, to model non-linear relationships within the data. The incorporation of the time-distributed
dense layer enables the computation of outputs for each timestep of the LSTM, rather than
solely the final timestep. Each time-distributed dense layer is configured with 150 units. After

processing through the time-distributed dense layer, the model generates the predicted trajec-

tory.
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Simultaneously, to enhance the model’s learning capability, we apply activation functions
to each layer. In the convolutional and time-distributed dense layers, we use the Rectified Lin-
ear Unit (ReLU) activation function to mitigate issues such as the vanishing gradient problem
during training. For the recurrent layers, we employ the tanh activation function, which is
commonly used in recurrent networks due to its ability to handle the vanishing gradient prob-
lem and sustain long-range dependencies. By carefully selecting these activation functions, we
ensure that each component of the model contributes effectively to the overall prediction per-

formance.

Distance = \/(xz —x)*+ ()/2 _}’1)2 (5-4)

Furthermore, we have designed a custom loss function for this model based on the Euclidean
distance between coordinates. Given that we are using the planar representation of our coordi-
nates, the distance between two points is calculated using the formula shown in Equation s.4.
The mean squared distance is then used as the loss function for training. This custom loss func-
tion aims to minimize the distance between the predicted trajectory and the actual trajectory,

thereby ensuring that the predicted trajectory closely approximates the actual trajectory.

5.3.3 HYPERPARAMETERS TUNING

After defining the model, the next step is to tune the hyperparameters. To implement hyperpa-
rameter tuning, we are using Wandb as the tool to search for the optimal hyperparameters. We
employ Bayesian search to tune our parameters, running it multiple times to prune improbable
candidates and limit our search space. This approach allows us to efficiently identify the best
hyperparameters without exhaustively iterating through every possible combination.

As shown in Table 5.4, we list all possible parameters considered for hyperparameter tuning
and the selected hyperparameters for training. Additionally, we incorporate an early stopping
mechanism in our training process. This means that if no improvement in validation loss is
observed after a certain number of iterations, known as the patience parameter, the training
process will be halted. This ensures efficient use of computational resources and prevents over-

fitting.
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Hyperparameter Value

LSTM layers 1,2,3
LSTM hidden size 150, 250, 300
Batch size 64,128,256
Dense layer size 50, 100, 150
Optimizer adam, adagrad, rmsprop, sgd
Learning rate 0.0005§, 0.001, 0.005
Epoch 50
Patience 20
Delta 0.5

Table 5.4: Hyperparameters for training

5.3.4 TRAINING THE MODEL

Additionally, we need to define the training, validation, and test splits to train our model effec-
tively. For our case, we will allocate 60% of the data for the training set, 20% for the validation

set, and the remaining 20% for the testing set.

We will train the model by iterating through a number of epochs and validating it against
the validation set using our custom loss function to obtain the validation loss. Throughout the
training process, we will monitor the best validation loss and use the corresponding weights to
make predictions on the test set. Moreover, we will define metrics for evaluating our predic-

tions.

As mentioned earlier, we will use several metrics to assess the prediction performance, pri-
marily RMSE and MAPE. These metrics measure the deviation of the predicted latitude and
longitude from the actual values in the test dataset. Additionally, we will calculate the mean
Euclidean distance from our planar trajectory representation of the latitude and longitude to

evaluate the real-world distance between the predicted and actual trajectories.

After defining these parameters, the next step is to evaluate our model. We will define sev-
eral window sizes and prediction steps to demonstrate the model’s flexibility. Specifically, we
will use a fixed window size of 30 minutes to predict the next 1, s, 10, 20, and 30 minutes of
trajectory data. By using a fixed window size, we can analyze the effect of forecasting longer

trajectories on our prediction model.
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5.3.5 PREDICTION RESULTS

In this section, we will discuss the prediction results using the metrics explained in the previ-
ous section. We have defined several prediction steps using a window size of 30 minutes for
the trajectory data. As shown in Table s.s, the error increases with the length of the predic-
tion steps. This is because predicting longer sequences is inherently more challenging, and the

model needs to capture dependencies over longer intervals.

Length  Steps RMSE  MAPE Mean Distance Epoch

jomin Imin 0.002461 2.347% 0.489 km 30
omin  §min 0.001943 1.269% 0.357 km 31
jomin 1omin 0.002834 2.416% 0.506 km 49
jomin 20min 0.006603 5.827% 1.242 km 24
jomin 3omin 0.009515 6.847% 1.538 km 24

Table 5.5: Performance comparison for a 30-minute window with varying prediction steps

For the RMSE of the predictions, all models resulted in an RMSE of less than o.o1 degrees
for the coordinates. Additionally, the MAPE of the predictions yielded less than 10%, indicat-
ing that the predicted coordinates are reasonably accurate. We also examined the mean distance
in kilometers, and for all predictions, the difference from the real trajectory was less than two

kilometers. On average, the model required approximately 30 epochs to train.
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Figure 5.8: Model prediction on a straight trajectory

The best performance was observed with prediction steps of 5 minutes from the 30-minute
window, even compared to predicting 1-minute trajectories. Although the model achieved low
RMSE and a low mean distance between the predicted and actual trajectories, it struggles to
accurately predict turns or stopping points. This limitation is illustrated in Figure 5.9, where

deviations from the actual path are evident during maneuvers.
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Figure 5.9: Model prediction on a trajectory with turns

Conversely, the model managed to predict the trajectory on straight trajectory segments, as
shown in Figure 5.8. In these scenarios, the model demonstrates its ability to predict with min-
imal error, maintaining high accuracy and consistency. Overall, the prediction model exhibits
strong performance in terms of accuracy and consistency, particularly for shorter prediction

steps and straight trajectory segments.
p g Jectory seg

5.4 SUMMARY

To summarize this chapter, our trajectory prediction process begins with preprocessing the
dataset. The data preprocessing starts with uncovering information such as average speed over
ground, duration, and distance of the trajectories. Following this, we split the trajectories based
on gaps to extract individual trips. Subsequently, we filter out short trips based on the number
of points and the duration of the trips. Finally, we resample the trajectory data to one-minute
intervals to handle irregularities, resulting in a cleaned dataset.

Despite our exhaustive approach to data cleaning, there are opportunities to extend these
methods by detecting anomalies in the ship trajectories to further eliminate erroneous points.

Methods such as those proposed in [79] could be integrated into our data cleaning process. Ad-
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ditionally, instead of solely relying on speed over ground readings from the dataset, we could
estimate the speed to achieve more accurate measurements. These improvements warrant fur-
ther investigation to assess their impact on prediction accuracy.

For prediction, the optimal step for our 30-minute window is a s-minute prediction win-
dow. This configuration achieved an RMSE of 0.001943 and a MAPE of 1.269% with the real
coordinates, with a mean distance of 0.3 57 km from the actual trajectory. However, improve-
ments are needed, especially in predicting maneuvers in the trajectory.

To enhance prediction accuracy, we can draw ideas from other trajectory prediction do-
mains. Forinstance, [49] demonstrated the use of navigation pooling, which measures crossing
probability from past observations to determine possible new position candidates. We could
apply a similar approach by dividing our trajectory data into grid cells and measuring the prob-
ability of trajectory crossings within these cells. This approach poses a challenge for the ship
dataset due to the vast areas covered and the sparsity of the trajectories.

In conclusion, we successfully cleaned the dataset and applied trajectory prediction for the
ship trajectory prediction use case, with potential improvements for future work. Cross-domain
knowledge from other trajectory prediction problems, particularly human trajectory predic-

tion, may also ofter valuable insights for enhancing our predictions.
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Conclusion and Future Work

6.1 CONCLUSION

In this thesis, we applied the theoretical foundation regarding trajectories and extended its use
to more advanced approaches for predictive analysis using deep learning models. We carefully
preprocessed our trajectory data, identified the challenges, and applied appropriate methods
to address them. In our predictive analysis, we developed a deep learning-based model, specifi-
cally an LSTM network, to perform predictive analysis on our trajectory data, recognizing that

trajectories can be modeled as sequences ordered by their timestamps.

To demonstrate our approach, we presented two use cases, with the primary focus on pre-
dicting the battery consumption of electric buses. This primary use case enabled us to iden-
tify several key contributions. While previous research often involved data preprocessing, the
emphasis was primarily on model improvement rather than on the trajectory data itself. In
contrast, our approach involved a comprehensive cleaning and preprocessing of the trajectory
data, guided by theoretical frameworks. This process began with data cleaning, followed by tra-
jectory segmentation, and enriching the trajectories with semantic information to make them

more meaningful for analysis.

In addition to these preprocessing steps, our work addressed specific challenges associated
with moderate-frequency data, sampled at 1/30 Hz, as opposed to the high-frequency data

typically used in prior studies. Handling this moderate-frequency data required careful consid-
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eration; in this context, the map matching algorithm still performed reasonably well, allowing

us to accurately retrieve the road segment data.

Finally, we tackled the challenge of working with cumulative battery consumption values, a
problem not commonly addressed in previous research, which often relied on pointwise data.
To address this, we utilized linear interpolation to estimate pointwise consumption values from
the cumulative data. By grounding our methods in robust theoretical principles and refining
our data through these processes, we successfully transformed our raw trajectories into clean,

analyzable datasets that are well-suited for predictive analysis.

In the predictive analysis, we incorporated a baseline linear regression model and compared
its performance with our LSTM model. The LSTM model outperformed the baseline in terms
of RMSE and demonstrated better quality as indicated by the R? score. We evaluated our data
at the trip level to provide more meaningful results. Our LSTM model achieved an RMSE of

1.31 kWh and an R? score of 0.820 for energy consumption at the trip level.

Additionally, we included a secondary use case involving the prediction of a ship’s trajectory.
In this use case, we followed similar techniques and preprocessing steps to clean the data, using
the same theoretical foundation. This secondary use case demonstrates the versatility of our
approach and its underlying theoretical principles. Techniques such as spatio-temporal gaps

detection, and trajectory sampling were used to clean and segment the data.

For the predictive analysis in this secondary use case, we used an LSTM model to predict the
ship’s trajectory over different time steps within a 30-minute time window. Our experiments
showed that the best prediction was achieved for a 5-minute prediction within the 30-minute
window, with a MAPE of 1.2% and a mean distance error of only 0.357 kilometers from the

actual trajectories.

In conclusion, our method, grounded in the literature on trajectory analysis and supported
by careful identification of the challenges related to trajectory data and its preprocessing, has
been demonstrated through its application in two use cases. Our research builds on the theoret-
ical foundation by integrating more recent and practical approaches. In the primary use case,
we addressed existing gaps in the prediction of electric bus battery consumption. Addition-
ally, a secondary use case was provided to further illustrate the application of the techniques

established as our theoretical basis.

8o



6.2 FuTurRE WORK

As for the future work, a more generic approach that can handle all types of trajectories, from
data cleaning to prediction analysis, would be highly beneficial. Potential research in this area
has been conceptualized in [80], though a complete implementation has yet to be realized. Such
an approach would reduce redundancy when working with different sets of trajectories, pro-
viding a more unified method for handling various types of trajectory data.

In our primary use case, investigating more advanced estimation functions to improve the
accuracy of pointwise consumption data could be highly valuable. Additionally, instead of
extracting data at the road segmentlevel, we could define segments between two bus stops along
aroute. This approach would provide more meaningful insights into our predictions, allowing
us to analyze changes in consumption between bus stops. Furthermore, incorporating more
comprehensive information regarding traffic conditions and utilizing larger datasets, such as
multiple years’ worth of data, would significantly enhance our analysis.

For the second use case, we plan to explore techniques from trajectory prediction in com-
puter vision, as these methods have the potential to improve the accuracy of our trajectory pre-
dictions, particularly in better handling turns within the predicted trajectories. Additionally,
incorporating contextual information, such as the presence of land within the trajectory or the
interaction with other ships, is another avenue we will explore. These techniques, which have
been effectively used in human trajectory prediction, could ofter valuable insights in maritime

contexts as well.
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A.1  ArPENDIX A
Attribute Datatype Description
Timestamp Timestamp Timestamp from the AIS basestation
Type of mobile String Describes the type of target
MMSI String MMSI number of the vessel
Latitude Float Latitude of message report
Longitude Float Longitude of message report
Navigational status String Navigational status from AIS message
ROT Float Rate of Turn from AIS message
SOG Float Speed over ground from AIS message
COG Float Course over ground from AIS message
Heading Float Heading from AIS message
IMO String IMO number of the vessel
Callsign String Callsign of the vessel
Name String Name of the vessel
Ship type String Describes the AIS ship type of this vessel
Cargo type String Type of cargo from the AIS message
Width Float Width of the vessel
Length Float Length of the vessel
Type of position fixing device String Type of positional fixing device from the AIS message
Draught Float Draught field from AIS message
Destination String Destination from AIS message
ETA Timestamp Estimated Time of Arrival, if available
Data source type String Data source type
Size A Float Length from GPS to the bow
Size B Float Length from GPS to the stern
Size C Float Length from GPS to starboard side
Size D Float Length from GPS to port side

Table A.1: AIS data structure
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A.2 APrrPENDIX B

All codes and implementation related to this project are available at the following GitHub
repository:
https://github.com/satriabw/master-thesis
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