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Abstract
In the modern world, consumers are faced with an overwhelming number of options and alternatives
in various domains and applications. This phenomenon, known as choice overload, can cause
confusion, dissatisfaction, and decision paralysis among consumers. Therefore, there is a growing
demand for recommendation systems that can assist consumers in filtering out irrelevant options
and guiding them to the most suitable ones based on their preferences and needs. Recommendation
systems are software tools and techniques that provide personalized suggestions for items that
users may like or need. They have become essential in various domains and applications, namey,
e-commerce, streaming media, news platforms, and social media platforms. They can enhance user
satisfaction, loyalty, and retention, as well as increase sales, conversion, and revenue for businesses.
Session-based recommendation is a challenging task that aims to predict user actions based on
anonymous sessions. Existing methods use sequential models to learn user and item representations
for recommendation. However, these methods have limitations in capturing accurate user vectors
in sessions and modeling complex item transitions. In this thesis, we propose a novel method
called L-GGNN-ATT, which stands for Lossless Gated Graph Neural Networks with Attention
as Readout. L-GGNN-ATT treats session sequences as graph-structured data and applies graph
neural network – which is a deep learning method to infer on graphs – to learn item embeddings
that can reflect complex item transitions. Moreover, it uses an attention network to represent
each session as a combination of the global preference, i.e, the various item interactions, and the
current interest of that session, which is simply the current item we are on. We conduct extensive
experiments on two real datasets and demonstrate that our model significantly outperforms the
state-of-the-art methods for session-based recommendation.

Keywords – session-based recommendation, gated graph neural networks, graph representation
learning, sequential data modeling, user behavior analysis
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General Introduction

Background
Recommender Systems (RSs) are information filtering systems that provide suggestions for items
that are most relevant to a particular user. They have been widely used in various domains like
e-commerce, entertainment, social media, and education, to help users cope with the information
overload and discover items of their interest [1].

The first concrete appearances of RSs can be traced back to the early 1990s, when systems like
Tapestry [2] and GroupLens were developed to filter and recommend news articles based on user
ratings. Since then, RSs have evolved and diversified to handle different types of data – such as
ratings, reviews, clicks or interactions, and browsing history – to recommend different kinds of
items like products, books, news, friends.

While the conventional methods rely on user identifiers to track the long-term preferences of
individual users across multiple sessions, Session-Based Recommender Systems (SBRS) only use
anonymous session identifiers to model the short-term preferences of anonymous users within a single
session [2]. Therefore, SBRSs can only use short-term information to make general recommendations.
However, SBRSs have the advantage of being able to handle new users and items without requiring
any prior information or feedback.

Deep Learning (DL) – which is a branch of machine learning – has achieved remarkable success in
many domains. For example, computer vision, natural language processing, and speech recognition.
In recent years, DL has also been applied to RSs and has shown promising results in improving the
performance and functionality of RSs. Session-based recommender systems can be divided into
two main phases: the model-free phase from the late 1990s to the early 2010s, and the model-based
phase from the early 2010s onwards. The former phase relied on data mining methods: pattern
mining, association rule mining, and sequence mining, to discover frequent or sequential patterns
and rules from user sessions and use them for recommendation. This phase reached its peak in the
mid-2000s, when many pattern/rule-based and sequence-based approaches were proposed. The
latter phase leveraged statistical and machine learning methods, especially time-series models –
markov chain models and recurrent neural network (RNN) models to mention a few – to learn
latent features and temporal dependencies from user sessions and use them for recommendation
[3]. This phase has been flourishing since 2017, due to the rapid advancement of deep learning
techniques. Many novel neural models have been developed for predicting the next item or basket
in user sessions in recent years.

Graphs are powerful data structures that can capture the complex and rich relationships among
entities in various domains. By representing data as graphs, we can preserve the structural and
semantic information that might be lost or distorted in other forms of representation. Graph Neural
Networks (GNNs) are a class of deep learning models that can operate on graph-structured data by
propagating and aggregating information along the edges of a graph. GNNs have shown remarkable
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performance and versatility in solving problems involving sequential data, such as natural language
processing, computer vision, social network analysis, and pertinently, recommender systems. GNNs
can exploit the sequential patterns and dependencies among nodes in a graph, as well as the node
features and attributes, to learn expressive and informative node embeddings for various tasks [4].

The first work that applied GNNs to session-based recommendation was proposed by Wu et al.
in 2019 [5]. They used a Gated Graph Neural Network (GGNN) to encode user sessions and an
attention mechanism to compute the relevance scores between items. Since then, many variants
and extensions of GNNs have been proposed for session-based recommendation. These works have
shown that GNNs can outperform other DL models for session-based recommendation in terms of
accuracy and diversity.

Problem Statement
The machine learning and recommender systems community has overlooked the problem of session-
based recommendation. Many e-commerce recommender systems (mainly those of small retailers)
and most of the news and media sites lack effective methods to track the users who visit their sites
for a long duration. Cookies and fingerprinting can offer some help, but they are often unreliable
and raise privacy concerns. Even when tracking is feasible, many users only have one or two
sessions on a smaller e-commerce site, and in some domains the user behavior is more influenced
by the session than by the user. Therefore, different sessions of the same user should be handled
independently. Most session-based recommendation systems that are deployed for e-commerce use
relatively simple methods that do not leverage a user profile. However, these methods are restricted
because they only focus on the last action of the user and disregard the information of previous
actions.

Graph neural networks (GNNs) are a suitable choice for session-based recommendation, as they
can handle graph-structured data and learn meaningful node embeddings. GNNs can model user
sessions as graphs, where nodes are items and edges are interactions or transitions between items.
In short, the questions that motivation this thesis are:

How can we design effective and efficient GGNN models for session-based recommendation? And
what are the challenges and opportunities in this emerging research area?

Delimitation
We focus on the problem of session-based recommendation, which aims to predict user actions
based on anonymous sessions without user profiles. Most existing methods for session-based
recommendation are based on sequential models that have limitations in capturing the complex
transitions and dependencies among items in a session.

Naturally, this thesis delimits its scope to the following aspects:
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• We exclusively consider session-based recommendation without user profiles, and only address
other types of recommendation problems, such as collaborative filtering, content-based filtering,
or hybrid filtering for origination purposes.

• The thesis only considers item recommendation as the target task, and does not address other
tasks that can be related to session-based recommendation, such as next-basket prediction,
session segmentation, or session clustering.

• Although other deep learning methods can be involved in the model (e.g. attention mechanisms
or embedding layers), we still consider GNN as the core component of the model that
determines its performance and functionality.

• The thesis only evaluates the model on two real-world datasets from e-commerce, and does
not test it on other domains or synthetic datasets that may have different characteristics or
challenges.

Approach
To tackle this task, a model that produces session-based recommendations based on graph neural
networks is presented. The user sessions are modeled as graphs, where nodes are items and edges
are interactions or transitions between items. The GNN model takes the session graph as input and
learns expressive and informative node embeddings that capture both the item features and the
sequential patterns. The GNN model then uses an attention network to represent each session as
the composition of the global preference and the current interest of that session. The GNN model
then outputs a recommendation that depends on the session representation. A specific variation
of the SR-GNN [5] will be customized to fit this task. The challenges and opportunities of using
GNNs for session-based recommendation will be discussed and analyzed.

Outline
This thesis consists of three chapters in addition to a general introduction and a general conclusion:

I GENERAL INTRODUCTION
A brief introduction to recommender systems and the context, research questions, and scope
of the thesis.

I CHAPTER ONE: SESSION-BASED RECOMMENDER SYSTEMS
An introductory exploration into the theoretical aspects of recommender systems, delving into
the domain of sequential recommender systems, with the primary objective of establishing
a fundamental groundwork and offering a comprehensive perspective on session-based
recommender systems.

I CHAPTER TWO: GATED GRAPH NEURAL NETWORKS
This chapter provides essential contextual information and foundational knowledge pertaining
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to artificial intelligence, machine learning, and deep learning. It aims to familiarize with the
fundamental concepts required to effectively engage with deep learning and Gated Graph
Neural Networks (GGNNs).

I CHAPTER THREE: SESSION-BASED RECOMMENDER SYSTEMS USING
GATED GRAPH NEURAL NETWORKS
We delve deeply into the practical implementation of gated graph neural networks within the
development of a session-based recommendation system. Firstly, it introduces the evaluation
metrics employed for the experiment, followed by the description of the utilized datasets and
baselines. Finally, a comparative analysis is conducted between the results of the baselines
and the proposed GGNN-based model, accompanied by a comprehensive discussion of the
obtained outcomes.

I GENERAL CONCLUSION
In light of the findings and the discourse presented in the preceding chapter, this final
section pertains to the research inquiries and provides a concise overview of the present study.
Furthermore, potential avenues for future research are expounded upon and explored.
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1 Session-Based Recommender Systems

1.1 Introduction
Recommender Systems (RSs) are machine learning based systems that aim to provide personalized
suggestions for items or services that are most relevant and useful for a given user. They have
become ubiquitous in various domains such as e-commerce, entertainment, education, and social
media, where they help users cope with the problem of information overload and discover new
products or content.

Recommender Systems research has been evolving rapidly in the past decades, with many different
approaches and techniques being proposed and applied. Some of the main research areas include
traditional RSs: content-based, collaborative filtering, and hybrid systems [6], which rely on
historical interactions and user/item attributes; non-traditional RSs: context-aware [7], sequential
systems [8], and social network-based [9], which leverage other sources of information besides
historical data; and evaluation methods and metrics for RSs, which assess their performance and
quality from different perspectives [10].

One of the emerging research areas in RSs is Session-Based Recommender Systems (SBRSs). SBRSs
differ from traditional recommender systems in that they do not require any prior knowledge or
explicit feedback from the users. Instead, they generate recommendations based on the user’s
current session behavior (i.e. clicks or views). SBRSs are especially suitable for scenarios where
users are anonymous or have dynamic preferences that change over time [3]. They can also capture
short-term user intents and provide more timely and diverse recommendations.

In this chapter, we will explore different types of recommender systems, including traditional, non-
traditional, and session-based approaches. We will discuss their underlying principles, advantages,
and limitations, and highlight some of the recent advancements in the field. Additionally, we will
provide an overview of evaluation methods and metrics for recommender systems and introduce
Session-Based Recommender Systems.

1.2 Recommender Systems
A Recommender System (RS) is a type of information filtering system that provides suggestions
for items that are most relevant to a particular user. The items can be anything: products, movies,
music, books, or online content. The suggestions are based on various sources of information like
user preferences, ratings, feedback, behavior, or item features. The output of a Recommender
System is typically a ranked list of items that the user might like or benefit from [11].

“A lot of times, people don’t know what they want until you show it to them.” — Steve
Jobs

An RS is considered traditional (otherwise conventional) if it is based on historical interactions
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and user/item attributes. Traditional RSs include content-based and collaborative filtering systems,
which can be mixed together in what is called a hybrid Recommender System. They are passive in
that they try to adapt their recommendations to the user’s historical interests [12]. Conversely, if
an RS uses other sources of information besides historical interactions and user/item attributes, it
is considered non-traditional. Non-traditional recommender systems may use semantic approaches,
social networks, context and time awareness, or other techniques to enhance their recommendations
(see figure 1.1) [3]. They are also called advanced or modern recommender systems.

Figure 1.1: Nonexhaustive classification of Recommender Systems

1.2.1 Traditional Recommender Systems

Before exploring other types of RSs, let us first review the traditional ones. These are based on
historical interactions and user/item attributes.

1.2.1.1 Content-based Filtering

A content-filtering RS suggests items that match the user’s preferences based on the features or
attributes of the items. For instance, a user who likes movies can get recommendations from a
content-filtering recommender system that uses keywords (like genre, director, actors, etc.) to
describe the movies and to find out what kind of movies the user enjoys. In essence, content-filtering
RSs work well when there is a clear idea of what is desired and when the items have enough
information to describe them. As illustrated in the leftmost side of figure 1.2, information about
the user has very little influence [10, 13].

High-order Architecture

1. A content analyzer that extracts relevant features from each item. Features are extracted
from various sources to be converted into a keyword-based vector-space representation. This
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is the first step of any content-based recommendation system, and it is highly domain-specific
[13].

2. A profile learner that builds and updates a user profile based on their preferences and feedback.
A content-based model that is specific to a given user is constructed to predict user interests
in items based on their past history of either buying or rating items. To achieve this goal, user
feedback is leveraged, which may be manifested in the form of previously specified ratings
(explicit feedback) or user activity (implicit feedback). Such feedbacks are used in conjunction
with the attributes of the items to construct the training data. The resulting model is referred
to as the user profile because it conceptually relates user interests (ratings) to item attributes
[13].

3. A filtering component that generates recommendations by matching the user profile with the
item features. This component can use similarity measures (cosine similarity, Jaccard index,
etc.) to rank and select the most relevant items for each user [13].

Advantages

1. They are user independent (see subsection 1.2.3), meaning they can provide personalized
recommendations even if there are few or no other users in the system. They also do not have
a cold-start problem (see subsection 1.2.3), meaning they can recommend new items right
away without waiting for user feedback [11].

2. They allow users to have more control over their recommendations by providing them with
explanations or filters based on item features. They also respect users’ privacy by not sharing
their data with other users [11].

Drawbacks

1. They are limited by content analysis, meaning they can only recommend items that have
sufficient and accurate features available. They may also suffer from overspecialization (see
subsection 1.2.3), meaning they may fail to recommend diverse or serendipitous items that
are different from what the user has seen before.

2. They require a lot of domain knowledge and feature engineering to design and implement
effective content analyzers and profile learners. They may also face challenges in dealing with
dynamic or unstructured text, images, videos, audio, etc.

1.2.1.2 Collaborative Filtering

Collaborative filtering uses the ratings or feedback of other users who have similar tastes or
preferences to a given user, and recommends items that those similar users liked or rated highly
[10, 13]. To illustrate, if you and another user both enjoyed watching the same movies, then
collaborative filtering would suggest other items that the other user liked but you haven’t seen yet
(rightmost side of figure 1.2).
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Figure 1.2: Content-based vs Collaborative filtering approaches [14]

Matrix Factorization Models. Matrix factorization models are a class of model-based
collaborative filtering algorithms that work by decomposing the user-item interaction matrix
into the product of two lower dimensionality matrices. These matrices represent latent features or
factors that capture the preferences of users and the characteristics of items [15].

Matrix factorization models can be formulated as an optimization problem, where the objective
is to minimize the reconstruction error between the original matrix and the product of the latent
feature matrices, subject to some regularization terms. The optimization problem can be solved by
various methods like the gradient descent algorithm [15].

Matrix factorization models1 have several advantages over memory-based (see subsection 1.2.1.2)
collaborative filtering techniques [10, 15]:

• They can handle sparse data more effectively by filling in missing values with reasonable
estimates based on latent features.

• They can reduce dimensionality and noise by extracting only relevant features from high-
dimensional data.

• They can improve scalability and performance by using efficient numerical methods to solve
large-scale problems.

Some matrix factorization models are: singular value decomposition (SVD), non-negative matrix
factorization (NMF) [13], probabilistic matrix factorization (PMF) [15].

Neighborhood Models. The neighborhood approach2 is a common way to make an RS based
on similarities between users or items [15]. It follows three main steps: (1) making the data more

1Also referred to as model-based [13].
2Also referred to as memory-based [13].
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consistent by removing biases, (2) finding the most relevant and reliable neighbors for each user or
item, and (3) combining the ratings of the neighbors to predict unknown ratings [10, 15].

The most relied-on method traditional RSs apply is the rating matrix. The rating matrix is a
grid that shows how users rate items, such as movies, books, or products. A rating matrix can be
defined as (rij)1≤i≤u,1≤i≤n, where rij is the rating of user i for item j, u is the number of users and
n is the number of items. The ratings can be numbers or categories [10, 13]:

• Continuous ratings: which are real numbers that can take any value within a predefined
range. Continuous ratings allow for fine-grained and nuanced expressions of preferences.

• Interval-based ratings: which are discrete numbers that belong to a finite set of intervals.
Interval-based ratings are less precise than continuous ratings, but they are easier to elicit
and interpret. A common example of interval-based ratings is the star rating system, where
users can rate items from one to five stars.

• Ordinal ratings: which are rankings that indicate the relative preferences of users on
a subset of items. Ordinal ratings do not provide information about the absolute or the
difference in preferences, but they capture the order of preferences. Ordinal ratings are useful
when users have difficulty assigning numerical values to their opinions.

• Binary ratings: which are boolean values that indicate whether a user likes or dislikes an
item. Binary ratings are the simplest form of ratings, but they also lose a lot of information
about the intensity and diversity of preferences.

• Unary ratings: which are positive indicators that a user has interacted with an item in
some way. Unary ratings do not have negative counterparts, so they only reflect the presence
of preferences, not the absence. Unary ratings are also often derived from implicit feedback,
such as views or downloads.

1.2.1.3 Hybrid Recommender Systems

A hybrid filtering Recommender System is a type of RS that combines multiple recommendation
techniques, such as content-based and collaborative filtering, to produce better suggestions for
users. The main advantage of hybrid filtering is that it can overcome some of the limitations of
single-technique systems (e.g. data sparsity, cold start, and overspecialization) [10].

A hybrid filtering recommender system can use different methods to integrate multiple techniques,
such as weighted voting, feature augmentation, meta-level learning, or switching [13, 16].

1.2.2 Non-Traditional Recommender Systems

Non-traditional RSs are systems that do not necessarily rely on rating matrices to provide
personalized suggestions. They leverage temporal or context-aware information to capture the
dynamics and diversity of user preferences [3]. In this light, context-aware RSs use additional
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information about the user’s situation to adapt the recommendations to the specific context [17].
Similarly, sequential RSs model the order and patterns of user-item interactions like the browsing or
purchasing history to predict the next item that the user may be interested in. These technologies
aim to improve the accuracy and relevance of recommender systems by considering more factors
that influence user behavior [8].

1.2.2.1 Context-Aware Recommender Systems

Context-aware recommender systems are systems that generate more relevant recommendations
by adapting them to the specific contextual situation of the user. The motivation is that users’
preferences and needs may vary depending on various factors such as time, location, mood, social
setting, etc. These factors are called contextual factors and can be classified into three types:
user-related, item-related, and environment-related [17].

Context Definition. A common topic in the research on context-aware systems is the definition
of context. Initially, context was understood as the user’s location, the nearby people and objects,
and the changes in these elements. However, this definition has been expanded over time to include
other factors, such as the date, the season, and the temperature. Moreover, some researchers also
take into account the physical and conceptual states of interest for a user, the user’s emotional
state and define context as any information that can characterize and is relevant to the interaction
between a user and an application [17].

There are three main approaches to incorporating contextual information into rating-based
recommender systems: pre-filtering, post-filtering [17], and contextual modeling [18].

• Pre-filtering: selects a subset of ratings that match the current context before applying a
standard recommendation algorithm.

• Post-filtering: adjusts the output of a standard recommendation algorithm based on the
current context [17].

• Contextual modeling: integrates contextual information into the recommendation
algorithm itself [18].

1.2.2.2 Sequential Recommender Systems

Sequential RSs are systems that suggest items that may be of interest to a user by mainly modeling
the sequential dependencies over the user-item interactions. User preferences and needs may change
over time and depend on their previous actions. To illustrate, if a user buys a pen, they may also
buy a textbook and a ruler afterward [8].

Sequence Definition. A sequence is a list of user-item interactions with a clear chronological
order. Each interaction consists of a user ID, an item ID, and optionally some additional information
like rating, feedback, or context — creating an overlap with the previously described context-aware
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Figure 1.3: School supplies example sequence for a typical sequence-item prediction

RSs. These features can help enrich the representation of users and items and capture more complex
patterns in their interactions. A sequence can be either long-term or short-term depending on how
much history it covers. A long-term sequence may span over several sessions3 or days, while a
short-term sequence may only cover one session or a few minutes [3].

Markov Chain Models. One way sequential RSs are achieved is to use a Markov chain model
which is considered to be among the more conventional sequential recommender systems’ models
[8]. A Markov chain is a stochastic process that describes the transitions between states based on
some probabilities. In this case, a state can be an item that a user interacts with, and a transition
can be a user’s action that leads to another item. A sequence of items can then be represented as a
Markov chain, where each item depends only on the previous one.

Formally, let S be a finite set of states, and let P be a matrix of transition probabilities, where Pij
is the probability of moving from state i to state j. A Markov chain model is a triplet {ST,Pt,P0},
where ST denotes the state space comprising all the unique interactions, Pt represents the m×m
one-step transition probability matrix between m distinct interactions, and P0 indicates the
initial probability distribution over the states in ST. The first-order transitional probability from
interaction oi to oj is given by [3, 13]:

Pt(i, j) = P(oi → oj) =
freq(oi → oj)∑
ot
freq(oi → ot)

Then, a transition path, for instance, {o1 → o2 → o3}, is predicted by computing its probability
using the first-order Markov chain model [3]:

P(o1 → o2 → o3) = P(o1) ∗P(o2|o1) ∗P(o3|o2)

The reference paths are determined by selecting the sequences of interactions with the highest
probabilities. Subsequently, the item(s) that follow the sequence in the reference path is
recommended.

3A session refers to a finite and delimited series of interactions. This concept will be elaborated in more detail in
the subsection 1.3.1.
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Deep Learning Models. Another recent way of designing sequential RSs involves the use of deep
learning algorithms such as recurrent neural networks (RNNs) [3, 8]. This is achieved by treating the
sequence of items as a sequence of inputs to an RNN, which can learn to capture the dependencies
and temporal dynamics among items. The RNN then outputs a hidden state vector that represents
the user’s current preference, and this vector can be used to generate recommendations based on
some similarity or ranking function. A naïve approach would be the following, suppose we have
four items: A, B, C and D. The user’s sequence of interactions is: A → C → B → D. We can
feed this sequence into an RNN,

h0 = initial state

h1 = f(h0, A)

h2 = f(h1, C)

h3 = f(h2, B)

h4 = f(h3, D)

where f is some nonlinear activation function. The final state h4 can then be used to compute a
score for each item based on some function g,

sA = g(h4, A) sB = g(h4, B) sC = g(h4, C) sD = g(h4, D)

The scores are then used to rank the items and recommend the top ones to the user.

1.2.3 Challenges and Obstacles

Recommender systems, both conventional and novel, encounter various challenges that hinder their
effectiveness. The main sources of these challenges are the scarcity or low quality of information.

Lack of User Activity. A recommender system depends on the activities performed by multiple
users. It studies different users’ behavior and then lists the products or services according to their
activity and feedback. If there is not enough user activity, it becomes difficult to generate accurate
recommendations.

Lack of Data. Much like the lack of user activity, the availability of abundant data is also needed
by recommender systems. Data sparsity occurs when there are many items but only a few ratings
per item. This makes it hard to find similar users or items based on ratings.

New Item Introduction. The cold start problem refers to the difficulty of recommending new
items that have no ratings or feedback from users. A recommender system may not be able to
suggest these items to potential users who might like them [10].

Scalability. As the number of users and items grows, a recommender system needs to handle large
amounts of data and computations efficiently. It also needs to adapt to changing user preferences
and item features over time [10].
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Diversity. A recommender system may tend to suggest items that are similar to what a user has
already liked or purchased, resulting in a lack of diversity in recommendations. This may reduce
user satisfaction and exploration. This is referred to as overspecialization [10].

Privacy. A recommender system collects personal information from users such as their ratings,
preferences, browsing history, etc. This raises concerns about how this data is stored, processed
and shared with third parties. Users may not want their personal data to be exposed or misused
by others [10].

For the case of sequential recommender systems, they face some additional challenges:

Learning Higher-order Sequential Dependencies. Higher-order sequential dependencies
refer to complex patterns in user-item interaction sequences that cannot be captured by simple
Markov models. For example, a user may buy a book after browsing several related books in
different genres or topics. The system needs to learn these higher-order dependencies from long
sequences of data [8].

Learning Long-term Sequential Dependencies. Long-term sequential dependencies refer to
influences from distant past events on current decisions. A user may buy a product after being
exposed to an advertisement several days ago. Sequential recommender systems need to learn these
long-term dependencies from sparse and noisy data [8].

Learning Sequential Dependencies Over Sequences With Noise. A major challenge in
sequential recommendation systems is to deal with the uncertainty of user shopping behaviors,
which often results in noisy and irrelevant interactions in the user-item interaction sequences. These
interactions can interfere with the prediction of the next interaction. In reality, not all historical
interactions have the same relevance to the next interaction. Some may have a strong sequential
dependency, while others may have a weak or no dependency4. For instance, in a shopping sequence
{ruler, egg, backpack, pen}, the item "egg" may be an outlier that does not correlate with the
other items or the next item, which could be a protractor with high probability. The next item
prediction should depend on ruler, backpack and pen more than on the egg [8].

1.2.4 Evaluation

Recommender systems aim to provide personalized suggestions to users based on their preferences
and needs. Evaluating recommender systems involves measuring how well they achieve this goal
using different metrics and methods.

1.2.4.1 Metrics

Some common metrics for evaluating RSs are:

4One of the existing solutions to this challenge is the use of attention models.
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1. Accuracy: is how close the recommendations are to the actual preferences of the users.
This can be measured by comparing the predicted ratings or rankings with the ground truth
ratings or rankings, if available. Some examples of accuracy metrics are:

• Precision: is the fraction of relevant items among the recommended items. It measures
how precise or exact the system is in providing useful recommendations [10].

• Recall: is the fraction of relevant items that are recommended by the system out of all
relevant items. In other words, how complete or exhaustive the system is in covering
user interests [10].

• Mean reciprocal rank (MRR): is the average of the reciprocal ranks of the first relevant
item in each list of recommendations. It measures how quickly or early the system can
provide a useful recommendation [5].

2. Coverage: is how many items or users can be recommended by the system. This can
be measured by calculating the percentage of items or users that receive at least one
recommendation. Coverage reflects how broad or diverse the system is in providing
recommendations [10].

3. Novelty: is how surprising or unexpected the recommendations are for the users. This
can be measured by calculating the average popularity or familiarity of the recommended
items among the users. Novelty reflects how creative or innovative the system is in providing
recommendations [10].

1.2.4.2 Methods

Some common methods for evaluating recommender systems are:

1. Offline Testing: using historical data to simulate user feedback and compare different
algorithms or parameters. This method is fast and cheap, but it may not reflect the real
behavior of users or capture dynamic changes in their preferences [15].

2. Online Testing: deploying different versions of the system to real users and measuring
their responses. This method is more realistic and reliable, but it may be costly, risky, and
unethical [15].

3. User Studies: conducting surveys or interviews with a sample of users to collect their
opinions and feedback on the system. This method can provide rich and qualitative insights,
but it may suffer from low response rates, biases, and scalability issues [15].

1.3 Session-Based Recommender Systems
While the previous Recommender Systems do a decent job suggesting recommendations for a
more general recommendation task, their approach implies that the user’s past interactions have a
uniform influence on his present preference regardless of their temporal distance or relevance. These
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assumptions may not hold true in real-world scenarios for two main reasons: (1) A user’s selection
of items is influenced not only by his long-term historical preference, but also by his short-term
recent preference and the time-sensitive context. This short-term preference is reflected in the
user’s most recent interactions, which often constitute a small fraction of the overall historical
interactions; (2) A user’s preference towards items is likely to change over time rather than remain
constant, that is, it has temporal dynamics (see figure 1.4).

One of the challenges of sequential RSs is to define the boundaries of a sequence. A sequence can
be long and contain multiple subsequences that are not contiguous in time. A sequence does not
have a clear criterion for delimitation or segmentation, which makes it difficult to capture temporal
dependencies. To address this problem, Session-based RSs — which are a subtype of sequential
RSs — propose to use sessions as the basic unit of analysis. A session is a coherent and relatively
short sequence of user actions that reflects a specific goal or intent [3, 19]. Session-based RS can
leverage the session information to provide more accurate and personalized recommendations.

Figure 1.4: Although an interaction sequence may appear homogeneous at first glance, intricate
differences may hint for a change of user interest [14]

1.3.1 Session Definition

A session is a collection of interactions that has a clear boundary, which defines the start and
end of a specific session. The interactions within a session can be either ordered or unordered,
depending on whether they follow a chronological order or not. A user’s session data typically
comprises multiple sessions that occur at different times and are separated by various boundaries
with unequal time intervals between them [3]. On the other hand, as stated previously, a sequence
is simply an ordered list of historical interactions that have a clear order. A user’s sequence data
usually contains a single sequence with one boundary for it. The timestamps in most sequence data
are only used to sort the elements within a sequence, and no explicit time intervals are included or
considered [8].

A boundary implies that the interactions or elements within it have co-occurrence-based
dependencies5, meaning that they tend to occur together. Co-occurrence-based dependencies
are the basis of SBRSs, especially for those that use unordered session data. Order indicates that

5Co-occurrence-based dependencies refer to the connection between two or more phenomena, objects, or events,
which have a tendency to happen together.
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the interactions or elements within a session or a sequence have sequential dependencies, meaning
that they influence each other in a temporal order [3].

1.3.2 Framework

Researchers have proposed various approaches to SBRSs, which can be classified into three sub-
areas according to their recommendation tasks. This classification framework aims to clarify the
differences and similarities among the existing methods and address the issues of inconsistency and
confusion in the literature [3]. The three sub-areas are: next interaction recommendation, next
partial-session recommendation, and next session recommendation.

• Next Interaction Recommendation: Next interaction recommendation focuses on
predicting the most likely interaction that a user will perform in the current session, given
the previous interactions within it. For example, it can recommend the next product that a
user will click or buy based on the intra-session dependencies.

Figure 1.5: Next interaction recommendation focuses on recommending one item at a time [14]

• Next Partial-session Recommendation: Next partial-session recommendation tries to
predict all the remaining interactions that a user will perform to complete the current session,
given the previous interactions within the same session. For instance, it can recommend all
the products that a user will buy to fill a basket based on the intra-session dependencies.
This sub-area is more realistic and practical than the previous one, as users often interact
with multiple items in a session rather than one [3].

• Next session recommendation: Next session recommendation aims to predict the entire
next session that a user will initiate, given the historical sessions of the user. It can recommend
the next basket that a user will buy based on the inter-session dependencies. Sometimes,
inter-session dependencies are also used to enhance the performance of the first two sub-areas.

1.3.3 Approaches

Wang et al.’s SBRS survey [3] identifies three super-classes of SBRS approaches according to their
technical perspective and the methods involved: conventional approaches, latent representation
approaches, deep neural network approaches (see figure 1.6).
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Figure 1.6: The categorization of SBRS approaches [3]

1.3.3.1 Conventional Approaches

Conventional methods for SBRS employ traditional data mining or machine learning techniques to
extract the latent dependencies from session data. There are four classes [3]:

Pattern/Rule Mining. Pattern/Rule Mining is a common approach to address the SBRS
challenge, leveraging the patterns or rules that can be extracted from historical sessions to infer
the user’s current interests. Pattern/rule mining based SBRS can be divided into two categories:
frequent pattern/association rule mining based SBRS and sequential pattern mining based SBRS.

1. Frequent pattern/association rule mining: mines the association rules between different
items that co-occur frequently within unordered sessions, and uses them to rank the candidate
items for recommendation. Let A and B be two items, if many users have interacted with
items A and B in the same session regardless of order, then the rule A→ B can be derived,
indicating that users who interact with A are likely to interact with B as well. There are
various algorithms for frequent pattern mining, such as FP-Tree [20], which can efficiently
extract the frequent patterns from a large session set S over an item set V [3].

2. Sequential pattern mining based: mines the sequential patterns between items that
appear in a certain order within ordered sessions, and uses them to predict the next item for
recommendation. For example, if many users have interacted with items A, B and C in a
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sequential order in different sessions, then the pattern A→ B → C can be derived, indicating
that users who interact with A and B are likely to interact with C next [3, 21].

K Nearest neighbor. The basic idea of the K Nearest neighbor (KNN) approach is to measure
the similarity between the current session and the previous sessions in the data, and then select the
K most similar item (or sessions) as neighbors. The similarity can be computed using different
metrics (cosine similarity, Jaccard similarity, Pearson correlation, etc.) Based on the neighbors,
a score is assigned to each candidate item that reflects its relevance to the current session. The
score can be calculated as a weighted sum of the similarities between the current session and the
neighbors that contain the item. The items with the highest scores are then recommended to the
user. There are two main variants of the KNN approach for SBRS: item-KNN and session-KNN [3].

• The item-KNN approach: it treats each item as an interaction and computes the similarity
between items based on their co-occurrence in sessions. The score of a candidate item is then
computed as a weighted sum of the similarities between the item and the items in the current
session. Each item is represented by a binary vector, where the presence (value of "1") or
absence (value of "0") of the item in a given session is indicated by each element. Thus, the
similarity measure of choice can be applied to their vectors to compute the similarity between
items [3].

• The session-KNN approach: instead of the former, it considers each session as an
interaction and computes the similarity between sessions based on their common items.
The score of a candidate item is then computed as a weighted sum of the similarities between
the current session and the neighbors that contain the item [3].

Markov Chain Models. As mentioned previously, a Markov chain is a stochastic process that
models the transitions between states with certain probabilities. In SBRSs, the states can be either
items or intentions, where an intention is a tuple of category and action that represents the user’s
underlying goal or interest. For example, an intention can be (book, buy) or (movie, rate). The
transition probabilities can be estimated from the observed data or learned from latent factors. The
basic idea of Markov chain models for SBRSs is to use the previous interactions or intentions in a
session to predict the next one, based on the assumption that the user’s behavior follows a Markov
property, i.e., the future state depends only on the current state or a fixed number of previous
states.

Latent Markov Embedding (LME) based models for SBRSs, different from the basic Markov
based models (cf. paragraph 1.2.2.2) propose to embed the items and the Markov chains into a
low-dimensional Euclidean space, where the transition probabilities are computed based on the
distance between the embeddings. This way, LME models can infer the latent similarities between
items and leverage them to make more accurate and diverse recommendations. The objective of
LME models is to solve the data sparsity issue in limited observed data [3].
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Generative Probabilistic Models. The general idea of generative probabilistic model based
methods is to first discover the hidden categories (e.g. topics or genres) of items6 in sessions
and then model the patterns of change among these hidden categories within or across sessions.
Next, they estimate the hidden category of the next item based on the modeled patterns. Lastly,
they predict specific items as the next item depending on the estimated hidden category of items.
Commonly, the latent topic model is employed to discover the hidden categories and the patterns
of change among them [3].

1.3.3.2 Latent Representation Approaches

Latent representation approaches for SBRSs use shallow models to map each interaction to a low-
dimensional latent vector that summarizes its information and dependencies with other interactions.
The latent vectors are then used to predict the next items that the user may be interested in.
There are two main types of latent representation approaches for SBRSs: latent factor model based
SBRSs and distributed representation SBRSs.

Latent factor model based SBRSs. They assume that each item and each interaction can
be represented by a latent factor vector, and the relevance between an item and an interaction
is measured by the inner product of their vectors. These approaches use matrix factorization or
tensor factorization techniques7 to learn the latent factors from the observed interactions [3]. One
example of this approach is Factorizing Personalized Markov Chains (FPMC) [22].

Distributed representation SBRSs. Shallow neural networks8 are used to learn distributed
representations for items and interactions. These approaches use various network architectures
and even attention mechanisms to encode the sequential patterns and temporal dynamics of the
interactions. The distributed representations are then fed into a prediction layer to generate
recommendations [3].

1.3.3.3 Deep Neural Network Approaches

RNN-based approaches. Also stated previously, they use Recurrent Neural Networks (RNNs)
to model the sequential nature of user behavior and capture the temporal dependencies among items.
RNN-based approaches can handle variable-length input sessions and learn long-term dependencies
(see 1.2.2.2). Conventionally, other types of RNN cells are used for this task like LSTMs [23] and
GRUs [24] to reduce problems faced by RNNs in practice, which we will lay out in the next chapter
[3].

MLP-based approaches. As the name implies, Multi-layer Perceptrons (MLPs) are used to
learn the nonlinear mapping between user features and item features. MLP-based approaches can

6Like music genres are for songs for example.
7e.g. Tucker Decomposition.
8Only 1 or 2 hidden layers are present in shallow neural networks.
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capture complex interactions between users and items, this approach is especially useful if the
sessions are unordered [3].

CNN-based approaches. They use Convolutional Neural Networks (CNNs) to extract local
and global features from user behavior and item attributes. CNN-based approaches can exploit the
spatial structure of the input data and reduce the number of parameters. Essentially, a CNN-based
SBRS initially uses filtering and pooling operations to develop a better understanding of the context
of each session, and then applies this knowledge to make appropriate recommendations. They are a
favorable option for SBRSs because they offer two distinct advantages [3]:

1. Firstly, they are able to relax the rigid assumption regarding the order in which interactions
take place within sessions, thereby enabling the model to be more robust [3].

2. Secondly, CNNs are particularly adept at identifying local features from specific areas and
establishing relationships between different areas within a session. This allows them to
effectively capture the collective dependencies present in session data at the union-level [25].

GNN-based approaches. Graph neural networks are used to model the user-item interactions
as a bipartite graph and propagate information along the graph edges. GNNs have demonstrated
considerable expressive power in modeling the intricate relationships inherent in graph-structured
data by incorporating Deep Neural Networks. To leverage this capability, some researchers have
introduced GNN to model the complex transitions within or between sessions and develop more
effective SBRSs [3].

1. Initially, sessions are transformed into a graph/graphs by mapping each session onto a chain.
In this context, each interaction within a session is regarded as a node in the corresponding
chain, while an edge is established between each pair of adjacent interactions in the session.

2. Following this, the constructed graph is introduced to a GNN, which generates an informative
embedding for each node (interaction) by encoding the complex transitions over the graph into
the embeddings. Depending on the specific architecture of the GNN model, GNN approaches
for SBRSs can be generally categorized into three groups: Gated Graph Neural Networks
(GGNN), Graph Convolutional Networks (GCN), and Graph Attention Networks (GAT) [3].

3. Finally, these embeddings are employed in the prediction module for session-based
recommendations.

Advanced Models. Advanced approaches include attention models, mixture models, generative
models and reinforcement learning. These methods either use a more advanced way to make
recommendations or combine some of the methods we mentioned before. Notably:

• Attention models: are designed to assign different weights to different items or features in a
session, based on their relevance to the user’s current interest9. By doing so, they can focus on

9We will come back to the idea of attention — soft-attention specifically — and how it is achieved in the next
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the most important information and filter out the noise or redundancy in a session. Attention
models can be applied to different basic approaches for SBRSs like distributed representation
learning, RNN, or GNN [3]. For instance, Li et al. [26] proposed an attention-based RNN
model that uses an attention mechanism to learn the importance of each item in a session
and generate more accurate recommendations.

• Mixture models: can model the heterogeneity and diversity of user preferences in a session
by relying on multiple sub-models, each of which specializes in capturing latent subgroups or
topics of items in a session and generate personalized recommendations for each subgroup or
topic [3].

• Reinforcement learning: is an advanced algorithm that can optimize the long-term reward
of SBRSs. Reinforcement learning can learn from the feedback of users and dynamically
adjust the recommendation strategy according to the user’s feedback extracted from the
conversation he has with the recommender system. This conversation consists of the RS
suggesting an item and the user giving some feedback on it, and then repeating this process
with another item [3].

1.3.4 Future aspects and outlook

Although SBRSs already come with advantages when compared to traditional RSs, they still face
some challenges which, when surmounted may greatly improve the quality of the recommendations.
Promising research directions for further development of Session-Based Recommendation Systems
(SBRS) are for instance [3]:

1. Incorporating users’ explicit general preferences into SBRS [3]:

(a) Investigating more advanced approaches to learn users’ general preferences from explicit
preference data.

(b) Exploring ways to combine both users’ long-term general preferences and short-term
preferences together when ranking the candidate items in SBRS.

2. Incorporating users’ implicit general preferences into SBRS [3]:

(a) Developing novel approaches to learn users’ implicit general preferences from their
transaction behavior data, which includes view, click, add to cart, and purchase, in the
absence of explicit feedback.

(b) Simultaneously learning a user’s implicit general preference and short-term preference
and effectively integrating them for accurate recommendations.

3. Domain-specific contextual information [3]:

chapter.



1.4 Conclusion 22

(a) Contextual information can be domain-specific, and therefore, incorporating domain-
specific contextual information can be a promising direction for future research.

(b) Different users may respond differently to the same contextual factor, and therefore,
personalized contextualization can be a promising direction for future research.
Personalizing contextualization can involve understanding how different users perceive
the same contextual factors and incorporating that knowledge into the recommendation
system.

1.4 Conclusion
Session-based Recommender Systems have demonstrated their ability to offer more accurate and
relevant recommendations in comparison to traditional recommendation systems. This is due to
their ability to consider the user’s current context, preferences, and behavior in real-time, rather
than solely relying on historical data. Session-based Recommender Systems also address the
cold-start problem by providing recommendations for new or infrequent users who lack historical
data. These systems provide a more personalized and engaging user experience, which can increase
user satisfaction, loyalty, and ultimately, business revenue.

To enhance Session-Based Recommender Systems and recommendation tasks in general, Graph
Neural Networks (GNNs) offer a promising solution to deal with complex, graph-structured data.
Gated Graph Neural Networks (GGNNs) have demonstrated their ability to effectively capture
the structural information in such data and generate accurate recommendations. In the following
chapters, we will delve into the intricacies of how GGNNs process graph-structured data and
examine their potential applications in the field of recommendation systems.
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2 Gated Graph Neural Networks

2.1 Introduction
Graphs are powerful representations that capture intricate relationships and structures in a wide
range of domains, including social networks, molecular chemistry, recommendation systems, and
more. Analyzing and inferring properties from graphs have become increasingly important in various
fields, and Gated Graph Neural Networks (GGNNs) [27] have emerged as an intriguing technique
for tackling these tasks. GGNNs leverage gated mechanisms to propagate messages between nodes,
allowing for information exchange and aggregation throughout the graph. By capturing both local
and global dependencies, GGNNs enable effective modeling of complex relationships within graph
structures.

In this chapter, we delve into the fascinating world of GNNs, exploring their applications and
theoretical foundations. We begin by discussing the broader context of artificial intelligence and its
connection to graph analysis. Understanding how GNNs fit within the realm of AI provides a holistic
perspective on the significance and potential of these networks. We explore the underlying concepts
and mathematical formalisms that enable GGNNs to capture and leverage the rich information
contained within graphs.

We delve into the principles and applications of attention mechanisms, highlighting their synergy
with GGNNs and how they enhance the network’s ability to extract meaningful insights from
graphs.

2.2 Machine Learning
Machine Learning (ML) is a subfield of artificial intelligence (see figure 2.1) that enables machines
to learn from data without being explicitly programmed. In other words, instead of writing a
program that performs a specific task, a machine learning algorithm can be trained on a dataset to
learn patterns and relationships in the data, and then use this knowledge to make predictions or
decisions on new, unseen data.

Machine learning has been applied to a wide range of domains, including image and speech
recognition, natural language processing, autonomous driving, and healthcare. As such, it has
become an increasingly important tool for solving complex problems and creating intelligent systems.

2.2.1 Artificial Intelligence

Artificial Intelligence (AI) is the emulation of human intelligence in machines, allowing them to
perform tasks that previously required human intervention. Through AI, machines can learn from
experience, recognize patterns, and adapt to new situations, making them valuable for diverse
applications, from robotics to healthcare to finance. AI technologies encompass a variety of fields,
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including machine learning, deep learning, natural language processing, robotics, and expert systems,
among others [28].

Figure 2.1: The relationship between Artificial Intelligence, Machine Learning, and Deep Learning

2.2.2 Basics of Machine Learning

Specifically, machine learning refers to the development of algorithms that can automatically
improve their performance on a particular task over time by learning from data or experience. The
goal of machine learning is to enable computers to learn and make decisions or predictions without
being explicitly programmed to do so [29]. The experience that a machine learning algorithm learns
from can come in various forms: labeled or unlabeled data, feedback from users, or interactions
with the environment. The class of tasks that machine learning algorithms can be applied to is
quite broad, including tasks like classification, regression, clustering [29].

Machine learning methods are typically divided into three categories – sometimes four if you include
Semi-Supervised Learning – based on the task and the type of feedback available to the learning
system (see figure 2.2):

• Supervised Learning: the algorithm is presented with a training dataset consisting of
input/output pairs, where the input features are typically represented as a vector, and the
output labels are some predefined categories or values. The goal of the algorithm is to learn
a function that can accurately predict the output label given a new input10 [30].

• Unsupervised Learning: opposite to supervised learning, unsupervised learning learns
patterns in the data without any explicit supervision or guidance from labeled examples. The

10e.g. Image classification, speech recognition, natural language processing, and recommendation systems, etc.
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Figure 2.2: Machine learning types and their applications / Christelle Julias, smartpredict.ai

algorithm is presented with a dataset consisting of input features but no corresponding output
labels [29, 30]. The goal of the algorithm is to discover meaningful patterns or structures in
the data, like clusters, principal components, or frequent patterns11.

• Semi-Supervised Learning: the algorithm is given both labeled and unlabeled examples,
with the assumption that the labeled examples are more expensive or difficult to obtain than
the unlabeled ones. The goal is to use the labeled examples to guide the learning process and
improve the accuracy of the model on the unlabeled data [30].

• Reinforcement Learning: the agent12 learns to take actions in an environment to maximize
a cumulative reward signal. The agent receives feedback in the form of a reward or penalty
based on its actions, and the goal is to learn a policy that maximizes the expected cumulative
reward over time [29, 30].

2.2.3 Tasks

Machine learning allows us to address complex tasks that cannot be solved using fixed programs
created and developed by humans [30]. To keep things simple, we will only introduce regression,
classification and clustering since they are the most common and versatile techniques (see figure

11e.g. Anomaly detection, data compression, and data visualization, etc.
12An agent is an entity that perceives its environment through sensors and acts upon the environment through

actuators to achieve specific goals [28].
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2.3):

Figure 2.3: Most common machine learning tasks / Dominik Polzer, TowardsDataScience

• Regression: the computer is given a set of input data and tasked with predicting a numerical
value, i.e, a function f that maps the input data to a numerical output13 f : Rn → R. A
regression task could be predicting the price of a house based on its characteristics such as
size, number of bedrooms or location [30].

• Classification: the goal is to predict the class or category that a new piece of data belongs
to, based on its features or attributes [30]. The learning algorithm is trained on a set of
labeled examples, and the output is a function that maps the input data to a discrete output
(i.e. label, category). For example, identifying whether an email is spam or not based on its
content and metadata. The fact that this problem has two classes signifies that it is a binary
classification [29].

• Clustering: involves grouping similar data points together based on their features or
attributes. The goal of clustering is to partition a set of data points into distinct clusters
or groups, where the points within each group are more similar to each other than to those
in other groups. The learning algorithm is not given labeled examples, but instead has to
discover the underlying structure of the data on its own [29].

2.2.4 Limitations

Despite the many advances made in recent years, there are still several challenges that need to be
addressed to make machine learning more effective and trustworthy. Addressing these challenges
will be critical to the continued development and adoption of machine learning in a wide range of
fields and industries. To mention a few:

13Here, n is the dimensionality of the feature vector.
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• Bias and fairness: is a common limitation in machine learning, stemming from the fact
that algorithms are only as objective as the data they are trained on. It can arise when the
training data contains systematic errors or is not representative of the real-world population,
leading to models that make incorrect or unfair predictions for certain groups [31].

• Data quality and availability: in many cases data can be missing or incomplete, or contain
outliers that can affect the quality of the predictions. And like we have seen before, it may
also be biased or unrepresentative, leading to models that perform poorly on new or unseen
data. Addressing these challenges requires careful data cleaning and preprocessing, as well as
strategies for handling missing or incomplete data [32].

• Interpretability and Explainability: interpretability refers to the ability to understand
and explain how a model arrives at its predictions or decisions, while explainability refers to
the ability to provide a clear and intuitive explanation for those predictions or decisions [33].
Some machine learning models are highly complex and opaque, making it difficult for humans
to understand the reasoning behind their outputs. This can raise serious security concerns
for fields where machine learning is asked to assist in critical operations like healthcare.

2.3 Deep Learning
Deep Learning (DL) refers to a powerful machine learning framework that involves training artificial
neural networks to perform complex tasks, particularly in supervised learning [30]. The deep neural
network architecture involves adding numerous layers and units, which increases its ability to
represent highly complex functions. Essentially, most tasks that a human can perform quickly and
efficiently can be accomplished through deep learning, as long as there is a sufficient amount of
labeled training data and large models to handle the task at hand [30]. While several approaches
and goals of deep learning are still in development, modern deep learning has become a potent tool
for achieving a range of objectives in artificial intelligence [29].

2.3.1 Neural Networks

A Neural Network (NN) is a type of machine learning model that is better visualized as interconnected
layers of nodes (see figure 2.4), each of which applies a nonlinear transformation to its inputs
(see figure 2.5) [30]. The activation function of each node determines the output signal that is
propagated to the next layer.

The network is trained using a loss function that measures the difference between its predictions
and the true values. The optimization of the network’s parameters, or weights, is achieved through
a process called backpropagation [34], where the gradient of the loss function with respect to
the weights is computed and used to update them. The propagation of signals and backpropagation
of errors allow the network to learn and adjust its weights to better fit the training data [30, 34].

The architecture of the network, including the number and size of its layers, the choice of activation



2.3 Deep Learning 28

Figure 2.4: Two different ways of illustrating Neural Networks [30]

functions, and the type of loss function, can be designed to suit the specific requirements of the
task at hand.

Figure 2.5: The activation of a single neuron/perceptron in a network

2.3.2 Learning and Training

The process of learning in neural networks involves several steps [30]:

1. During forward propagation: input data is fed into the network, which applies weights
and biases to generate predictions.

2. During backpropagation: the network calculates the loss (i.e difference) between its
predictions and the true values and adjusts the weights and biases accordingly. This is done
through optimization techniques like gradient descent, which iteratively updates the weights
and biases to minimize the error.

3. To prevent overfitting and improve generalization: regularization techniques like L1
or L2 regularization are applied to penalize large weights and biases.

4. By repeating this process on a large dataset, neural networks can learn to accurately predict
outputs for new inputs.
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Forward Propagation

Forward propagation refers to the process by which information flows forward through a feedforward
neural network, starting from the input x and passing through the hidden layers, and producing an
output ŷ. During training, forward propagation produces a scalar loss L(y) [30].

Essentially, at each layer, the activations of the previous layer are combined linearly with learnable
weights W(i) and biases b(i), and then transformed by a non-linear activation function f (i) [30].
Mathematically, in Eq. 2.1, this can be expressed as a dot product between the input activations
and a weight matrix, followed by the addition of a bias vector and the application of the activation
function as can be seen in figure 2.5. A layer is defined as:

h(i) = f (i)(W(i)>X+ b(i)) (2.1)

For example, the content of the input matrix X, weight matrix W and bias matrix b can be:

X =
[
x1 x2 x3

]
, W =

w11 w12

w21 w22

w31 w32

 , b =
[
b1 b2

]
(2.2)

The shape of the input matrix X is (1, 3), the shape of the weight matrix W is (3, 2) and the shape
of the bias matrix b is (1, 2).

Although the analogy of a perceptron is often used to explain this process, where each neuron
is connected to its previous and next layers via synapses, the underlying operation is simply a
dot product between the input activations and the weight kernel, where each element of the input
corresponds to a row in the matrix and each element of the weight corresponds to a column [30].

Backward Propagation

Backpropagation is a type of supervised learning algorithm that uses gradient descent to adjust the
weights and biases of a neural network, it is essentially the one responsible of the learning.

The goal of backpropagation is to minimize a loss function, which measures the difference between
the predicted output of the network and the true output. To do this, backpropagation computes
the gradient of the loss function with respect to the learnable weights and biases of the network.
The gradient is then used to adjust the weights and biases in the direction that minimizes the loss
function [34].

The key to computing the gradient efficiently is the chain rule [34]. The chain rule (Eq. 2.3)
allows us to compute the derivative of a composite function by multiplying the derivatives of its
individual components. In our case, the composite function is the output of the network, which is
a function of the weights and biases at each layer. By applying the chain rule, we can compute the
gradient of the loss function with respect to the weights and biases at each layer, starting from the
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output layer and working backwards towards the input layer, this is why the algorithm is called
"backpropagation" [30].

∂z

∂x
=
∂z

∂y
· ∂y
∂x

(2.3)

Once we have computed the gradient of the loss function with respect to the weights and biases,
we can adjust them using gradient descent. The equation for updating the weights and biases using
gradient descent is:

w
(k)
ij ← w

(k)
ij − α

∂L(w(k))

∂w
(k)
ij

(2.4)

where wi,j is the weight between neuron i in the previous layer and neuron j in the current layer, α
is the learning rate, and ∂L(w(k))

∂wi,j
is the partial derivative of the loss function with respect to the

weight wi,j. This equation is applied to every weight in the network to update its value in the
direction of the negative gradient.

Optimization

The selection of an optimization algorithm is a crucial step in optimizing a neural network [30]. In
machine learning, there are three main types of optimization methods: batch, stochastic, and a
combination of both, known as minibatch14 methods [35].

• Stochastic Gradient Descent (SGD): is a simple optimization algorithm that updates
the model’s parameters in the direction of the negative gradient of the loss function [30].

• Root Mean Squared Propagation (RMSProp): is an optimization algorithm that uses
a moving average of squared gradients to scale the learning rate [30].

• Adaptive Moment Estimation (ADAM): is an optimization algorithm that combines
the benefits of both RMSprop and momentum optimization15 by using a moving average of
both the gradients and their squares [30].

Regularization

Regularization is an important technique used in deep neural networks to prevent overfitting [30, 36],
which occurs when a model becomes too complex and starts to memorize the training data instead
of generalizing to new data [30].

14Minibatch methods use a portion of the training set during each epoch, which accelerates neural network
training and allows for an unbiased estimate of the expected gradient. In deep learning, minibatch methods are
often preferred due to their efficiency and unbiased estimates.

15Momentum optimization is a technique used in gradient-based optimization algorithms for accelerating the
convergence of the optimization process. It is based on the idea of accumulating a moving average of past gradients
to update the parameters of the model [35].
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Regularization is classified into two types [30]:

• Explicit: is achieved by adding a term to the optimization problem to impose a cost on the
optimization function, which makes the optimal solution unique.

• Implicit: includes early stopping and using a robust loss function to prevent overfitting.

L1 and L2 regularization are two popular types of explicit regularization used in deep neural
networks [36]:

• L1 regularization (Lasso regularization): imposes a penalty term on the loss function
proportional to the L1 norm of the weight vector. This induces sparsity in the weight vector,
as many weights are shrunk to zero. This leads to a simpler and more interpretable model
that avoids overfitting.

• L2 regularization (Ridge regularization): imposes a penalty term on the loss function
proportional to the L2 norm of the weight vector. This results in a weight vector with small
but non-zero values, and the effect is to distribute the influence of each feature across all
weights. This reduces the variance of the model and prevents overfitting.

2.3.3 Activation Functions

Activation functions play a crucial role in artificial NNs. These functions facilitate the learning
process by enabling the network to understand and interpret complex relationships between inputs
and outputs. To enhance this flow of information, the input to the outer layer undergoes a
nonlinearity process, allowing for further processing. Activation functions are vital components
in this process, as they enable the network to comprehend and analyze non-linear and intricate
mappings between inputs and corresponding outputs [30, 37].

• Logistic Sigmoid: is a widely used mathematical function employed in statistics and
machine learning. It maps real-valued inputs to a bounded range between 0 and 1, making
it useful for probabilistic interpretation and modeling non-linear relationships [38]. The
sigmoid function is commonly used in binary classification tasks, where it produces probability
estimates and facilitates the interpretation of model outputs [30]. Despite its limitations,
the sigmoid function’s versatility and interpretability have contributed to its widespread
application, while ongoing research explores improved models and architectures [39].

σ(x) =
1

1 + e−x
(2.5)

• Hyperbolic Tangent (tanh): maps the input values to a range between -1 and 1, providing
a smooth non-linear transformation. Similar to the sigmoid function, TanH introduces
non-linearity into the network, enabling it to model complex relationships between inputs
and outputs. This activation function is symmetric around the origin, with negative inputs
resulting in negative outputs and positive inputs producing positive outputs. The tanh
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Figure 2.6: Plot of the sigmoid function

function is particularly useful in scenarios where inputs with opposing polarities need to be
differentiated, making it suitable for tasks such as classification problems.

tanhx =
sinhx

coshx
=
ex − e−x

ex + e−x
=
e2x − 1

e2x + 1
(2.6)

Figure 2.7: Plot of the tanh function

• Rectified Linear Unit (ReLU): also known as rectifier or ramp function, it is simply the
positive part of its argument.

f(x) = x+ = max(0, x) =
x+ |x|

2
=

x if x > 0,

0 otherwise.
(2.7)

Kunihiko Fukushima introduced this activation function in 1969, specifically within the
framework of hierarchical neural networks aimed at extracting visual features [40]. As of 2017,
the rectifier activation function emerged as the preferred choice for deep neural networks,
gaining significant popularity [41].
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Figure 2.8: Plot of the ReLU function

• Softmax: transforms a vector of real numbers into a probability distribution over multiple
classes. The softmax function normalizes the input values, exponentiates them, and divides
each element by the sum of all exponentiated values. This ensures that the resulting
probabilities are positive and sum up to one, enabling the interpretation of the output as class
probabilities. The softmax function is often used in multiclass classification tasks to obtain
the most likely class assignment based on learned patterns and model predictions [30, 38].
Much like other loss functions, recent research posits different ways of improving performance
of the softmax function for various classification tasks [42].

σ(zi) =
ezi∑K
j=1 e

zj
for i = 1, . . . , K and z = (z1, . . . , zK) ∈ RK (2.8)

2.3.4 Loss Functions

The primary objective of a loss function in deep learning is to quantify the discrepancy between
the predicted output of a neural network and the ground truth label associated with a given
input sample [30]. By defining and optimizing an appropriate loss function, deep learning models
can effectively learn from data and adapt their internal parameters to minimize the discrepancy
between predicted and desired outputs. Loss functions provide a quantitative measure of the
model’s performance, enabling all sorts of predictive tasks [29].

• Mean Average Error: is a commonly used loss function in regression tasks. It measures
the average absolute difference between the predicted values and the true values (Eq. 2.9).
By taking the absolute difference, MAE provides a robust measure of the overall prediction
accuracy, unaffected by outliers [30]. MAE is particularly useful when the magnitude of errors
is crucial, as it directly reflects the average deviation between predictions and ground truth
values.

MAE =
1

n

n∑
i=1

|yi − ŷi| (2.9)
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• Mean Squared Error: is another widely employed loss function in regression tasks and
sometimes classification tasks [43]. It computes the average squared difference between the
predicted values and the true values (Eq. 2.10). Squaring the differences amplifies the impact
of larger errors, making MSE more sensitive to outliers compared to MAE. By penalizing
larger errors more heavily, MSE places greater emphasis on minimizing significant deviations
between predictions and ground truth values [30].

MSE =
1

n

n∑
i=1

(yi − ŷi)2 (2.10)

• Cross-entropy: is a versatile loss function that is predominantly utilized in classification
tasks, which is our case. It quantifies the dissimilarity between predicted class probabilities
and the true class labels (Eq. 2.11). Cross-entropy is based on information theory and is
particularly effective when dealing with probabilistic predictions. In binary classification
scenarios, binary cross-entropy is commonly employed, while in multi-class classification,
categorical cross-entropy is often used [30]. By maximizing the likelihood of correct class
predictions, cross-entropy encourages the model to assign higher probabilities to the correct
classes, facilitating accurate classification [29, 30].

CrossEntropy = −
N∑
i=1

yi log(ŷi) + (1− yi) log(1− ŷi) (2.11)

2.3.5 Recurrent Neural Networks

Recurrent Neural Networks (RNNs) are a type of artificial neural network that is specifically
designed to process sequential data. They are widely used in various fields, including natural
language processing, speech recognition, machine translation, and time series analysis. The main
motivation behind RNNs is their ability to capture and utilize contextual information from previous
steps or inputs in a sequence [30]. Unlike traditional feedforward neural networks, RNNs have loops
in their architecture, allowing them to maintain an internal memory that retains information about
past inputs. This memory enables RNNs to effectively model and process sequences of arbitrary
length [30, 38].

In Fethi M. Salem’s book [38], he puts it differently by stating that RNNs can be seen as a type of
finite-time horizon mappings that unfold into layered feedforward networks with shared parameters
across the layers (see figure 2.9). They are primarily used for mapping tasks and differ from feedback
neural networks, such as Hopfield networks16, which are used for storing and retrieving associative
memories. Feedback neural networks, in contrast, are RNNs that operate over an infinite-time
horizon and typically do not require external input [38].

16Hopfield networks are a type of recurrent neural network named after its inventor, John Hopfield. They were
introduced in the 1980s and are primarily used for associative memory tasks like pattern recognition and content
addressable memory [44].
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Figure 2.9: Unrolling an RNN through time / Jakub Kvita, kvitajakub.github.io

The computation within an RNN can be described by the following equations:

h(t) = f(Wx(t) +Uh(t−1) + b) (2.12)

y(t) = g(Vh(t) + c) (2.13)

where x(t) is the input vector at time step t, h(t) is the hidden state vector at time step t, y(t) is
the output vector at time step t, f is the activation function for the hidden state, g is the activation
function for the output, W, U, and V are weight matrices to be learned, b and c are bias vectors.
These equations define the recurrent nature of the network, as the hidden state at each time step
is influenced by the previous hidden state. The output at each time step depends on the current
hidden state [38].

2.3.5.1 Challenges

Vanilla (as in traditional) recurrent neural networks face several challenges that can impact their
performance and training process. Some of the main problems encountered in RNN research are:

• Vanishing and Exploding Gradients: RNNs can suffer from the vanishing or exploding
gradient problem during backpropagation. As information propagates through time steps,
gradients can become extremely small or large, making it challenging for the network to
effectively learn and capture long-term dependencies [38, 45].

– Vanilla RNNs struggle to capture long-term dependencies in sequences. The influence
of earlier inputs on the current hidden state diminishes over time due to repeated
multiplication of weight matrices, making it challenging to retain information over long
sequences [45].

• Lack of Memory: vanilla RNNs have limited memory capacity as they rely solely on their
hidden state to retain information about previous inputs. This limited memory makes it
difficult for the network to remember relevant information from distant time steps [38].

• Inability to Handle Varying Sequence Lengths: vanilla RNNs require fixed-length
input sequences. If the input sequences have varying lengths, they either need to be truncated
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or padded with zeros, leading to inefficient representation and potential loss of important
information [30].

• Lack of Explicit Context Separation: vanilla RNNs do not explicitly distinguish between
short-term and long-term dependencies [46]. They treat all past inputs equally, which can
limit their ability to differentiate between relevant and irrelevant context [38].

To address these challenges, various advanced RNN architectures have been developed, such as
Long Short-Term Memory (LSTM) networks [23] and Gated Recurrent Units (GRUs) [24]. These
architectures incorporate mechanisms to mitigate the vanishing gradient problem, handle long-term
dependencies, and maintain better memory.

2.3.5.2 Long Short-Term Memory

Long Short-Term Memory (LSTM) is an advanced type of RNN architecture that addresses the
vanishing gradient problem and enables better modeling of long-term dependencies in sequential
data. LSTMs achieve this by incorporating memory cells and gating mechanisms that regulate the
flow of information [23, 38].

Figure 2.10: The architecture of an LSTM cell, fdeloche / CC-BY-SA-3.0

LSTMs are composed of memory cells Ct, input gates it, forget gates ft, and output gates ot.
The memory cells serve as a long-term memory component, while the gates control the flow of
information into, out of, and within the memory cells [23]:

ft = σ(Wfxt +Ufht−1 + bf ) (2.14)

it = σ(Wixt +Uiht−1 + bi) (2.15)

ot = σ(Woxt +Uoht−1 + bo) (2.16)

C̃t = tanh(Wcxt +Ucht−1 + bc) (2.17)

Ct = ft � Ct−1 + it � C̃t (2.18)

ht = ot � tanh(Ct) (2.19)
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2.3.5.3 Gated Recurrent Units

Gated Recurrent Units (GRUs) are another type of advanced RNN architecture that, like LSTMs,
address the vanishing gradient problem and capture long-term dependencies [24, 38].

Figure 2.11: The architecture of a GRU cell, fdeloche / CC-BY-SA-3.0

GRUs simplify the architecture compared to LSTMs by combining the memory cell and the hidden
state into a single unit, resulting in a more computationally efficient model [24]:

zt = σ(Wzxt +Uzht−1 + bz) (2.20)

rt = σ(Wrxt +Urht−1 + br) (2.21)

h̃t = tanh(Whxt +Uh(rt � ht−1) + bh) (2.22)

ht = (1− zt)� ht−1 + zt � h̃t (2.23)

2.3.6 Attention Mechanism

Attention is a mechanism that allows a neural network to focus on relevant parts of the input or
output while ignoring the irrelevant ones. It is inspired by the human cognitive process of selectively
concentrating on a few things while ignoring others [47, 48]. Attention is important because it can
improve the performance and interpretability of neural networks, especially in natural language
processing (NLP) and computer vision tasks. It can be used when the input or output sequences
are long, complex, or have variable lengths, which is usually the case for machine translation, text
summarization, or image captioning [47].

2.3.6.1 Soft vs. Hard Attention

• Hard attention: selects one input state for each output state, and uses it as the context
vector. This way, it can focus on only one input state at a time. Hard attention is non-
differentiable and requires reinforcement learning or variational inference to train [47].

• Soft attention: assigns a probability distribution over all the input states for each output
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state, and takes a weighted average of them as the context vector. This way, it can attend
to all the input states to some degree. Soft attention is differentiable and can be trained
end-to-end with backpropagation [48]. As we only care about supervised learning for the sake
of this thesis, we will only present how to achieve the soft-attention mechanism:

1. First, a differentiable function a, such as a dot product, a feed-forward network, or a
bilinear form, is applied to compute the alignment scores between states. st−1 is the
initial context vector.

et,i = a(st−1, hi) (2.24)

2. Then, a softmax or a sigmoid function is used to normalize the scores into a probability
distribution. This enables the backpropagation of the gradients through the attention
mechanism and the end-to-end training of the model.

– Using the softmax function:

αt,i =
exp(et,i)∑T
j=1 exp(et,j)

(2.25)

– Using the sigmoid function parametered with q ∈ Rd:

αt,i = q>σ(et,i) (2.26)

3. Finally, a weighted average of the input states using the probability distribution as the
weights.

ct =
T∑
i=1

αt,ihi (2.27)

where αt,i is the alignment score between the decoder state st−1 and the encoder state hi, et,i
is the unnormalized score computed by a function a, and ct is the context vector for time
step t.

2.3.6.2 Global vs. Local Attention

• Global attention: computes the alignment between all the encoder states and the current
decoder state, it can capture long-range dependencies, but it is computationally expensive.

• Local attention: only focuses on a subset of the encoder states. It can reduce the
computation cost, but it may miss some relevant information.
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2.4 Graph Neural Networks
A graph neural network (GNN) is a type of neural network that operates on graph data. It can
learn from the features and structure of the graph to perform various tasks. consisting of three
main components: an input layer, one or more GNN layers, and an output layer.

GNNs are useful for analyzing complex and interrelated data that cannot be easily handled by
traditional neural networks due to the permutation invariance problem. They can leverage both
the features and structure of graphs to learn rich and expressive representations that capture the
patterns and dependencies in the data. They can also generalize well to unseen or new graphs by
learning from local neighborhoods rather than global structures.

A straightforward way to construct a model that processes graphs is to take the adjacency matrix
as input to a deep neural network. However, this method suffers from the drawback that it relies
on the arbitrary ordering of nodes in the adjacency matrix. In other words, such a model lacks
permutation invariance or equivariance, which are essential properties for designing neural networks
over graphs. Mathematically, any function that operates on an adjacency matrix should ideally
satisfy one of the two following properties [49]:

• Permutation invariance: implies that the function is independent of the arbitrary ordering of
the rows/columns in the adjacency matrix.

• Permutation equivariance: implies that the output of f is permuted in a consistent way when
we permute the adjacency matrix.

Achieving invariance or equivariance is a key challenge when we are learning over graphs [49].

Figure 2.12: Basic GNN process from input to output

2.4.1 Graph Theory Basics

Graph theory is a branch of mathematics that studies the properties and applications of graphs,
which are structures that consist of a set of vertices and a set of edges. Vertices are the basic units
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of a graph, and edges are the connections between them. Graphs can be used to model many
real-world phenomena: social networks, maps, molecules, etc. Some useful properties of graphs are
as follows:

• Degree: the number of edges incident to a vertex. A vertex with degree zero is called
isolated.

• Path: a sequence of vertices connected by edges. A path is simple if it does not repeat any
vertices, except possibly the first and the last one.

• Cycle: a path that starts and ends at the same vertex. A graph is acyclic if it has no cycles.

• Directed graph: a graph where each edge has a direction, indicating the order of the
vertices. A directed graph is acyclic if it has no directed cycles.

• Undirected graph: a graph where each edge has no direction, meaning that the order of
the vertices does not matter. An undirected graph is connected if there is a path between
any pair of vertices.

Figure 2.13: Simple graph notation

2.4.2 Applications

GNNs have a wide range of applications in various fields and tasks. Depending on the type of GNN,
they can address different problems: node classification, graph classification, graph generation,
network embedding, and spatial-temporal graph forecasting [4]. We present some of the applications
based on the following research areas:

• Social networks: GNNs have been used to model social networks and analyze social
relationships. For instance, they have been used to predict the next user action on social
media platforms, recommend friends, detect fake news, and identify communities [50].

• Molecular structure: GNNs are used to model molecular structures and predict molecular
properties. They have applications in drug discovery, material science, and chemistry [51].

• Computer vision: GNNs have been applied to computer vision tasks such as object
detection, semantic segmentation, and image classification [52]. GNNs can also be used for
visual tracking and object recognition in videos.
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• Natural language processing: GNNs can be used for text classification, named entity
recognition, and sentiment analysis. They can also be used to build chatbots and question-
answering systems [53].

• Recommendation systems: GNNs can be used to develop personalized recommendation
systems that can recommend items to users based on their behavior and preferences [3, 5].

GNNs have shown promising results in various domains, and their applications are still expanding
with the development of new GNN architectures and algorithms.

2.4.3 Tasks

• Node-level classification: assigns labels or values to individual nodes in a graph. This can
be achieved by GNNs that learn node embeddings through information diffusion or graph
convolution like RecGNNs (see Sub-subsection 2.4.5.1) and ConvGNNs (see Sub-subsection
2.4.5.2). By adding a fully connected layer or a softmax layer at the end, GNNs can perform
node-level classification in a holistic fashion [4].

• Edge-level classification: infers the label or the weight of a link between two nodes in a
graph. This can be done by using a similarity measure or a neural network that takes the
node embeddings from GNNs as inputs and outputs the edge properties [4].

• Graph-level classification: is to assign a label to an entire graph. To achieve this, GNNs
often employ pooling and readout mechanisms (see Subsubsection 2.4.4.2) to compress the
graph information into a single vector [4].

2.4.4 Message Passing Framework

The term graph neural networks encompasses any neural network that operates on graphs and
produces representations of nodes or graphs. Due to the rapid advances in this field, various GNN
architectures have been proposed with different mechanisms for learning from graph-structured data.
However, these architectures differ in their methods of updating and aggregating node features,
which makes them challenging to understand and compare17. To address this issue, a framework
was developed to unify and standarize them under three common functions. This framework is
known as the Message-Passing Framework [51].

Message passing neural networks (MPNNs) provide a framework that facilitates the iterative
aggregation of information from neighboring nodes, enabling the transmission of messages not only
within the local neighborhood but also to other neighborhoods that are not directly connected.
The MPNN framework can encompass at least eight prominent models from the literature [51].
For the sake of our thesis, we will focus on MPNNs that deal with undirected graphs with node
features and edge features, but the formalism can be easily generalized to directed multigraphs.

17Note that some GNNs, known as spatial, are not based on message passing.
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The forward pass consists of two phases: a message passing phase and an optional readout phase
[54].

2.4.4.1 Message Passing Phase

The message passing phase lasts for T iterations and involves message functions Mt and vertex
update functions Ut. In this phase, hidden states htv of each node in the graph are updated based
on messages mt+1

v as follows:

1. The message function: is responsible for aggregating information from the neighboring
nodes of a given node in a graph, and producing a message vector that captures the local
context of that node [54].

mt+1
v =

∑
w∈N(v)

Mt(h
t
v, h

t
w, evw) (2.28)

This process can alternatively be conceptualized as the composition of two functions: message
formulation and aggregation. However, the objective is still consistent across different
formulations.

2. Update function: is responsible, on the other hand, for updating the state of a given node
in a graph, based on the message vector produced by the message function mt+1

v and the
previous state of the node [54]. The update function can be a simple linear transformation or
a more complex recurrent neural network that learns how to integrate the message vector and
the previous state (see Subsection 2.4.5.1). The aim of the update function is to learn new
node representations that capture the global context of the node after receiving messages
from its neighborhood [51, 55].

ht+1
v = Ut(h

t
v,m

t+1
v ) (2.29)

The MP network consists of different layers that implement each step. The network depth
corresponds to the number of iterations. The final feature vector hTv of v incorporates messages
from all the nodes in the sub-tree of height T that has v as its root. It reflects both the structure
of the neighborhood of v and the distribution of the vertex representations within it [55].

2.4.4.2 Readout Phase

A permutation-invariant readout pooling function R is employed to obtain a feature vector for the
whole graph, which can be used for tasks such as classification or regression [55, 56]:

ŷ = R(htv|v ∈ G) (2.30)
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The optimal readout function depends on the dataset characteristics, which makes it challenging to
select the best function for a given task and often results in suboptimal performance. Previous
methods to reduce the information loss at the readout phase have employed four different types of
techniques [56]:

• Fuzzy histograms: aggregate the vector embeddings by computing the membership
probabilities to various fuzzy bins [57].

• Hierarchical clustering: leverage the hierarchical structures present in graphs [58].

• Multi-Layer Perceptrons: can also be seen as weighted sums of node features and have
high expressiveness but lack order invariance [27, 56].

• Attention Mechanisms: node representations are fed as input to the encoder of the
attention mechanism and the output of the decoder is the graph representation. The context18

and type of the attention can be domain specific [59].

2.4.5 GNN Architectures

Wu et al.’s GNN survey [4] proposed a classification scheme for GNNs. They divided GNN
architectures into four main categories: RecGNNs, which use recurrent neural networks to update
node representations; ConvGNNs, which apply convolutional operations on graph signals; GAEs,
which learn low-dimensional embeddings of graphs; and STGNNs, which capture spatial and
temporal dependencies in dynamic graphs. For the sake of this thesis, we will limit ourselves to
RecGNNs, ConvGNNs and Graph Attention Networks (GATs).

2.4.5.1 Recurrent Graph Neural Networks (RecGNNs)

Recurrent Graph Neural Networks (RecGNNs) are among the earliest works of graph neural
networks [4]. RecGNNs aim to learn node representations with recurrent neural architectures. They
assume a node in a graph continuously communicates with its neighbors until a stable equilibrium is
achieved. RecGNNs are conceptually significant and inspired subsequent research on convolutional
graph neural networks [60].

htv = RNNCell(h(t−1)v ,mt
v) (2.31)

RecGNNs employ an RNN cell as an update function, the message function can differ depending on
the model and the graph structure. The RNN cell takes the node representations of the previous
iteration ht−1v as its memory vector, and the message mt

v as its input to compute htv. GGNNs use
advanced RNN cells like LSTMs (see Sub-subsection 2.3.5.2) or GRUs (see Sub-subsection 2.3.5.3)
to exploit their gating mechanisms to update the node representations [27, 60].

18Context in attention mechanisms is a vector that represents the relevant information from the input data for a
given task [48].
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2.4.5.2 Graph Convolutional Networks (ConvGNNs)

ConvGNNs, or GCNs, mainly utilize the pooling operation to integrate information from node v’s
neighbourhood node w in the graph to help with the update of the hidden state of ni, different
specific pooling operations including mean pooling and max pooling can be utilized, depending on
the specific scenarios.

ĥtv = pooling(h(t−1)w |w ∈ N(v)) (2.32)

Both node neighborhoods in a ConvGNN and convolutions in a CNN are methods of learning from
local information, but they differ in how they define and process the local regions [4]. A CNN
uses fixed-size patches that are determined by the filter size and stride, while a ConvGNN uses
variable-size neighborhoods that are determined by the graph structure and hop distance. A typical
CNN uses matrix multiplication and element-wise operations to apply the filter to the patches,
while a ConvGNN uses various aggregation functions to combine the features of the neighbors [61].

Figure 2.14: Node neighborhoods are similar to convolutions in a CNN [4]

Subsequently, the node nv’s hidden state can be updated iteratively by incorporating the aggregated
information from its neighbourhood.

htv = h(t−1)v + ĥtv (2.33)

2.4.5.3 Graph Attention Networks (GATs)

Graph Attention Networks (GAT) [62] utilize mechanisms to learn the relative weights between
two connected nodes. The graph convolutional operation according to GAT is defined as

htv = attention(h(t−1)w , w ∈ N(v)) (2.34)

The attention module is a generic module that can be instantiated with various operations such
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as self attention, multi-head attention, and so on. The attention module essentially performs two
steps: (1) computing the relevance scores of each node in the neighbourhood, and (2) combining
the hidden states of the nodes in the neighbourhood based on their relevance scores [3, 4].

2.5 Gated Graph Neural Networks
Gated Graph Neural Networks are a pioneering RecGNN architecture [27] that employ a GRU
cell as the update function. GGNNs implement the message passing mechanism for graph neural
networks and update the node representations based on the adjacency matrices and the linear
transformations applied on them.

Crucially, the parameters of this RNN-style update are always shared across nodes (i.e., the same
LSTM or GRU cell are used to update each node). In practice, researchers usually share the
parameters of the update function across the message-passing layers of the GNN as well. These
gated updates are very effective at enabling deep GNN architectures (e.g., more than 10 layers)
and avoiding over-smoothing [27, 49]. Generally, they are most useful for GNN applications where
the prediction task requires complex reasoning over the global structure of the graph, such as
applications for program analysis [27] or combinatorial optimization [63].

Figure 2.15: The architecture of a GGNN layer with a readout function

2.5.1 Node Annotations

In GNNs, the node representations do not need to be initialized because the fixed point is independent
of the initializations due to the contraction map constraint. This is not true for GGNNs, which
allow us to incorporate node labels as additional inputs [27]. This essentially means that we can
use domain-specific node information as node embeddings to enhance their representations.

For each node v in the graph, Av: ∈ RD|V |×2D as the pair of column blocks that correspond to the
incoming and outgoing adjacency matrices (see figure 2.16) are defined.
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Figure 2.16: The formulation of the A matrix, which is the concatenation of the ougoing and
incoming edges

2.5.2 Propagation Model

h1v = [x>v , 0, . . . , 0]
> (2.35)

atv = A>v:[h
(t−1)>
1 , . . . , h

(t−1)>
|V | ]> + b (2.36)

htv = GRU(h(t−1)v , atv) (2.37)

The first equation (Eq. 2.35) initializes the hidden state of each node by copying its annotation
into the first component and filling the rest with zeros. The second equation (Eq. 2.36) propagates
information across the graph through the incoming and outgoing edges, using edge type and
direction specific parameters. The vector av ∈ R2D aggregates the activations from both directions
of the edges [49]. The final equations (Eq. 2.37) update the hidden state of each node by integrating
information from the other nodes and from the previous timestep, using a GRU-like mechanism
[27].

2.6 Limitations
Graph-based Neural Networks (GGNNs) have gained attention as powerful models for learning
representations and making predictions on graph-structured data. However, they also come with
certain limitations. Here are some of the key limitations of GGNNs:

• Computational Complexity: GGNNs typically operate on the entire graph structure
simultaneously, which can lead to high computational complexity. The number of iterations
required to update node representations in GGNNs is proportional to the diameter of the
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graph, making them less efficient for large graphs with long paths [27].

• Limited Memory Capacity: GGNNs have limited memory capacity, as they typically
employ fixed-size hidden state vectors to represent nodes in the graph. This can restrict their
ability to capture and retain information from large or complex graphs.

• Sensitivity to Graph Structure: GGNNs are sensitive to the input graph structure,
meaning that small changes in the graph can have a significant impact on the learned
representations and predictions. This sensitivity can limit their generalization performance
when applied to graphs with different structures or when dealing with noisy or incomplete
graphs [4].

• Lack of Explicit Handling of Graph Properties: GGNNs primarily focus on learning
node representations and capturing local graph structure information. They may struggle
to capture global properties or higher-order interactions in the graph, such as community
structures or long-range dependencies [4].

• Interpretability Challenges: GGNNs often lack interpretability due to their complex
and black-box nature. Understanding the learned representations and the reasoning behind
model predictions can be challenging, which may limit their applicability in domains where
interpretability is crucial [30].

2.7 Conclusion
In this chapter, we have explored the fascinating world of GNNs, a powerful technique for analyzing
and inferring properties from graphs. We have seen how GNNs fit within the broader context of
artificial intelligence and graph analysis, and how they leverage gated mechanisms to propagate
messages between nodes and capture both local and global dependencies. We have also discussed the
principles and applications of attention mechanisms, which enhance the network’s ability to extract
meaningful insights from graphs. By reimagining existing reading systems from a blind perspective,
GNNs open up new possibilities and challenges for graph-based learning and reasoning. One such
possibility is the use of GGNNs coupled with the soft-attention mechanism for recommendation
tasks, especially for Session-Based Recommendation, which we will explore in the next chapter.



CHAPTER THREE:
Session-Based Recommender Systems using Gated Graph
Neural Networks
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3 Session-Based Recommender Systems using
Gated Graph Neural Networks

3.1 Introduction
Unlike traditional recommendation methods that rely on user profiles and long-term preferences,
session-based recommendation has to deal with anonymous users and dynamic behavior. To address
this challenge, session data can be mapped to graphs. We use GNNs to learn node representations of
the items in a session graph, which can encode both the sequential and collaborative information of
user behavior. Moreover, we use a soft-attention mechanism as a readout function to aggregate the
node representations into a session representation. The soft-attention mechanism can capture both
the global and local information of the session graph by assigning different weights to different nodes
according to their relevance to the last item in the session. We then use the session representation to
compute the scores of candidate items and recommend the top-N items with the highest scores. We
evaluate this method on two real-world datasets and show that it outperforms several state-of-the-art
baselines for session-based recommendation.

3.2 Session-Based Recommender System using Gated Graph
Neural Networks

3.2.1 Session Graph Connection Scheme

Session graphs are constructed by modeling pairwise item-transitions within the current session s.
Each node vs,i in the session graph Gs = (Vs, Es) represents an item, and each edge (vs,i−1, vs,i) ∈ Es
represents a transition between two items.

We map each item v ∈ V to a latent vector v ∈ Rd in an unified embedding space, where d is
the dimensionality. This mapping will be learned by GNNs later. Then, we obtain an embedding
vector s for each session s by aggregating the latent vectors of the items in that graph.

3.2.1.1 Edge Occurrence over Source Outdegree Ratio Normalization

In the SR-GNN model [5], the session graph is built from the session sequence by first laying each
unique item in the sequence as a node, and then connecting them with a directed edge (vs,i−1, vs,i)

if vs,i−1 occurs directly before vs,i in the session sequence. The resulting is a multigraph19, as a
transition between two items can occur multiple times in the session. Finally, a normalized weight
is appointed to each edge (vs,i−1, vs,i), which is calculated as its occurrence in the session divided by
the outdegree of its source node deg+(vs,i). As such, for the sequence sA = {v1, v2, v3, v2, v4, v2, v5},

19A multigraph is a graph that allows for multiple parallel edges, i.e., two vertices can be connected by more than
one edge in the same direction.
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the session graph is formulated as can be seen in figure 3.1 along with its adjacency matrix in figure
3.1.

Figure 3.1: Resulting graph from sA Figure 3.2: Adjacency matrix of sA

3.2.1.2 Relevant Order Graph Formulation

Chen et al. [64] identified two issues regarding the representation of session graphs in the literature,
the Lossy Session Encoding being one of them. Essentially, the session encoding method we
previously described introduces information loss in the form of sequence order being unsuccessfully
mapped to the session graph, i.e., given a session graph Gs, we cannot always determine the order
of the sequence that it emerges from. This implies that the session encoding is not injective20 in its
formulation of graphs.

To demonstrate this, we present a counter-example; not only does sA result in the graph in the
figure, another sequence sB = {v1, v2, v4, v2, v3, v2, v5} also produces it. Note that if we were to
permutate the underlined items, we get sA.

To remedy this, for every node v ∈ Vs, order each incoming edge E(in)
s (v) by the order of its

occurrence in the session. We keep track of the order by assigning a counter21 attribute to each
edge in E(in)

s (v) that indicates its order with respect to the edges in E(in)
s (v). We illustrate this

graph formulation method in figure 3.3, along with its Python implementation (Listing 1).

20Any function that associates at most one preimage element with each image element.
21Casted to float in practice.
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Figure 3.3: Graph formulation algorithm applied on session sA

1 def seq_to_graph(seq):
2 length = len(seq)
3

4 edges = []
5 nodes = set(seq)
6 order = dict.fromkeys(nodes , 0.0)
7

8 for i in range(length - 1):
9 order[seq[i + 1]] += 1.0
10 edges.append ((seq[i], seq[i + 1], order[seq[i + 1]]))
11

12 return (nodes , edges)

Listing 1: Python implementation of the graph formulation algorithm figure 3.3

By doing so, we add sequence order relevance to our graph. Our previous session sequences now
result in different graphs as shown in figure 3.4 and figure 3.5.

Figure 3.4: Lossless session graph of sA Figure 3.5: Lossless session graph of sB
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This alone does not fix the problem entirely. For example, let’s suppose we have two cyclic session
sequences sA′ = {v1, v2, v3, v1} and sB′ = {v2, v3, v1, v2}, their cyclic nature results in them having
the same vertices and edges regardless of the order. To render the encoding truly lossless, the last
item has to be distinguished in the architecture of the model, and subsidiarily indicate its relevance
to the prediction.

Finally, normalizing the weights ew is as trivial as dividing each weight by the max edge weight in
the session graph. We will end up with ∀e ∈ Es, ew ∈ [0, 1].

3.2.2 Architecture

Our model consists of three main layers: a GNN layer, an attention layer, and a fusion layer (see
figure 3.6). The GNN layer takes the session graph as input and computes the node representations
of the items in the session using a GRU cell. The attention layer uses a soft-attention mechanism
to aggregate the node representations into a session representation, where the representation of
the last item in the session serves as the query vector. The fusion layer combines the session
representation and the representation of the last item into a local session representation, which
captures both the global and local information of the session. Finally, we observe that the session
encoding is crucial and should be distinctive to achieve better results.

Figure 3.6: The architecture of our model

We note that the formalization of the operations in the equations and the implementation in the
code differ in the shapes of the matrices and tensors. This is because we need to handle batches of
sessions in the code, while the equations only deal with single sessions. However, the operations
are essentially the same, and we use appropriate reshaping and broadcasting techniques to ensure
that they are performed correctly and efficiently. In practice, we pad all the dimensions to match
the maximum sizes of its axes. This can introduce noise in the values that we need to aggregate,
but we can easily filter out the noise by multiplying our tensors with a mask before doing the
aggregation computations.
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3.2.2.1 Gated Graph Neural Network

a
(in),t
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[
Win[v

(t−1)
s,1 ,v

(t−1)
s,2 , . . . ,v(t−1)

s,n ] + bin

]
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> (3.1)
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ats,i = [a
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s,i ; a

(out),t
s,i ] (3.3)

In listing 2, the GGNN layer performs multiple propagation steps to update the node representations
of the session graph. In each propagation step, the current node representations node_vectors are
fed into two linear neural networks linear_message_passingin and linear_message_passingout,
which produce two tensors of shape batch_size × max_number_of_nodes × d. These tensors
are then multiplied by the corresponding adjacency matrices A(in) and A(out), which encode
the in- and out-edges of the session graph, respectively (Eq. 3.1, 3.2). The resulting
tensors a

(in),t
s and a

(out),t
s are concatenated along the hidden dimension axis (Eq. 3.3).

1 # (batch_size * max_number_of_nodes , hidden_size)
2 node_vectors_in = self.linear_message_passing_in(_node_vectors)
3 node_vectors_out = self.linear_message_passing_out(_node_vectors)
4

5 # (batch_size , max_number_of_nodes , hidden_size)
6 a_in = tf.matmul(adj_in , node_vectors_in)
7 a_out = tf.matmul(adj_out , node_vectors_out)
8

9 # (batch_size , max_number_of_nodes , hidden_size * 2)
10 a = tf.concat ([a_in , a_out], axis=-1)

Listing 2: GGNN message phase

Then, in listing 3, ats is then passed to a GRU cell with the previous node vector v(t−1)
s as memory,

which outputs a new tensor representing the updated node representations. The GRU cell allows
the model to capture the temporal dynamics of the session graph and learn complex nonlinear
transformations of the node features as per the GGNN spec (Eq. 3.4. . . 3.7) [27].

rts,i = σ(Wra
t
s,i +Urv

(t−1)
s,i + br) (3.4)

zts,i = σ(Wza
t
s,i +Uzv

(t−1)
s,i + bz) (3.5)

ṽts,i = tanh(Wha
t
s,i +Uh(r

t
s,i � v

(t−1)
s,i ) + bh) (3.6)

vts,i = (1− zts,i)� v
(t−1)
s,i + zts,i � ṽts,i (3.7)

σ is the sigmoid function, � is the element-wise multiplication, and W,
U, and b are the weight matrices and bias vectors of the GRU cell.
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1 recurrent_cell = keras.layers.GRUCell(self.hidden_size)
2

3 # (batch_size * max_number_of_nodes , hidden_size)
4 _, _node_vectors = tf.compat.v1.nn.dynamic_rnn(
5 cell=recurrent_cell ,
6 inputs=tf.expand_dims(a, axis =1),
7 initial_state=_node_vectors ,
8 )

Listing 3: GGNN update phase using a GRU cell

3.2.2.2 Soft-Attention Mechanism as Readout

The readout layer uses a soft-attention mechanism to compute the session representation. The
query vector is the representation of the last item in the session, which is passed to a linear neural
network nnq. The input vectors are the node representations of the session graph, which are passed
to another linear neural network nnv. The outputs of these two networks are added together and
then sigmoided. The resulting tensor is then fed into another linear neural network nnα, which
calculates the attention weights of each node representation with respect to the query vector (Eq.
3.8). These weights reflect how much each node influences the last item in the session. The weighted
node representations are then multiplied by their corresponding weights using broadcasting and
then aggregated along the node dimension to obtain the global session representation gs (Eq. 3.9).

αs,i = Wασ(Wqvn +Wvvi + bv) (3.8)

gs =
n∑
i=1

αs,ivi (3.9)

The linear transformations are performed by three weight matrices Wα, Wq and Wv, and a bias
vector bv. The weight matrices and bias vector are learned parameters of the layer.

3.2.2.3 Representation Fusion and Score Formulation

In listing 4, the fusion layer computes the hybrid representation hs of the session and then the
score of each candidate item for the session. hs is obtained by concatenating the global session
representation gs and the representation of the last item vn in the session. The global session
representation is the output of the attention layer, which captures the global and local information
of the session. The concatenated tensor is then passed to a linear neural network nnh, which
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produces hs (Eq. 3.10).

hs = Wh[vn;gs] (3.10)

ẑi = h>s vi (3.11)

ŷi =
exp(ẑi)∑
j exp(ẑj)

(3.12)

The score of each candidate item ẑi is calculated by multiplying the hybrid session representation
and the item embedding using dot product (Eq. 3.11). Then, we apply a softmax function to
get the output vector of the model ŷ (Eq. 3.12). The score reflects how likely the item is to be
the next one in the session. The higher the score, the more relevant the item is to the session.

1 # (batch_size , hidden_size * 2)
2 concatenation = tf.concat ([ session_local_representation ,

session_graph_representation], axis =1)
3

4 # (batch_size , hidden_size)
5 session_representation = self.linear_transformation(concatenation)

Listing 4: The fusion layer’s formulation of the hybrid representation

3.2.3 Training

We use cross-entropy as our loss function to measure the performance of the model. Cross-entropy is
a measure from the field of information theory that calculates the difference between two probability
distributions. For our case, the two distributions are the true labels of the items and the predicted
probabilities of the items by the model. The cross-entropy loss function can be defined as follows:

L = − 1

N

N∑
i=1

yi log(ŷi) + (1− yi) log(1− ŷi) (3.13)

where N is the number of items, yi is the true label of the i-th item, and ŷi is the predicted
probability of the i-th item by the model. The cross-entropy loss function penalizes the model for
making wrong predictions by increasing the loss value. The lower the cross-entropy loss, the better
the model is at predicting the correct labels.

3.2.3.1 Hyperparameters

We train the model using the following hyperparameters:

• We use 30 epochs for training, although we observe that the loss stabilizes in the last 10
epochs.

• We use a batch size of 100 sessions, which allows us to leverage the parallelism of the
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GPU22.

• We set the number of propagation steps in the GNN layer to 2, and naturally, the number
of recurrent propagation steps in the GRU cell to 1. We also experiment with using only
1 GNN propagation step in and find that it yields similar results.

• We use a hidden size d ∈ R1×100 for all the representations in the model, including the node
representations, the session representation, and the item embeddings.

3.2.3.2 Optimization and Regularization

Initialization. We initialize all parameters using a Gaussian distribution with zero mean and a
standard deviation of 0.1. This value is calculated by taking the inverse of the square root of the
hidden size, as shown in the equation below:

deviation =
1.0√
d

(3.14)

Optimization. We optimize the model using the mini-batch Adam optimizer, which is a variant
of gradient descent that uses adaptive learning rates and momentum. We set the initial learning
rate to 0.001 and decay it by 0.1 after every 3 epochs. We use a batch size of 100 sessions, which
means that we update the parameters after processing 100 sessions in each iteration. The batch
size affects the performance of the optimizer by balancing the speed and accuracy of the updates.

Regularization. As for the regularization, with use ridge regularization (L2) with a penalty of
10−5. L2 regularization is usually applied only on kernel parameter matrices. But for our case, we
applied it for all the learnable parameters of the model.

3.2.3.3 L-GGNN-ATT Variation

L-GGNN-ATT is our proposed variant of the SR-GNN model that adopts the Relevant Order
Graph Formulation (see Sub-subsection 3.2.1.2). We define two or more sessions as congruent if they
generate the same graph. A high frequency of congruent sessions in the dataset may result in many
similar session graphs, which could potentially bias the model. We can infer that the longer the
session, the lower the probability of congruence, thus diminishing the applicability of the Relevant
Order Graph Formulation. Therefore, we raise that our proposed model is especially better for
medium-length sessions, following Wang et al’s survey [3] that suggested that medium-sized sessions
are less prone to contain irrelevant interactions while preserving adequate contextual information.

22All of our training was done in a machine that has a Nvidia GeForce GTX 1080 with 2560 CUDA cores.
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3.3 Implementation

3.3.1 Pandas Library

Figure 3.7: Pandas library for Python

Pandas23 is a Python library that provides powerful and flexible data structures and tools for
data analysis, manipulation, and cleaning. Pandas is built on top of numpy, which is a Python
library that supports large, multi-dimensional arrays and matrices. Pandas allows us to work with
“relational” or “labeled” data: tabular data or time series data. Pandas offers various features:
handling missing data, grouping and aggregating data, merging and joining data sets, reshaping
and pivoting data, slicing and indexing data, and reading and writing data from different sources.
It is widely used in data science, machine learning, and statistics.

3.3.2 TensorFlow and Keras

Figure 3.8: TensorFlow logo Figure 3.9: Keras logo

TensorFlow24 and Keras25 are two Python libraries that are used for machine learning and deep
learning. TensorFlow is a platform that supports both high-level and low-level APIs, and it offers
various features and tools for building, training, and deploying complex and advanced models and
operations.

TensorFlow (see figure 3.8) can also run on multiple devices and platforms like GPUs, TPUs,
mobile devices, and web browsers. Keras (see figure 3.9) is a high-level API that runs on top of
TensorFlow and other frameworks, and it provides an easy-to-use, intuitive, and concise interface
for creating and experimenting with neural networks. Keras covers every step of the machine

23https://pandas.pydata.org/
24https://www.tensorflow.org/
25https://keras.io/

https://pandas.pydata.org/
https://www.tensorflow.org/
https://keras.io/
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learning workflow, from data processing to model evaluation to deployment. Keras is designed to
reduce the cognitive load and enable fast prototyping for beginners and experts alike. Modules like
GRUCell and LSTMCell help us implement RNNs without having to do it from scratch in a less
efficient manner.

3.4 Datasets

3.4.1 YouChoose

The YouChoose dataset is a large-scale e-commerce dataset that was used for the RecSys Challenge
2015. The challenge was organized by YOOCHOOSE, a company that provides recommender
system as a service to online retailers. The task was to predict what items a user intends to
purchase, if any, given a click sequence performed during an activity session on the e-commerce
website. The dataset contains about 9.2 million click events and 115,000 purchase events from more
than 24,000 users over a period of six months. The dataset is publicly available on Kaggle26 and
GitHub27.

3.4.2 DIGINETICA

This dataset was provided by DIGINETICA and its partners as part of the CIKM Cup 2016
Track 228, and it consists of anonymized search and browsing logs, product data, and anonymized
transactions. The main goal of this dataset is to train models that can recommend products
based on the customers’ specific purchase, search, and browsing behaviors. The dataset includes
anonymized user ids, hashed query phrases, hashed product descriptions and meta-data, pricing,
clicks, and purchases extracted from user sessions in an e-commerce search engine log.

3.4.3 Dataset Preprocessing

We apply the same filtering criteria to both datasets: (1) removing sessions with only one item
and items that occur less than five times. This results in 7,981,580 sessions and 37,483 items for
the Yoochoose dataset, and 204,771 sessions and 43,097 items for the Diginetica dataset; (2) we
create session subsequences and labels by splitting the input sequence. We use the sessions from
the following days as the test set for Yoochoose, and the sessions from the following weeks as the
test set for Diginetica. For time efficiency purposes, we will use only 1/64. After the preprocessing,
the datasets’ properties are as shown in table 3.1.

26https://www.kaggle.com/code/danofer/2015-recsys-challenge-starter
27https://github.com/RecoHut-Datasets/yoochoose
28https://competitions.codalab.org/competitions/11161#learn_the_details-overview]

https://www.kaggle.com/code/danofer/2015-recsys-challenge-starter
https://github.com/RecoHut-Datasets/yoochoose
https://competitions.codalab.org/competitions/11161#learn_the_details-overview]
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Stats YouChoose 1/64 Diginetica
Clicks 557,248 982,961

Training sessions 369,859 719,470
Testing sessions 55,898 60,858

Items 16,766 43,097
Avg. length 6.16 5.12

Table 3.1: YouChoose and Diginetica statistics

3.5 Performance

3.5.1 Evaluation Metrics

• P@20 (Precision) denotes the ratio of correctly recommended items among the first 20
items.

P@20 =
T

(20)
p

T
(20)
p + Fp(20)

(3.15)

T
(20)
p is the number of true positives for the first 20 items, F (20)

p is the number of false positives
for the first 20 items.

• MRR@20 (Mean Reciprocal Rank) is the mean of the inverse ranks of the correctly-
recommended items. The inverse rank is zero if the rank is greater than 20. The MRR metric
takes into account the order of recommendation ranking, where a high MRR value implies
that correct recommendations are placed at the top of the list.

MRR@20 =
1

20

20∑
i=1

1

ranki
(3.16)

3.5.2 Baselines

We compare the model with the following baselines:

• BPR-MF [65] optimizes a pairwise ranking objective function via stochastic gradient descent.
This method uses matrix factorization to learn the latent factors of users and items from
implicit feedback.

• POP and S-POP recommend the top-N frequent items in the training set and in the current
session respectively. These methods are simple but effective for capturing the popularity of
items.

• Item-KNN [66] recommends items similar to the previously clicked item in the session,
where similarity is defined as the cosine similarity between the vector of sessions. This method
is based on the assumption that similar items tend to be clicked together.

• FPMC [22] is a sequential prediction method based on markov chain. This method models
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the transition probabilities between items in a session and incorporates user preferences using
matrix factorization.

• STAMP [67] captures users’ general interests of the current session and current interests of
the last click. This method uses an attention network to learn the relevance between the last
click and the previous clicks in a session.

• NARM [26] also employs RNNs but with an attention mechanism to capture the user’s main
purpose and sequential behavior. This method combines a global encoder and a local encoder
to learn a hybrid representation of the session.

• GRU4REC [68] uses RNNs to model user sequences for the session-based recommendation.
This method can capture the sequential dependencies and temporal dynamics of user behavior
in a session.

• SR-GNN [5] uses GGNNs to model the complex transitions of items, which are challenging
to be discovered by previous conventional sequential methods. Much like NARM, SR-GNN
also uses an attention network to represent each session as the integration of the global
preference and the current interest of that session.

3.5.3 Results and Discussion

3.5.3.1 Results

L-GGNN-ATT and SR-GNN have similar training losses, but L-GGNN-ATT’s converges a bit
faster than SR-GNN (see figure 3.10).

Figure 3.10: Training loss of both SR-GNN and L-GGNN-ATT for the DIGINETICA dataset
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In table 3.2, methods based on neural networks, NARM and STAMP, achieve better results than
the conventional methods, showing the effectiveness of applying deep learning in this domain.
Short/long-term memory models, like GRU4REC and NARM, use recurrent units to capture a
user’s general interest while STAMP enhances the short-term memory by using the last-clicked item.
These methods explicitly model the users’ global behavioral preferences and consider transitions
between users’ previous actions and the next click, leading to better performance than these
traditional methods. However, their performance is still lower than that of the SR-GNN model.

Compared with the state-of-art methods like NARM and STAMP, L-GGNN-ATT further considers
transitions between items in a session and thereby models every session as a graph, which can
capture more complex and implicit connections between user clicks. Whereas in NARM and
GRU4REC, they explicitly model each user and obtain the user representations through separated
session sequences, with possible interactive relationships between items ignored. Therefore, the
model is more powerful to model session behavior.

Model YouChoose 1/64 Diginetica
P@20 MRR@20 P@20 MRR@20

Item-KNN 51.60 21.81 35.75 11.57
BPR-MF 31.31 12.08 5.24 1.98
FPMC 45.62 15.01 26.53 6.95

GRU4REC 60.64 22.89 29.45 8.33
NARM 68.32 28.63 49.70 16.17
STAMP 68.74 29.67 45.64 14.32
SR-GNN 70.57 30.94 50,73 17.59

L-GGNN-ATT 71.04 31.17 50,94 17.72

Table 3.2: The model shows better performance than the state-of-the-art baselines

3.5.3.2 Discussion

Our proposed L-GGNN-ATT variation, which is SR-GNN with the Relevant Order Graph
Formulation has a slightly better performance than its vanilla counterpart which uses the Edge
Occurrence over Source Outdegree Ratio Normalization (see figure 3.11 and 3.12). The probability
of sessions forming the same graph decreases as the sequence length increases. However, according
to the SR-GNN paper, the model performs similarly irrespective of the average session size (short:
length ≤ 5; long: length > 5). This suggests that the Relevant Order Graph Formulation only
slightly enhances the model since the only requirement for a session graph is that the connections
between nodes are nonzero for message propagation across the graph, and thus for global influence
between items.
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Figure 3.11: P@20 comparison between
SR-GNN and L-GGNN-ATT for the
DIGINETICA dataset

Figure 3.12: MRR@20 comparison
between SR-GNN and L-GGNN-ATT for the
DIGINETICA dataset

3.6 Conclusion
We proposed a state-of-the-art method for session-based recommendation based on gated graph
neural networks (GGNNs), called L-GGNN-ATT. This method can effectively model the complex
and dynamic user behavior in session data by mapping them to graphs and learning node and session
representations without losing valuable session information. By using a soft-attention mechanism,
this method can also capture the importance of different items in a session and their relevance to
the last item. We showed how this deep learning approach can bring good results for session-based
recommendation by comparing it with several baselines on two real-world datasets. This method
provides more accurate and personalized recommendations for anonymous and dynamic users.



CHAPTER:
General Conclusion
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General Conclusion

Summary
This study aimed to investigate the application of GGNNs for session-based recommender systems.
The main research questions were:

1. How can GGNNs be used to model user sessions and capture the sequential dependencies
among items?

2. How does the GGNN-based model compare with the state-of-the-art baselines in terms of
recommendation accuracy and diversity?

3. What are the advantages and limitations of using GGNNs for SBRSs?

To answer these questions, the study was divided into three main chapters. The first chapter
provided a theoretical background on recommender systems, sequential recommender systems, and
session-based recommender systems, highlighting their challenges, opportunities, and applications.

The second chapter introduced the concepts of artificial intelligence, machine learning, deep learning,
and graph neural networks, with a focus on GGNNs as a novel and powerful architecture for learning
from graph-structured data.

The third chapter presented the practical implementation of the GGNN-based model for SBRSs,
describing the evaluation metrics, datasets, baselines, and experimental results. A comparative
analysis showed that the GGNN-based model outperformed the baselines, demonstrating its
effectiveness and robustness for SBRSs. A discussion of the results revealed that the GGNN-based
model was able to capture the complex and dynamic patterns of user behavior, leverage the rich
information embedded in the item graph, and generate diverse and relevant recommendations.

However, some limitations were also identified, such as the computational complexity, the sensitivity
to hyperparameters, and the lack of interpretability of the GGNN-based model. We conclude that
GGNNs are a promising technique for SBRSs, offering a novel and flexible way of modeling user
sessions and generating recommendations. Nonetheless, more research is needed to address the
existing challenges and explore the potential extensions of GGNNs for SBRSs.

Directions for Future Research
Although GGNNs have shown promising results for SBRS, there are still many open questions and
challenges that need to be addressed to fully exploit their potential and advance the state of the
art. We suggest some possible avenues of research that can be pursued to further investigate or
improve SBRS using GGNNs.

• Incorporating additional features or side information into the item graph, such as item
attributes or user feedback.
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• Developing hybrid models that combine GGNNs with other methods, such as collaborative
filtering or matrix factorization.

• Developing novel attention mechanisms or aggregation functions that can capture the long-
term and short-term preferences of users and the semantic relations among items in SBRS
using GGNNs.

• Evaluating the robustness and generalization ability of SBRS using GGNNs under different
settings and challenges like data sparsity, cold start, or data drift29.

29Data drift, also known as covariate shift, occurs when the distribution of the input data changes over time.
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