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Kurzfassung

Viele Datenstrukturen in unserem Alltag konnen als Graphen dargestellt werden. Zum
Beispiel stehen wir alle in Verbindungen zu anderen Menschen. Man kann dies als
sozialen Graph betrachten, mit den Menschen als Knotenpunkte, die miteinander auf
verschiedenste Weise verbunden sind. In solchen Graphen wird es oft der Fall sein,
dass nicht alle Verbindungen zwischen den Knoten bekannt sind und hier kann man
mit kiinstlicher Intelligenz nachhelfen. Die Methoden, um unbekannte Verindungen in
Graphen zu finden, kénnen wir in verschiedene Gruppen gliedern: Zwei prominente
Gruppen sind Regel-basierte und Embedding-basierte Systeme. Erstere sind sehr gut
erklarbar und kénnen auch auf neuen Daten angewandt werden, wiahrend zweitere eine
bessere Leistung aufweisen, aber nicht immer erklarbar sind und nicht auf ungesehenen
Daten angewandt werden kénnen.

Wenn wir uns die Vor- und Nachteile von Regel- und Embedding-basierten Systemen
anschauen, sehen wir, dass sich diese gut erginzen. Kénnten wir sie verbinden, hatten
wir womoglich ein sehr gut erklarbares, hochperformantes und induktiv anwendbares
Modell. Zwei konkrete Modelle, die sich dafiir gut eignen, sind AnyBURL und ExpressivE.
AnyBURL ist ein Regel-basiertes System, das zahlreiche, oft sogar zu viele, Regeln lernt,
wahrend ExpressivE ein Embedding-basiertes System ist, das jedoch fiir das Lernen von
logischen Regeln entworfen wurde.

In unserer Arbeit zeigen wir, dass ExpressivE die logischen Regeln von AnyBURL, im
speziellen den U, Regelsubtyp, lernt. Wir entwickeln zwei Priorisierungsmethoden, den
Filtered-MRR und den MRR-Evidence Score, sowie Subtypen von diesen, die sich auf
die Regelpriorisierung von ExpressivE griinden. Mit dieser Regelpriorisierung kénnen
wir wesentlich kleinere Regelsétze, sowohl auf dem WN18RR als auch auf dem Induc-
tiveWN18RR Datensatz, auswahlen, ohne merklich an Leistung zu verlieren. Damit
schaffen wir ein Modell, das sehr gut erklarbar ist, gute Leistung erbringt und sowohl
transduktiv, sprich nur auf bereits im Training gesehenen Daten, als auch induktiv, sprich
auf ungesehenen Daten, anwendbar ist.

ix
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Abstract

With knowledge graph completion methods we can predict missing links in knowledge
graphs. Two prominent subgroups of knowledge graph completion methods are rule-based
and embedding-based methods - with AnyBURL as an example for the first group and
ExpressivE as an example for the second group. Both groups have complemental features:
Rule-based methods are explainable and applicable to unseen data, while embedding-
based methods are not or less explainable and can not predict links on unseen data.
However, the performance of embedding-based methods tends to be better on some tasks.

Suppose we could combine rule-based and embedding-based knowledge graph comple-
tion methods, we could have the best of both worlds: State-of-the-art performance,
explainability and the ability to generalize to unseen data. One approach to add external
knowledge into rule-based methods, for example, from embedding-based methods, is by
reranking the logical rules or by selecting smaller rule sets based on a decision criterion
extracted from an embedding-based method. A particularly promising embedding-based
method for extracting rule priorities is ExpressivE, which was designed to learn logical
rules.

In our thesis, we show that ExpressivE is not only capable of learning logical rules, but
indeed learns AnyBURL’s U, rules by introducing the novel concept of Rule Conformance
and by evaluating ExpressivE’s Rule Conformance on the WN18RR dataset. Then, we
propose the Filtered-MRR and MRR-Evidence Score, two methods to extract a rule
prioritization from ExpressivE. We show that we can drastically reduce the size of rule
sets needed to achieve state-of-the-art performance with selection methods based on
those scores - both on the WN18RR and the Inductive WN18RR dataset. Therefore, our
selection methods are applicable both in the transductive setting, i.e., when each test
entity was part of the training set, as well as in the inductive setting, when the test
instances were not part of the training set.

With our proposed selection methods, we combine rule-based methods with embedding-
based methods, drastically reduce the rule set sizes and thereby increase the explainability
of knowledge graph completion methods. Additionally, we use embedding-based methods
in the inductive setting, which was previously not possible.

X1
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CHAPTER

Introduction

1.1 Motivation

Suppose you are a bank and want to lend money to a creditor. Then, you would want to
know whether your creditor is trustworthy or if the money is used for illegal purposes.
However, your customers will not tell you that they use the borrowed money for illegal
activities - instead, you will have an incomplete web of information about the person
and must decide whether to grant the credit.

We can model this incomplete web of information as a graph: We will depict each person,
company or activity related to your potential creditor as a node in the graph and call
them entities. Then, we will model each relation between two entities with an edge
between their corresponding nodes. We will call this graph a knowledge graph and derive
certain rules from it. For example, we could reject all potential creditors who are in
a business relationship with a fraudulent company. But there is a catch: Your new
customers will not tell you this fact as they would be otherwise immediately disqualified
from the loan. Here, knowledge graph completion comes into play. Before you decide
whether to approve the loan, you try to predict the missing links in the graph, e.g., a
fraudulent business relationship.

As you might expect, the principle of knowledge graph completion is not restricted to
money laundering. Instead, most knowledge graphs are highly incomplete [MGW 13,
and knowledge graph completion can be applied in various fields. For example, we could
develop a web crawler that tries to gather information about all celebrities and their
relations on this planet. Also, in this case, your generated knowledge graph will miss
important relations and could benefit from knowledge graph completion - often even from
applying very simple rules. For example, suppose your crawler finds the information that
both Michelle and Barack Obama have a child named Natasha. Then you could, with a
very high probability, predict that Michelle and Barack are married.




Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.

INTRODUCTION

All of these cases have two goals in common: You want to have highly performant models
with as few wrong predictions as possible - as, for example, rejecting a potential customer
because of a wrong prediction will cost you both money and reputation. Additionally,
you want to have an explainable model that is understandable to human beings. This is
especially important as regulators will want to know why you accept certain customers
and reject others.

For knowledge graph completion, we have three types of models that do not depend
on existing domain knowledge: Graph neural networks [SKB™18][VSNTT9], (geometric)
knowledge graph embeddings [PS22][ACLS20] and rule miners [MCB™24][LGS20], which
learn and apply logical rules. While the first two achieve better results, rule learners are,
by design, explainable. Geometric knowledge graph embeddings, such as ExpressivE,
can be geometrically interpreted, and we could explain the reasoning for their answers.
However, tools for generating explanations still need to be developed. Additionally,
when we want to achieve state-of-the-art performance with rule miners, we need several
thousand rules, even on small datasets, which makes them difficult for human beings
to understand. As we see, achieving both goals of knowledge graph completion - or,
generally, machine learning - is a challenging task, and our current models either achieve
high performance or good explainability, but not both.

Also, there is one more objective: We want our models to be able to generalize to unseen
data. For example, if a new potential creditor is added to our network, we do not want
to retrain the entire model. Instead, we want to apply our existing rules to decide quickly
whether we can trust the customer. We call this setting of generalizing to unseen entities
inductive, while we refer to predicting missing relationships only between known entities
as transductive. However, the in real-life applications very important task of inductive
knowledge graph completion is not trivial to fulfil. The entire class of knowledge graph
embedding models can not work with unseen entities as embedding-based models need
to learn embeddings for each entity before operating on them. Therefore, interpretable
geometrical knowledge graph embeddings with state-of-the-art performance are not usable
here.

1.2 Problem Statement

Knowledge graph completion faces the challenge of being explainable, performant and
able to generalize to unseen data. All of those challenges have been solved individually.
All methods mentioned in the introduction tick two of the three boxes, as shown in Table
1.1 However, no method has been developed that is explainable, achieves state-of-the-art
performance, and is usable in the inductive setting.

This thesis aims to provide a new method to combine the strengths of highly performant
methods, such as graph neural networks and geometric embeddings, and of the explainable
rule miners. In particular, we will look at how to combine the geometric knowledge graph
embedding ExpressivE [PS22] with the rule miner AnyBURL [MCB™24] by extracting
the priority, or weighting, which ExpressivE assigns to each rule mined by AnyBURL.
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1.3. Contribution

Explainable Performant Inductive

Graph neural networks X X
Geometric embeddings X X
Rule miners X X

Table 1.1: Capabilities of current methods for knowledge graph completion.

Also, AnyBURL assigns a weight to each rule, which acts as a decision criterion on which
rule to apply in case of multiple rules fire simultaneously. Therefore, we can answer the
following research questions:

1. Does ExpressivE learn logical rules mined by AnyBURL? If yes, how similiar do
ExpressivE and AnyBURL weight the individual rules?

2. Can we achieve similar or better performance, measured by the HQ1-, HQ3-, HQ10-
and MRR-Scores, by selecting a subset of logical rules based on the weighting of
ExpressivE?

3. Can we use ExpressivE to select better rules in the inductive setting, i.e., when
predicting relations between entities not previously seen in the training set?

Notably, these research questions build upon each other. We can only introduce a new
selection method if ExpressivE assigns a meaning to the logical rules. Also, we can only
progress to the more complicated inductive setting when we succeed in the transductive
setting.

1.3 Contribution

The main contribution of this thesis is the proposal of novel rule selection methods, which
incorporate the weights that ExpressivE assigns to different logical rules. With those rule
selection methods, we can drastically reduce the size of rule sets needed for knowledge
graph completion while maintaining state-of-the-art performance. Additionally, our new
selection methods lead to better explainable predictions and are applicable to the inductive
setting. Therefore, they tick all the boxes required for knowledge graph completion:
Explainability, state-of-the-art performance, and applicability to the inductive setting.

In our experiments, we used ExpressivE to select a subset of rules mined with AnyBURL.
We show that we can achieve similar performance with 22,9% to 79,3% of the original
rules, depending on the underlying dataset. As rule miners provide several thousand
rules, this is essential to making them entirely understandable for human experts.

Additionally, we empirically show that AnyBURL’s rules are reflected in ExpressivE’s
weights. Thus, we show that ExpressivE is not only theoretically capable of capturing the
logical patterns supported by AnyBURL but also learns them. Moreover, we show that
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1.

INTRODUCTION

ExpressivE stops improving once it has learned all logical rules, which is an indicator of
the importance of rule learning for ExpressivE’s performance.

1.4 Structure of the Thesis

In Chapter 2, we familiarize the reader with the most important concepts of knowledge
graph completion. We explain the datasets used in the thesis and the scoring methods.
Moreover, we take a look at knowledge graph embeddings and rule miners.

We show in Chapter [3|that ExpressivE learns the same rules as AnyBURL and afterwards
propose in Chapter 4] the new Filtered-MRR and MRR-Evidence Score, which we will
be the basis for our rule selection methods in the following chapters. Also, we show in
Chapter 4] the correlation and the differences between AnyBURL’s confidence and our
MRR-based scores.

In Chapters 5 and |6, we present the results of rule selection with our newly introduced
rule selection methods. We start with the transductive setting in Chapter 5. After
successfully reducing the rule set size in the simpler transductive setting, we move on to
inductive knowledge graph completion in Chapter 6| and show that our approach works
there too.

Finally, we conclude this thesis in Chapter |7 by summarizing and discussing the main
results. Also, we provide an outlook on future work, which could build upon this thesis.
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CHAPTER

Related Work

2.1 Knowledge Graph Completion

The term knowledge graph was coined by Google in 2012 [Sinl2]. Back then, Google
decided to enhance its search engine by treating user inputs not as a string but as
entities in a graph with relations to other entities. Thereby, they could provide additional
information, like children or siblings, next to the search results.

While the definition of Google’s knowledge graph was rather broad, mainly attributing
the term knowledge graph to a graph-based knowledge base, we will refer in this thesis
to the following more precise definition [EW16]:

A knowledge graph acquires and integrates information into an ontology and
applies a reasoner to derive new knowledge.

This definition clearly distinguishes knowledge graphs from knowledge bases and ontologies.
We require a reasoning engine in knowledge graphs, which infers additional missing
information. This requirement implies that knowledge graphs are incomplete, i.e., crucial
information is missing. The task of identifying the missing information is known as
knowledge graph completion [XYCT™18|, and in the following sections, we will discuss
different methods for knowledge graph completion and how we can improve them.

Nevertheless, this definition of a knowledge graph necessitates an underlying knowledge
base on which we can apply reasoners. Typically, this knowledge base is represented by a
set of triples (h,r,t) C & x R x &, where £ denotes the set of all entities in the graph
and R the set of all relations [XYCT18]. We refer to h as the head of the triple and to ¢
as the tail of the triple. Each triple represents a directed edge between the head node
and the tail node of the relation’s type. Knowledge graph completion can then infer the
missing edges in the graph by predicting the missing triples [XYCT18].
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2.

RELATED WORK

2.2 Evaluation Metrics

When we introduce a new algorithmic or machine learning task, the first question is how
we will evaluate our models. In the case of knowledge graph completion, it is trickier
than one might expect to answer this question, as classical machine learning metrics,
like accuracy or precision, make little sense in the knowledge graph completion setting.
There are several reasons for this: Firstly, the vast majority of potential triples are
not in the graph, so if we randomly choose triples for evaluation, most will be negative
instances, and a method classifying all as negative would reach very high accuracy scores.
Secondly, we do not know which triples are negative as the knowledge graph is incomplete
- therefore, a chosen negative triple could be a positive one. Thirdly, finding a cutoff
point where we classify a triple as a positive instance is difficult. Some nodes will have
many relations to other nodes, while others only have very few. Would we accept each
triple above a chosen score or in the top k-predictions? We already see that we need
a smarter way of evaluating knowledge graph completion methods than the standard
accuracy or recall metrics.

The solution for evaluating knowledge graph completion methods is the introduction of
rank-based metrics. Given a positive triple, we compute its rank among all triples sharing
the relation and either the head or the tail entity. Triples ranked high are likely in the
graph, while we do not expect low-ranking triples to be in the graph. The advantages
of this approach are twofold: We can avoid dealing with negative or unknown triples
in the evaluation process. Instead, we can look at the rank of the known positives in a
validation or test set. Additionally, it fits our use cases of knowledge graph completion
methods very well. In reality, often, e.g., when approving a credit, a human expert will
look at the predictions before adding them to the knowledge base [LGS20]. However,
they will only look at the top-ranked candidate triples because human expertise is costly.

We have yet to define those rank-based metrics formally. In particular, we will look at
two metrics used in this thesis: Hits@k and Mean Reciprocal Rank (MRR). For Hits@Qk,
we calculate for an arbitrary k, typically 1, 3, or 10, the percentage of evaluation triples
with a rank lower or equal to k. Formally, we can define Hits@k as follows [ABH™20]:

{t € Ktest | rank(t) < t}|

HitsQk =
|’Ctest‘

(2.1)

While the Hits@k metric only considers triples with a rank lower or equal to k and
disregards triples at ranks higher than k, e.g. at position k + 1, the MRR incorporates
all triples in the validation and test set. As the name says, it is computed by calculating
the mean over the reciprocal rank [ABH™20):

1 1

M - -
RR |Crest| rank(t)

(2.2)
teKtest
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2.3. Benchmarks

Hits@k and MRR have a value range from 0 to 1, with a higher score indicating better
performance. Notably, both metrics give little weight to outliers. Hits@k treats each
triple ranking higher than k the same, and the reciprocal nature of the MRR reduces
the influence of very high ranks in the mean. For both Hits@k and MRR, we compute
the rank amongst all triples sharing the head or tail entity and the relation. However,
there is one caveat: We must filter out the triples from the train set before computing
our ranking, as those are most likely to be ranked first and would negatively influence
our metric.

2.3 Benchmarks

Several benchmarks of various sizes and domains exist for knowledge graph completion.
For example, we have the small Kinships dataset [KTG™06] modelling the relationships
between members of the Australian tribe Alyawarra, which contains only 10 686 triples.
Then, we have medium-scale benchmarks, like WN18RR [DMSRI18] with its 93 003 triples
on the semantic relationships between different words, and large-scale benchmarks like
FB15k-237 [TC15] and YAGO3-10 [RSH™16|, containing 272 115 triples and 1 179 040
triples of cross-domain knowledge.

In this thesis, we will mainly work with WN18RR [DMSRI1S], as it is large enough
to be a challenging task and small enough to deliver fast results on today’s hardware.
Additionally, it has the advantage of having inductive variants, like Inductive WN18RR
[TDH20|, which are necessary to evaluate whether we can transfer knowledge from
embedding-based methods to rule-based methods in the inductive setting.

WNI8RR is a subset of the larger WN18 [BGWBI14], which is again a subset of WordNet
[Mil95]. In short, WordNet groups English words into so-called synsets, which represent
a collection of words which are synonyms of each other. Then, WordNet models the
relations between the different synsets. For example, it connects less specific synsets to
more specific synsets via the hyponym and hypernym relation type. More specifically, if
we had the synset clothes and the synset shirt, then we could model their relations via
the triples (clothes, hypernym, shirt) and (shirt, hyponym, clothes).

WN18 includes only synsets with at least 15 triples. Including only those synsets reduces
the size of WIN18 to 40 943 entities and 151 442 triples and is necessary because our
reasoners need data to learn the meaning of each synset appropriately. However, WN18
has a large test-leakage [TC15], and relatively simple models can achieve good results
[DMSR18] due to an abundance of inverse triples. This makes WN18 unsuitable for
evaluating knowledge graph completion methods and led to the introduction of WN18RR,
which removes the inverse triples and poses a more difficult challenge for knowledge graph
completion methods.
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Category Definition
Symmetry m(X,Y) = r(Y,X)
Anti-symmetry r1( ) = (Y, X)
Inversion 1 ( ) & (Y, X)
Compositional definition rq( YAT(Y,Z) = r3(X, Z)
General composition 1 ( YAT(Y,Z) = r3(X, 2)

(X,Y)

(X,Y)

)

Hierarchy 71 = r(X,Y)
Intersection r1 Ara(X,Y) = r3(X,Y)
Mutual exclusion (X, Y)Ar(X)Y) = L

Table 2.1: Inference patterns.

2.4 Rule Learning

The most intuitive way to infer new links in knowledge graphs is via logical rules. For
example, if we have two arbitrary entities, X and Y, which are in a relation r, we could
propose that Y and X are connected via the same relation. This specific rule would be
symmetric, and we could define it as 7(X,Y) = r(Y, X). If we build our reasoning
system only upon logical rules, it would be fully interpretable as each new link follows
from one or multiple logical rules.

As we see in Table 2.1, we can group those logical rules into several categories [PS22].
While most rules are trivial, we need to highlight the big difference between compositional
definition and general composition, which will be relevant in the subsequent chapters:
While compositional definition has an if and only if operator, in general composition,
the body implies the head relation - but not vice versa. Capturing only the second rule
type is not trivial, as we will see in Section [2.5.

As finding a well-performing rule set in a large knowledge graph is a tedious process by
hand, we employ rule miners, which automatically find and weigh rules. Two state-of-the-
art rule miners are AnyBURL [MCB™24| and AMIE [LGS20]. While the performance of
AnyBURL and AMIE are comparable, AnyBURL comes with the advantage of being
able to mine rules containing constants in the relations. It will turn out in Chapter 3
that constants within rules are helpful to show that ExpressivE can learn logical rules.
We will, therefore, focus our attention on AnyBURL in this thesis.

Similar to other rule miners, the rules which AnyBURL can learn are limited by its
language bias. For AnyBURL, we can group the rules into three types, which we will call
binary rules (B), unary rules ending with a dangling atom (Uy) and unary rules ending
with an atom that includes a constant (U.) [MCB™24|. Formally, we can define them as
follows, where we refer to head relations with h, body relations with b;, variables with A;
and constants with ¢ and ¢ [MCB™24]:

B: /\?zlbi(Ai—lyAi) = h(A(),An) (2.3)
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2.4. Rule Learning

Uy : /\?zlbi(Ai—lei) - h(Ao,C) (2.4)

U.: /\’Zlbi A;i_1,A4;)) ANby Anfl,cl = h(Ag,c 2.5
( i=1

We will likely find patterns within the training set to derive logical rules. For example, if
we find out that most entities, which are related via a relation r, are also in a relation
s, we could define the binary rule 7(X,Y) = s(X,Y). This rule will help us better
rank the triples in the test set. AnyBURL works similarly - it tries to find potential
rules in the knowledge graph and selects the best ones depending on how strong they are
reflected in the training set. More formally, AnyBURL applies the following four steps
repeatedly to select an appropriate rule set :

1. AnyBURL samples a random path from the knowledge graph.

2. AnyBURL converts the path into a bottom rule, i.e., a rule, which contains all the
constants from the path.

3. AnyBURL generalizes the extracted rule by replacing constants with variables.

4. AnyBURL evaluates all rules and adds the best ones to the rule set.

While how the rule candidates are generated is less critical for our thesis, we will closely
examine the process of selecting and weighting the rules for the final rule set. For both
selection and weighting, AnyBURL introduces a confidence measure, which is defined as

follows [MCB™24]:

0 436 0 0
conf(r) = H{Oxy|30z robxyz A rabxy} (2.6)

H{Oxy|30z robxyz}

Here, 0 refers to a substitution of variables with constants. We will call such a substitution
a grounding. For example, a grounding 6x—. would replace all occurrences of a variable
X with a constant ¢. In our confidence formula, X and Y refer to the variables in the
head atom, while Z refers to the variables in the body atom, which are not part of the
head atom. Intuitively, we can think of confidence as the number of groundings for the
head and body, divided by the number of body groundings.

Suppose the knowledge graph was be complete, i.e., there would be no true triple, which
is not part of our database. Then, the confidence would be a perfect measure of the
probability that a head relation is part of the knowledge graph when the body of the rule

is fulfilled IMCB™24]. In reality, the confidence is a good estimate and a lower bound for
the true probability.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.

RELATED WORK

10

When searching for rules, it is important to define a stopping criterion. In AnyBURL,
this stopping criterion is time-based and defined before rule generation. Additionally, the
authors of AnyBURL only search for B rules with at most three body atoms and U, and
U, rules with at most one body atom. This is because longer rules increase runtime but
do not improve performance. We will also stick to this approach in our work.

AnyBURL uses max aggregation to generate new predictions from the rule set. Max
aggregation works by sorting the candidates by the maximum of the confidences of all
rules that generate a triple. Suppose there is a tie between two triples, the rule with
the second highest confidence acts as a tiebreaker. This approach does not rank triples
generated from multiple independent rules higher. However, it also ignores multiple firing
rules that are strongly dependent on each other. [MCRS19]

2.5 Knowledge Graph Embeddings

The concept of embedding is familiar to the machine learning community. In several areas,
such as in natural language processing [WWCT19| or in genetics [MGH™ 24|, categorical
data is embedded into a high-dimensional, numerical space, for example, to use them
as input for subsequent neural layers [WWCT19|. In our setting, knowledge graph
embedding methods learn a latent vector in a high-dimensional space for each entity
and each relation [ABH™20|, which should capture their semantic meaning. Knowledge
graph embedding allows powerful models but comes at the cost of predicting the links
of unseen entities - as their embeddings are not learnt. What makes each embedding
method unique is its loss function, which ultimately determines the resulting embedding
and the final predictions. We can distinguish between three categories of knowledge
graph embedding methods [PS22]:

1. We will call all models capable of capturing compositional patterns functional
models [PS22]. Generally, those models represent entities as vectors in a high-
dimensional field and the relations as functions between those vectors. A triple
(h,r,t) is then true, if their embeddings ey, e;, and f, fulfill the equation e; = f,(ep).
Two models of this category are TransE [BUGD™ 13| and RotatE [SDNT19] with
their relation functions f,(ep) = e, + e, and f,(ep) = ey, o e,, with o denoting the
Hadamard product.

2. The second embedding model group is bilinear models [PS22]. Here, the entity
and relation embeddings represent a bilinear factorization of the adjacency matrix
of the knowledge graph. The different models, e.g. DistMult [YtYH™14], ComplEx
ITWR™16] and TuckER [BAHI9], mainly differ in how they perform the matrix
factorization, e.g. via the Tucker composition [Tuc66] in the case of TuckER.
Notably, all bilinear models cannot capture compositional patterns [PS22].

3. Spatial models define semantic regions in the embedding space, which represent
relations between entities [PS22]. Defining relations as regions in the embedding
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2.5. Knowledge Graph Embeddings

space makes it possible to geometrically interpret those models, which is impossible
in functional or bilinear models. BoxE [ACLS20] is an example of a spatial model
which embeds each relation as a pair of boxes. A triple evaluates to true if the
head and tail embeddings are in the respective boxes. However, also BoxE cannot

capture compositional patterns [ACLS20).

One model that stands out from the list above is ExpressivE [PS22]. It combines
the advantages of functional and spatial models by defining a hyper-parallelogram in
the embedding space for each relation. This embedding method makes it possible to
capture compositional patterns and geometrically interpret their predictions. Also, its
performance is superior to other functional or spatial models, so we will work in this
thesis with ExpressivE.

ExpressivE embeds all its entities via a vector in the embedding space R%, and assigns
to each relation r; a slope vector r! € R?, a center vector e R? and a width vector
d? € (R>0)? for the head and tail positions p € {h,t}. A triple then evaluates to true if
it fulfills the following inequalities [PS22]:

(en—cf —rioe)l <df (2.7)

(er—c—rloep)l < dl (2.8)

In the equalities, 2! represents the element-wise absolute value of a vector z, o the
element-wise Hadamard product and < the element-wise less or equal operator. As we
see in Figure 2.1, these inequalities are fulfilled if and only if the embeddings of the head
and tail entities lie within a hyper-parallelogram. Hence, we can interpret ExpressivE
geometrically.

In contrast to other embedding models, ExpressivE can capture general compositonal
rules [PS22]. Therefore, ExpressivE is a suitable candidate to combine it with rule miners
such as AnyBURL, as those mainly generate (general) compositional rules. In our thesis,
we will empirically show that this combination is possible, reduces the size of rule sets,
and enables embedding-based methods in the inductive setting.

11
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CHAPTER

Rule Conformance

ExpressivE is capable of capturing logical rules of certain types, e.g., it can capture general
composition [PS22]. However, it is unclear whether this theoretical ability translates into
rules learnt and, more specifically, into rules, which are also captured by rule miners
like AnyBURL. In this chapter, we will show that ExpressivE is capable of learning
logical rules and, indeed, learns the same logical rules as AnyBURL. We will argue
that ExpressivE bases its predictions at least partially on the same logical rules, which
ExpressivE potentially weights differently than AnyBURL.

3.1 Rule Conformance

When we want to measure whether ExpressivE learns the same logical rules as AnyBURL,
we have two options: HKither we look at its predictions and check whether ExpressivE
ranks triples derived by AnyBURL’s logical rules lower than triples, which can not be
deducted from logical rules. Alternatively, we directly analyze ExpressivE’s weights,
as the logical rules should be encoded within the weights. While we will look at the
first option in Chapter |4, in this chapter, we will measure whether the rules mined by
AnyBURL are reflected in the weights of ExpressivE.

As discussed in Section 2.5, ExpressivE represents each relation as a hyperparallelogram
and two entities are in a relation when their embeddings are within the hyperparallelogram.
We can determine whether ExpressivE follows a specific rule by looking at the arrangement
of the hyperparallelograms - where the needed arrangement depends on the structure of the
logical rule. For example, suppose we have a logical rule r(X,Y)As(X,Y) = t(X,Y),
ExpressivE would conform to the rule when the intersection of the hyperparallelograms
representing r and s is within the bounds of the hyperparallelogram representing ¢. In
this case, ExpressivE would predict for each possible entity pair, which is in a relation r
and a relation s also a relation t.

13
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Our work will focus on one rule type: AnyBURL’s unary rules ending with an atom
that includes a constant (U.). In contrast to AnyBURL’s other rules, U, rules contain
constants in the body, which enables us to check whether ExpressivE follows the rules by
evaluating one or two triples, while we would need a more complex evaluation method for
both Uy and B rules. Additionally, we will restrict our experiments to logical rules with
a single body atom. While it would be easily possible to translate our approach to rules
containing multiple atoms in the body, AnyBURL restricts U, rules to the single-body
atom scenario due to the lack of performance improvement and increased runtime when
using more than one body atom [MCB™24].

The following three simple steps can be used to check how strongly U, rules are reflected
within ExpressivE’s weights and how strongly ExpressivE conforms to them. We will
apply those steps for each dimension separately and compute the mean from all dimensions
where a rule is applicable. We will refer to the score resulting from those three steps as
rule conformance, as it measures how strongly ExpressivE follows the individual rules.

1. We compute the intersection(s) between the constant in the rule’s body and the
hyperparallelogram representing the relation in the rule’s body. Suppose we have at
least one intersection, we move on to Step 2. Otherwise, the rule is not applicable
in this dimension, as the body is never fulfilled.

2. We infer new triples from the intersections and the logical rules.

3. For the new triples, we evaluate ExpressivE’s loss function (see Equation 2.7 and
Equation 2.8]).

In our algorithm, a low loss in Step 3 represents conformance to a particular rule. If
we want to interpret the rule conformance more closely, we must distinguish the three
possible options for the number of intersections in Step 1. Notably, we can have zero,
one or two intersections:

e Suppose the constant in the body has no intersections with the hyperparallelogram
representing the body’s relation. In that case, the body is never fulfilled, and it is
impossible to compute any rule conformance.

e A single intersection can only occur at corner points of the hyperparallelogram.
Then, the rule is only fulfilled in one point - our intersection - and the loss represents
a perfect estimate of how well ExpressivE follows a particular rule.

e Suppose we have two intersections; we evaluate the rule conformance at the bound-
aries of all entity pairs fulfilling the body of our rule. This case is also depicted in
Graphic 3.1, As the maximum loss of the triples inferred from the intersections
represents an upper bound for all possible inferred triples, it is enough to evaluate
the loss only at the boundaries.
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3.1.

Rule Conformance

A" \

A"

A4

Step 1: Compute Intersections between
constant ¢ and relation r

Step 2: Infer new triples from intersections

Step 3: Evaluate loss function for inferred

triple on relation s

Y

A4

Figure 3.1: Visualization of the process to compute the rule conformance of the rule
r(c,X) = s(¢, X), where the orange parallelogram represents the relation r, and the

green parallelogram represents the relation s.
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Figure 3.2: Rule conformance respectively ExpressivE’s mean loss per rule.

In the next Section, we will utilize our algorithm to determine how strongly logical rules
mined by AnyBURL are reflected in the weights of ExpressivE.

3.2 Experiments

To show whether AnyBURL’s U, rules are reflected within ExpressivE’s weights, we
conducted experiments on the WN18RR dataset [DMSR18]. For our experiments, we
mined 42 893 U, rules over a period of 1000 seconds on a MacBook Pro, 2017, having
a 2,8 GHz Quad-Core Intel Core i7. For mining, we will keep those parameters for the
entire thesis. We evaluated and logged ExpressivE’s rule conformance for each rule after
each training epoch, as described in Section 3.1, The results are shown in Graphic 3.2
and show a fast decrease of the mean rule loss, corresponding to a high rule conformance.

However, rule conformance, as described in Section 3.1, is insufficient to show that
ExpressivE learns U, rules. Even with a very low rule loss - representing high rule
conformance - it could be the case that our algorithm is never applicable as we do
not have any intersections between parallelograms representing the body relation and
the constant in the rule’s body. Therefore, we additionally tracked how often we have
intersections between the rule’s body constant and the rule’s body relation. The mean
percentage of dimensions in which the rule conformance is applicable is shown in Graphic
3.3. Additionally, we added in Graphic 3.4 the validation score (Hits@10) of ExpressivE
to show whether it correlates with the rule conformance and the rule conformance
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Figure 3.3: Percentage of dimensions in which the rule conformance is applicable, i.e.,
the constant in the body has an intersection with the rule’s body relation.

applicability.

Our results show that within the first hour of training, the U, rules are reflected within the
weights of ExpressivE, at least in the applicable dimensions. However, at initialization,
the rules are applicable in only around half of the dimensions, and shortly after training
started, the rule conformance is applicable in only roughly a third of the dimensions.
While the first fact is easily explainable from the random rule initialization, we expect
that the drop in rule applicability stems from an initial trimming phase, where ExpressivE
pushes out entities from relations with high rule loss.

After this short trimming phase, and especially after ExpressivE has a very low rule loss in
the applicable dimensions, the percentage of applicable dimensions increases continuously,
as seen in Graphic 3.3. This trend continues until the rules are applicable and fulfilled
in almost all dimensions. Then, no further changes occur in rule conformance and the
percentage of applicable dimensions.

Looking at the validation scores, we can recognize a correlation between the validation
score and the rule conformance and applicability. The validation score starts to rise
when the rule conformance loss plummets around one and a half hours into the training
process. Then, it stops rising shortly after the rule conformance is applicable in nearly
all dimensions, around the end of the fourth hour.

17
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Figure 3.4: ExpressivE’s Hits@10 score on WN18RR.

3.3 Discussion

Our experiments show that ExpressivE is not only theoretically capable of learning U,
rules but indeed incorporates AnyBURL’s U, rules within its weights and, thereby, bases
its decision at least partially on logical rules.

A critical aspect of basing decisions on logical rules is their weighting. We currently
can not say whether ExpressivE weights the rules differently than AnyBURL. However,
as ExpressivE has slightly better validation and test scores than AnyBURL, we expect
a slightly different weighting of the rules. If this was the case and we can extract the
weights of ExpressivE, we expect to be able to improve predictions based on logical rules
by utilizing the superior weights of ExpressivE. We will follow this hypothesis in the
following chapters.

The second important finding in this chapter is the correlation between the validation
score and the rule conformance. We consider this finding unexpected as we would have
thought that logical rules are only partially responsible for ExpressivE’s success. However,
it still leads to three possible explanations:

1. Most of WN18RR’s validation and test triples can be predicted from simple logical
rules.

2. ExpressivE bases its decision mostly on learnt logical rules.
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3.3. Discussion

3. We have a random correlation on the WN18RR dataset, which is neither caused by
the simplicity of WN18RR nor by ExpressivE’s learning process.

While it is unclear which of these explanations is correct, it would be interesting to check
in the future whether the validation score and the rule conformance also correlate on
larger, more complex datasets. If this were the case, it would indicate that ExpressivE
strongly incorporates logical rules into its weights. If not, it would open a new research
direction to find other factors contributing to ExpressivE’s predictive success.

Additionally, it will be important to show whether ExpressivE also follows other logical
rules in the future. In this chapter, we only showed that ExpressivE learns U, rules.
Theoretically, ExpressivE can learn all general composition rules [PS22], to which U,
Uyg, and B rules belong. While we would expect that ExpressivE also follows Uz and B
rules, we leave it to future researchers to show whether this hypothesis is true.
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CHAPTER

Weight Correlation

In this chapter, we will introduce a novel approach, the Filtered-MRR Score, to evaluate
whether knowledge graph embedding methods like ExpressivE base their predictions
on logical rules, specifically AnyBURL’s B rules. B rules differ from U, and U, rules
by containing only variables and no constants. The missing constants make extracting
the rule conformance directly from the weights more difficult, as we did in Chapter [3.
However, it opens the path of extracting the rule conformance from its predictions as B
rules generally have more predictions than U, and Uy rules. Therefore, we will evaluate
AnyBURL’s B rules on how ExpressivE ranks triples following from logical rules, while
we took the other route in the last chapter.

Our method returns how ExpressivE weights different rules and shows that ExpressivE’s
weight correlates with AnyBURL’s weight. We will combine both weights in the novel
MRR-Evidence Score, thereby merging the best aspects of AnyBURL’s and ExpressivE’s
weight. The new MRR-Evidence Score will then be the base building block for the
MRR-Evidence-Selection, introduced in the next chapter.

4.1 Filtered-MRR Score

We can measure how embedding-based methods weight different logical rules by looking
at how they, on average, rank triples following from logical rules. We introduced one
scoring method, the mean reciprocal rank, short MRR, in Section 2.2. This scoring
method returns high values when triples are ranked low, low values when most of the
triples are ranked high and is resistant to outliers - thereby making it a good measure
to evaluate knowledge graph completion methods in general and a good measure to
evaluate whether triples following from specific logical rules are ranked lower than triples
following from other logical rules. Therefore, we will utilize the MRR to introduce the
Filtered-MRR, Score, which evaluates the MRR for all triples following from logical rules.

21
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Figure 4.1: Distribution of the Confidence and Filtered-MRR, Scores for AnyBURL’s B
rules on the WN18RR dataset.

In our case, before we evaluate the MRR, we filter all triples already contained in the
training set - leading to the Filtered prefix.

When we generate the Filtered-MRR, Score for our rules, the first question is which triples
to compute it with. We want to compute it on as many triples as possible, and of course,
we can not compute the Filtered-MRR on the validation or test set due to potential
leakage. In our work, we randomly split the training set into five equally sized parts. For
each split, the Filtered-MRR is computed on the triples in the split, which follow from the
remaining four splits and the logical rule. Also, for training ExpressivE, we will use the
remaining four splits. With this approach, each triple contributes to the Filtered-MRR,
and ExpressivE is always well-trained when the Filtered-MRR is generated. We consider
five splits as a reasonable tradeoff for keeping a relatively large training set for training
ExpressivE, while keeping the number of training iterations small.

The last question to address is how to combine the MRR scores of the different splits
and how to handle splits in which not a single triple is predicted from a logical rule. For
combining, we propose to use max-aggregation, keeping the highest MRR score of all five
splits. Max-aggregation also automatically handles splits without predictions - however,
we will come back to the number of splits containing predictions from logical rules in
Section [4.3| as it will turn out to be helpful information for determining the strength of a
rule.

4.2 Correlation between Confidence and Filtered-MRR

For our experiments, we mined 1810 B rules on the WN18RR dataset, as in the previous
chapter, on a MacBook Pro, 2017, with a 2,8 GHz Quad-Core Intel Core i7 over a period
of 1000 seconds. When we compare AnyBURL’s confidence with the Filtered-MRR score,
we immediately spot one difference: While we have an abundance of very low confidence
rules, with confidences close to 0, the Filtered-MRR is more evenly distributed, but the
distribution is still spiking at values close to 1, which is visible in Graphic 4.1.
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Figure 4.2: Correlation between Confidence and Filtered-MRR Scores for AnyBURL’s B
rules on the WN18RR dataset.

The different distribution does not come by surprise as the nature of the confidence and
the Filtered-MRR is different: While the confidence divides the number of supporting
triples by all possible predicted triples, often many thousands, the Filtered-MRR, bases its
scoring on triples, which should normally be learnt implicitly by ExpressivE. Consequently,
we expect relatively high Filtered-MRRs and relatively low confidences.

In our analysis, we will consider this huge difference in distribution by plotting all rules
and rules with a confidence higher than 0.1 in separate graphs. This has two advantages:
First, the additional graph is better readable, as we have many low-confidence rules,
which overshadow the few high-confidence rules. Second, we can look more closely at the
high-confidence, high-impact rules responsible for many predictions, which should give
us insights into whether ExpressivE agrees with AnyBURL on the weights of the most
used rules.

In Graphic |4.2, we can see the results of our comparison between AnyBURL’s confidence
and our new Filtered-MRR Score. In the left graph, we see that, on average, ExpressivE
ranks triples following from rules with very low confidence higher than triples following
from rules with high confidence. However, there is a huge variety in the Filtered-MRR
scores, and even several rules with confidence close to 0 have Filtered-MRR scores close
to 1. However, this is not entirely unexpected. Suppose a low-confidence rule produces
a single triple, which, by chance, ranks low as other high-confident rules also predict
it. Then, the low-confidence rule would have a high Filtered-MRR score, although
ExpressivE did not necessarily learn the rule.

The correlation completely disappears when we compare only high-confidence rules,
as in the right graph in Graphic 4.2l Many rules with confidences around 0.1 to 0.3
still have very high Filtered-MRR scores, while a few with very high confidences have
Filtered-MRR scores around 0.1. Therefore, we would expect ExpressivE to weigh the
higher-confidence rules differently than AnyBURL. While these experiments are only
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about the correlation of both scores and empiric evaluation will follow in Chapter 5,
we already expect that both confidence scoring and Filtered-MRR scoring miss crucial
parts from the other scoring method and could benefit strongly from each other. For
example, the Filtered-MRR scoring could benefit from filtering out low-confidence rules,
while the confidence scoring could benefit from adjusted weights of high-confidence rules.
Therefore, we will try to combine both scoring methods in the next section.

4.3 MRR-Evidence Score

We have seen that confidence and Filtered-MRR have advantages: While the first can
detect rules with little impact, the second can incorporate the weights of embedding-based
methods, like ExpressivE. Here, we will combine both in the MRR-Evidence Score, which
will be used in the following chapters to select the best logical rules to predict new triples.

The straightforward approach to combine AnyBURL’s confidence and the Filtered-MRR
is to multiply them. However, for the MRR-~Evidence Score, we add one additional
tweak: As discussed in Section [4.1], not all splits used in the Filtered-MRR. computation
contain triples following from specific logical rules. Therefore, the Filtered-MRR is not
applicable to those splits. In the MRR-Evidence Score, we additionally divide by the
number of non-applicable splits, i.e., the number of splits where we can not compute the
Filtered-MRR, which leads to the following formula for the MRR-Evidence Score:

Confid Filtered-MRR
MRR-Evidence Score = onfidence x ,1 ere . (4.1)
1 + |Non-applicable splits|

The factor ; FNona 11 o s represents an estimation of the likelihood that the rule
-applicable splits|

is applicable in the validation and test set. Although this formula adjustment does not

incorporate any weights of ExpressivE, we consider it important as we will show in the

next chapter that it improves our ability to select the best rules from a given rule set.

4.4 Discussion

In this chapter, we introduced the novel Filtered-MRR Score, a rule weighting purely
based on the priority an embedding-based method like ExpressivE puts on the individual
rules. While the distribution of the Filtered-MRR Score extracted from ExpressivE and
the rule weighting generated via AnyBURL differ starkly, there is still a correlation
between them. Therefore, we expect that both rule weightings can differ between
important and less important rules.

When we look only at AnyBURL’s high-confidence rules, the correlation between the
rule weightings disappears. Therefore, we expect that the Filtered-MRR. Score captures
additional information to which AnyBURL has no access. To combine both weightings,
we introduced the MRR~Evidence Score, which we will test in the following chapters.
With this scoring method, we combine the strengths of both methods: We add additional
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information to AnyBURL’s high-confidence rules and do not prioritize all rules with a

high Filered-MRR Score, which we have in abundance.
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CHAPTER

Rule Selection

When we perform knowledge graph completion with rule miners, we face two challenges:
We want high validation and test scores, and we want to achieve these scores with small
rule sets to keep the model explainable. However, both goals are contrary to each other.
More rules normally lead to better test scores, and therefore, we need to sacrifice the
additional goal of small rule sets to match the test scores of embedding-based models.

In this chapter, we will introduce several rule selection methods, which select smaller
rule sets while keeping high test scores. Specifically, we will introduce the MRR-Selection
and the MRR-Evidence-Selection, which build upon the scores developed in the last
chapter. Additionally, we will add extensions to those selection methods and find out
which method performs best. We will show that our new selection methods allow us
to drastically reduce the rule set size without sacrificing the performance of the model.
Thereby, we will create an explainable and well-performing knowledge graph completion
model.

5.1 Reranking Rules

When two different logical rules predict two different triples, we face a decision: Which
triple should we rank first, and based on which criterion should we prefer one triple over
the other? AnyBURL’s way of dealing with such problems is by using the confidence score.
Each rule is associated with a confidence score, the rule’s priority. If two rules predict
the same triple, then one rule will have a higher confidence and the triple predicted from
the high-confidence rule is ranked before the triple following from the low-confidence rule.
So, the rule set has a total order, and each rule has a rank in this set, with higher-ranked
rules being more important than lower-ranked rules.

Suppose we had a different decision criterion than the confidence, for example, the
MRR-Evidence Score introduced in Section |4.3, we could consider this a reranking of the
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Hits@l Hits@3 Hits@l0 MRR

Confidence 0,4164 0,4703  0,5226 0,454
MRR-Evidence Score 0,4164 0,4708  0,5216 00,4538
Equal Rank 0,4164 0,4703  0,5226 0,454
Random Rank 0,4164 0,4703 0,5226 0,454

Table 5.1: Validation scores for different rule rankings of AnyBURL’s B rules on the
WNI18RR dataset.

rules. If this reranking better reflects the true priorities of the rules, we would expect
that predictions based on the reranked rule set have higher validation and test scores.
Finding better rule rankings, potentially incorporating information from other knowledge
graph completion methods like embedding-based methods, therefore, promises to improve
rule-based methods.

We tested this hypothesis on the WN18RR dataset. We reranked the 1810 B rules, which
we mined in the previous chapter with AnyBURL, with the MRR-Evidence Score. We
restricted our reranking experiments to B rules as we can not compute the MRR-Evidence
Score for U, and Uy rules. In addition to reranking by the MRR-Evidence Score, we also
tested how ranking all rules equally or applying random weights affects the scores. With
this, we want to show whether the rank influences the WN18RR dataset.

The results are shown in Table 5.1, We see that reranking by the MRR-Evidence Score
does not improve our results. However, neither do random or equal weights worsen the
scores. Instead, our results show that the rule prediction step ignores the weights on the
WNI18RR dataset - or at least, they do not influence the returned triples.

AnyBURL’s ignorance of the rule ranking comes by surprise. We would have expected
that ranking rules with the MRR-~Evidence Score improves and ranking them randomly
hurts the scores. Also, the AnyBURL’s authors express concerns about finding the correct
confidence scores [MCB™24]. Therefore, we would have expected that getting them wrong
- or applying random weights - harms the model. In the future, the influence of the
rule rank should, therefore, be retested on larger datasets, like FB15k-237 [T'C15] and
YAGO3-10 [RSHT16]. We expect that the small dataset is responsible for the complete
ignorance of the rule ranking. However, as we use WN18RR in our work, we will shift to
rule selection, which we consider a better choice for comparing the different rule scores.

5.2 Rule Selection Methods

One of the main reasons to use rule-based methods for knowledge graph completion is
their explainability. However, the explainability sinks when the rule set size increases,
and rule-based methods need large rule sets to achieve accurate predictions on current
knowledge graph completion datasets. For example, in our experiments, we mined 1810
B and a combined 64961 U, and Uy rules with AnyBURL to achieve state-of-the-art
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5.3. Experiments

Selection Criterion

Confidence-Selection Confidence
Extended-Confidence-Selection T N e ST
MRR-Selection Filtered-MRR

. Filtered-MRR
Extended-MRR-Selection i HNO;_gghcable <pTTee]
MRR-Confidence-Selection Confidence x Filtered-MRR
MRR-Evidence-Selection Confidence x Filtered-MRR

1+|Non-applicable splits|

Table 5.2: Rule selection methods.

performance. While it is already hardly possible to evaluate 1810 rules by hand, checking
tens of thousands of rules is practically impossible and renders AnyBURL, even for small
datasets, almost unexplainable. Therefore, we would like to find rule selection methods
that reduce the rule set size without sacrificing the test scores.

In our work, we introduce new rule selection methods and evaluate them on two tasks:
Firstly, we want to find the smallest possible rule set size while keeping the scores at an
acceptable range, i.e., we will choose the smallest rule set size, where the MRR drops by
at most 1% on the validation set. Additionally, we want to find a rule set that reduces
the rule set sizes but keeps almost identical scores. Therefore, we will evaluate a second
rule set, where the MRR drops by at most 0,5% on the validation set. Thereby, we will
show how many rules we can drop and still achieve acceptable or even close-to-perfect
scores.

Table 5.2/ shows the different rule selection methods. Each selection method is based on
a different score, which orders the rules differently and picks the top rules based on the
decision criterion. In our experiments, we will compare both simple methods, such as the
Confidence- and MRR-Selection, as well as the MRR-Confidence- and MRR-Evidence-
Selection, which combine AnyBURL’s confidence score and the Filtered-MRR within one
score. Additionally, we evaluate extensions of the Confidence- and MRR-Selection. Those
extensions are built similarly to the MRR-Evidence-Selection. We randomly split the
training set into five parts. Then, we divide our original scores, i.e. the confidence and
the Filtered-MRR, by the number of splits without triples following from a logical rule
and the remaining four splits. Thereby, we extend the Confidence- and MRR-Selection
by an estimation of the likelihood that a rule will be applicable to the validation and
test set.

5.3 Experiments

In our experiments, we worked with 1810 B rules for the WN18RR dataset, which we
mined with AnyBURL. We refrained from adding U, and Uy rules as not all rule selection
methods listed in Table 5.2 are usable on U, and Uy rules. We selected subsets of different
sizes from our rule set and evaluated the Hits@1, Hits@3, Hits@10, and MRR scores on
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5. RULE SELECTION
#Rules Selection Method Hits@l Hits@3 Hits@10 MRR
Confidence-Selection 0,41 0,4638 0,5096 0,4452
Extended-Confidence-Selection 0,4102  0,4681 0,5187 0,4481
500 MRR-Selection 0,3409 0,3539 0,3574 0,3479
Extended-MRR-Selection 0,3757 0,4052 0,4194 0,3926
MRR-Confidence-Selection 0,4075 0,4558 0,4923 0,4379
MRR-Evidence-Selection 0,41 0,4633 0,5085 0,4447
Confidence-Selection 0,4108  0,4684 0,5182 0,4486
Extended-Confidence-Selection  0,4107  0,4698 0,5227 0,4496
700 MRR-Selection 0,3435 0,3588 0,3625 0,3516
Extended-MRR-Selection 0,4046 0,4564 0,4876 0,4354
MRR-Confidence-Selection 0,4092 0,4646 0,5105 0,445
MRR-Evidence-Selection 0,4105 0,4692 0,5201 0,4488
1810 Not applicable 0,4107 0,4703 0,5281 0,4513
Table 5.3: Test scores of the different rule selection methods on the WN18RR dataset.
the validation set for each subset size. The results for all selection methods are shown in
Graphic 5.1.
On the validation set, the Extended-Confidence-Selection outperforms all other selection
methods, and we expect that we can drastically reduce the rule set size without losing much
performance. While the MRR-Evidence-, Confidence, and MRR~Confidence-Selection
also achieve good results, the MRR- and Extended-MRR-Selection achieve inferior results
and need almost all rules to achieve high validation scores.
For testing, we have two cutoff points: Once, we will select the best 500 rules with each
selection method, and once, we will select the best 700 rules with each selection method,
as those are the points where the best-performing selection method, the Extended-
Confidence-Selection, achieves MRRs of 99% and 99,5% compared to the MRR of the
entire rule set.
Table 5.3/ shows the test scores for all selection methods. There, we see that, as in the
validation set, the Extended-Confidence-Selection performs best, closely followed by the
MRR-Evidence-Selection. On the test set, we achieve both goals of a 0,5% and a 1%
deviation of the MRR. We achieve a MRR of 0,4481 with 500 rules, equaling 99,29% of
the MRR achieved on the whole rule set. With 700 rules, we achieve a MRR of 0,4496,
equaling 99,6%. So, we can reduce our rule set on the WN18RR by 72,38% and 61,33%
without losing more than 1% and 0,5% on the MRR.
5.4 Discussion
In this chapter, we compared different rule-scoring methods. The obvious choice for
comparing them is to use them for reranking rules. We tried to rerank rules with the
30
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MRR-Evidence Score in Section 5.1, However, it turned out that reranking rules with the
MRR-Evidence Score does not change the scores on the WN18RR dataset - and neither
does a random reranking. As our results in this section are unexpected, further research
will be necessary. We expect this phenomenon to be visible only on small datasets
like WN18RR, and reranking will influence larger datasets like FB15k-237 [T'C15] and
YAGO3-10 [RSH™'16].

While improving the scores by reranking the rules was impossible, we drastically reduced
the rule set sizes with our newly proposed rule selection methods. By reducing the
rule set size, we introduced better explainable and less computationally expensive rule
sets. Further, some of our new selection methods are computationally inexpensive. For
example, we can perform the Extended-Confidence-Selection with our given confidence
scores and by computing in how many splits - out of five - triples follow from a logical
rule and the remaining for splits.

When we compare our two cutoff points for selecting the rule set sizes, we see that we
can significantly reduce the rule set size from 700 to 500 by reducing our MRR target by
only 0,5%. However, also the reduction from 1810 to 700 rules with a target MRR drop
of at most 0,5% and a test drop of 0,4% represents a rule set reduction of 61,33%, which
shows us that we can achieve almost the same results with only a minority of the rules.

Comparing the different selection methods, we see that the Extended-Confidence-Selection
works best on the WN18RR dataset, both on the validation and test set. However, it is
closely followed by the MRR-Evidence-Selection and future research will need to show
which method performs best. The best selection method will probably depend on the
underlying task, and we will check this assumption in the next chapter.

Filtered-MRR-based scores, which do not consider AnyBURL’s confidence, perform worse
than confidence-based scores on the WN18RR dataset. We expect this is caused by
the failure to select a few high-confidence rules responsible for many predictions. This
assumption is backed by the results of the validation scores when we select very small
subsets of rules with high confidence. With only the ten rules with the highest confidence,
we achieve validation scores only 20-34% lower than with the complete rule set, and the
scores climb rapidly when adding a few additional rules. Filtered-MRR-based selection
methods would miss several high-confidence, high-impact rules and perform weakly. In
this chapter, we conclude that confidence is a measure which should generally be included
when selecting rules. However, in the next chapter, we will test whether this is true for
all datasets or if the dependence on the confidence is dataset-specific.
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CHAPTER

Rule Selection - Inductive Setting

In machine learning, we often want to make predictions on previously unseen data.
However, this is impossible with embedding-based methods as those need to learn an
embedding for each instance in the training phase. Therefore, embedding-based methods,
like ExpressivE, are not usable in the inductive knowledge graph completion setting,
where the training and test graphs contain different entities. Rule-based methods, on the
other hand, can easily learn logical rules on a training graph and transfer those rules to
test graphs, as long as those rules do not contain constants. For example, we can use
AnyBURL’s B rules in the inductive setting.

As embedding-based methods typically perform better than rule-based methods, we
would like to transfer the knowledge learnt by embedding-based methods in the training
phase onto the rules learnt by rule miners. Then, we could also benefit from the superior
performance of embedding-based methods in the inductive setting. In Chapter 5, we
introduced four rule selection methods which perform precisely this task. The MRR-,
Extended-MRR-, MRR-Confidence-, and MRR-Evidence-Selection all include rule weights
extracted from ExpressivE to select smaller rule sets. Here, we will show that those
methods can also drastically reduce the rule set sizes in the inductive setting. For this,
we will train AnyBURL and ExpressivE on the InductiveWN18RR [TDH20|] datasets, an
inductive variant of the previously used WN18RR. Then, we will test how far we can
reduce the rule sets while keeping the test scores in an acceptable range, i.e., at 99% and
99,5% of the entire rule set’s scores.

6.1 Datasets

The InductiveWN18RR dataset provides four different knowledge graphs (v1-v4), which
have a similar structure as WN18RR [TDH20]. Each variant consists of three disjoint
subgraphs of WN18RR, a train, validation and test graph, which do not share any entities.
However, the train, validation and test graphs contain the same relations within one
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#relations #entities F#triples
train 9 922 1618
vl wvalid 9 290 185
test 9 286 188
train 10 2757 4011
v2 valid 10 661 411
test 10 710 441
train 11 5084 6327
v3 valid 11 882 538
test 11 975 605
7084 12334
2205 1394
1429 2270

train
v4  valid
test

O © ©

Table 6.1: Statistics of the different knowledge graph variants in the InductiveWN18RR
dataset.

variant. The subgraphs were created by sampling different entities as roots and by taking
the union of the k-hop neighbourhoods around the roots [TDH20]. Each subgraph has a
different size and was created with different hyperparameters to test how the knowledge
graph completion methods perform under different circumstances. The properties of the
different variants are listed in Table [6.1.

In our work, we evaluate the different rule selection methods on all variants contained
in the InductiveWN18RR dataset to evaluate whether they work equally on graphs of
different sizes.

6.2 Experiments

In our experiments, we tested the rule selection methods listed in Table |5.2 in the
inductive setting by performing the same experiments as in Section |5.3| on each variant
contained in the InductiveWN18RR dataset. For each variant, we mined rules with
AnyBURL on the training graph, with the same machinery and time constraints as in
the previous chapters. We restricted the learning to B rules as only those are applicable
in the inductive setting. Table 6.2 shows the number of mined rules for each variant.

Then, we randomly split each training graph into five parts and computed the Filtered-
MRR scores for each rule, as we did in the previous experiments. However, while we
took the hyperparameters for ExpressivE in the previous experiments from the authors
of ExpressivE, we finetuned ExpressivE ourselves for each variant. The hyperparameters
for the different datasets are shown in Table 6.3.

We computed the validation scores for the different variants to select rule set sizes that
target a maximum MRR drop of 0,5% and 1%. The validation scores are shown in
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6.2. Experiments

Variant #rules

vl 483
v2 490
v3 387
v4 843

Table 6.2: Number of mined rules for the different variants in the InductiveWN18RR
dataset.

Batch Learning Adversarial Number of

Size Rate Temperature Negatives Margin
vl 256 1073 1 100 2
v2 512 1073 1 200 2
v3 512 1073 1 100 1
vd 512 2x 1073 1 150 1

Table 6.3: Hyperparameters used for training ExpressivE on the different variants of the
InductiveWN18RR dataset.

Graphic [6.1] and Graphic 6.2. Here, we already see differences between the different
variants. While we can easily match and exceed the validation scores of the entire rule
set with around a third and a half of the rules for vl and v2, we need more than half of
the rules in v3 and v4 to achieve an acceptable MRR on the validation set.

When we look at the performance of the different rule selection methods, we see that they
perform differently on the different datasets. For example, the Extended-MRR-Selection
performs far better than all other selection methods on v1, outperforming the original
model with 100 rules less than all other selection methods. However, the Extended-MRR-
Selection does not outperform the other selection methods on the other three variants. All
variants have in common that the Confidence-Selection and the MRR-Selection, the only
selection methods without a second information component, perform worst. In contrast,
the other four variants perform similarly well - except the Extended-MRR-Selection in
v1. Therefore, we do not have a clear winner from the validation scores, and the best
selection method depends on the variant and the targeted rule size.

In Table 6.4 to 6.7, we show the test results for a MRR score target of 99% and 99,5%
compared to the entire rule set for each dataset variant. For v2 and v3, we test only one
rule set size as rule sets with 225 and 275 rules are the last ones above the 0,5% and 1%
threshold. The results show that we are above our target at the 0,5% threshold in v1
and above both targets in v4. For v4, we even match the results of the complete rule set
at the 0,5% target. However, we fail to reach the 1% target in the test scores in v1 and
v2 with drops of 1,75%, 1,63% and the 0,5% target in v3 with a drop of 1%.
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6.2. Experiments
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Figure 6.2: Validation scores for the different rule selection methods on InductiveWN18RR

v3 and v4.
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6. RULE SELECTION - INDUCTIVE SETTING

#Rules Selection Method Hits@l1 Hits@3 Hits@1l0 MRR
Confidence-Selection 0,5585 0,617 0,617 0,5869
Extended-Confidence-Selection 00,6011 0,6915 0,7207 0,6497

75 MRR-Selection 0,0452 0,0851 0,1489 0,0744
Extended-MRR-Selection 0,5984  0,7048 0,75 0,6571
MRR-Confidence-Selection 0,5718 0,633 0,633 0,602
MRR-Evidence-Selection 0,5984 0,6941 0,7181 0,6487
Confidence-Selection 0,5691 0,633 0,633 0.6002
Extended-Confidence-Selection  0,6011 0,6995 0,734 0.6538

100 MRR-Selection 0,0612 0,1037 0,1755 0,0958
Extended-MRR-Selection 0,6037 0,7074 0,7766 0,6681
MRR-Confidence-Selection 0,6037  0,6915 0,7128 0,6492
MRR-Evidence-Selection 0,6011 0,6968 0,7367 0,6533

483 Not applicable 0,6037 0,7128 0,7766 0,6688

Table 6.4: Test scores of the different rule selection methods on Inductive WN18RR v1.

#Rules Selection Method Hits@1l Hits@3 Hits@1l0 MRR
Confidence-Selection 0,5884 0,6814 0,7063 0,6384
Extended-Confidence-Selection  0,6043 0,7029 0,7347 0,6581

995 MRR-Selection 0,5975 0,7018 0,7256 0,6525
Extended-MRR-Selection 0,6043 0,7063 0,7392 0,6601
MRR-Confidence-Selection 0,6066 0,7063 0,737 0,661
MRR-Evidence-Selection 0,6088 0,7086 0,7415 0,6637

490 Not applicable 0,6168 0,7211 0,7585 0,6747

Table 6.5: Test scores of the different rule selection methods on Inductive WN18RR v2.

#Rules Selection Method Hits@l Hits@3 Hits@1l0 MRR
Confidence-Selection 0,3545 0,4198 0,4595 0,3947
Extended-Confidence-Selection  0,3562 0,4223 0,4612 0,3969

975 MRR-Selection 0,3587 0,4322 0,4793 0,4041
Extended-MRR-Selection 0,3587 0,4322 0,4793 0,4041
MRR-Confidence-Selection 0,3554 0,4273 0,4752 0.4003
MRR-Evidence-Selection 0,3562 0,4289 0,4769 0,4015

387 Not applicable 0,3628 0,4364 0,4843 0,4082

Table 6.6: Test scores of the different rule selection methods on InductiveWN18RR v3.
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6.3. Discussion

#Rules Selection Method Hits@1l Hits@3 Hits@1l0 MRR
Confidence-Selection 0,5623 0,6554 0,684 0,6113
Extended-Confidence-Selection  0,5651 0,6634 0,7019 0,6182

500 MRR-Selection 0,5602 0,6536 0,6872 0,6107
Extended-MRR-Selection 0,5644 0,6624 0,7029 0,6181
MRR-Confidence-Selection 0,5654 0,6638 0,7026 0,6191
MRR-Evidence-Selection 0,5647 0,6634 0,704 0,6188
Confidence-Selection 0,5665  0,6672 0,7061 0,6208
Extended-Confidence-Selection  0,5661 0,6666 0,7057 0,6204

650 MRR-Selection 0,5602 0,6536 0,6872 0,6107
Extended-MRR-Selection 0,5665 0,6679 0,7075 0,6215
MRR-Confidence-Selection 0,5661 0,6666 0,7064 0,6207
MRR-Evidence-Selection 0,5661 0,6662 0,7061 0,6206

843 Not applicable 0,5665 0,6679 0,7075 0,6215

Table 6.7: Test scores of the different rule selection methods on InductiveWN18RR v4.

6.3 Discussion

In this chapter, we showed how embedding-based rule selection methods can improve
inductive knowledge graph completion. Rule selection methods based on the Filtered-
MRR performed best in all four datasets. This is in stark contrast to the transductive
setting, which we examined in the last chapter and where the MRR-Selection and the
Extended-MRR-Selection performed worst. In the future, research will need to show
whether embedding-based selection methods generally perform better in the inductive
setting than in the transductive setting or if this is a speciality of the WN18RR dataset.

With our rule selection methods, we drastically reduced the rule set sizes in all four
datasets while keeping the MRR at acceptable levels. However, the reduction depended
on the variant of the dataset. For example, it was possible to reduce the rule set size of
vl by 79,3% while reducing the MRR only by 0,1% compared to the full rule set, while
for v4 only a reduction of 22,9% was possible to keep a similar MRR score.

Our results also show we do not know the best rule selection method a priori. Instead,
we must find the best rule selection method in the validation set. Taking the last chapter
into account, the Extended-MRR-Selection performed best on most tasks - being the
clear winner on the v1 dataset, tying with the MRR-Selection on v3, and performing
best at the 0,5% target for v4. However, the Extended-Confidence-, MRR-Evidence-,
MRR-, and MRR-Confidence-Selection also perform best on at least one task.

While we can not select the best selection method, we can certainly say that the Confidence-
Selection method performs worst. Only for the Hits@1 metric can it sporadically, e.g.,
in the transductive setting and for v4, match the scores of the other selection methods.
Therefore, we conclude that both the Filtered-MRR and our extensions are valuable for
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CHAPTER

Conclusion

In our work, we studied whether ExpressivE learns logical rules, how it weights those
rules and whether we can extract the weighting to improve rule-based knowledge graph
completion methods. We showed that logical rules are indeed reflected in ExpressivE’s
weights and that we can drastically reduce the rule set size of rule-based methods by
employing ExpressivE’s rule weights as decision criteria to select smaller rule sets - in
both the transductive and inductive setting. Thereby, we developed better explainable
models, which have only marginally worse test scores than the larger models. In this
chapter, we will summarize our main results and look at open questions which should be
answered in future research.

7.1 Main Contribution

We can measure whether ExpressivE learns logical rules in two ways: Either we measure
whether ExpressivE’s weights conform to logical rules or check how ExpressivE ranks
triples following from logical rules. While the second option is easier, it is less accurate
and more error-prone, as we have small sample sizes and triples following from multiple
logical rules. In our thesis, we studied both methods for measuring ExpressivE’s rule
conformance, and they both show that ExpressivE learns the same logical rules that we
can mine with rule miners like AnyBURL.

In Chapter 3, we showed that AnyBURL’s U, rules are reflected within ExpressivE’s
weights. For this, we developed the new Rule Conformance, which is a geometric
interpretation of how strongly U, rules are reflected within the weights of ExpressivE. Our
experiments showed that ExpressivE learns the logical rules right at the beginning of the
training. However, the logical rules are not immediately applicable in all dimensions. For
example, the body of a logical rule can be unsatisfied in several dimensions of ExpressivE.
Our experiments show that during ExpressivE’s training process, the number of applicable
dimensions grows continuously and reaches its peak - with almost all dimensions being
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7. CONCLUSION
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applicable - when the validation scores stop improving. Therefore, we conclude that
learning logical rules is important for ExpressivE’s performance.

Next, we developed the Filtered-MRR-Score in Chapter 4], a measure of how ExpressivE
weights AnyBURL’s B rules. The Filtered-MRR-Score is particularly interesting for B
rules as it is based on how ExpressivE ranks triples and, therefore, needs several samples
for each rule to provide valid results. This is the case for B rules, while U, and Uy rules
generally predict less triples as they contain constants. With the Filtered-MRR-Score,
we confirmed that ExpressivE prioritizes triples following from high-confidence rules
compared to triples following from low-confidence rules. However, we also showed that
ExpressivE prioritizes rules differently than AnyBURL, as there is no correlation between
AnyBURL’s confidence and the Filtered-MRR Score for high-confidence rules.

We extended the Filtered-MRR Score to the MRR-Evidence Score, which unites Any-
BURL’s confidence, the Filtered-MRR, and an estimation of the probability that a rule
will be applicable to the test set. As we wanted to use our newly developed scores
to achieve better results, or in our case, to achieve smaller rule sets, we deduced the
following six rule selection methods from the confidence, the Filtered-MRR, Score and
the MRR-Evidence Score:

o Confidence-Selection

o Extended-Confidence-Selection
o MRR-Selection

o Extended-MRR-Selection

¢« MRR-Confidence-Selection

« MRR-Evidence-Selection

In Chapter |5 and 6, we showed that we can drastically reduce the rule set sizes with those
selection methods, both in the transductive as well as in the inductive setting, while
keeping acceptable test scores. In particular, we showed that we can reduce the rule set
size by 22,9% to 79,3% while keeping the MRR at 99,5% compared to the entire rule
set size. However, we also showed that we do not know a priori which selection method
will perform best. Instead, the best selection method is task-dependent and needs to be
selected while training the model.

Our experiments showed that we can create smaller rule sets and, therefore, better
explainable models. Additionally, we showed that we can use ExpressivE in the inductive
setting, which was previously impossible as ExpressivE needs to learn an embedding for
each triple in the training phase. Also, our selection methods provide little overhead.
Especially, our extensions, incorporating the probability that rules will be applicable in
the test set, are lightweight and provide an easy mechanism to select smaller rule sets in
the future.
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7.2. Future Work

7.2 Future Work

While our work provides several answers on whether ExpressivE learns logical rules and
how we can select better rule sets, it also poses several questions. Here, we will summarize
the most important open questions that future research should answer.

In Chapter 3, we introduced the rule conformance for U, rules. In the future, the rule
conformance could be extended to U; and B rules. We expect that ExpressivE also learns
those rule types.

While the rule conformance is specific to ExpressivE, the Filtered-MRR-Score is applicable
to all embedding-based methods - as long as they learn logical rules. While ExpressivE is
undoubtedly an interesting example for extracting rule weights out of embedding-based
methods - as it is designed to capture logical rules during the training phase - it would

be interesting to compute the Filtered-MRR score for other embedding-based methods.

Thereby, we could show whether selection methods based on the Filtered-MRR, score
of other models work better or worse, and we could show whether those models learn
logical rules.

In Section 5.1, we tried to improve the predictions of AnyBURL by reranking the rules.

However, we could not change the predictions by reranking the rules - neither to the
positive by reranking via the MRR-~Evidence Score nor to the negative by applying
random weights. This result is surprising and should be further investigated. We would
expect rerankings to influence the outcome, and we would expect a positive influence on
our new scores, as those performed well when selecting rule sets. Therefore, the reranking
experiments should be repeated on larger datasets to find out whether the rule rank has
either no influence or if we can improve the results by incorporating our scores.

When we look at the validation scores for different rule set sizes, we see that the scores do
not improve continuously but stepwise. This stepwise improvement is visible in Graphic
6.1/ and 6.2, where we have periods with few improvements and sudden jumps in the
validation scores. Therefore, we would expect a small set of high-impact rules to exist, far
more critical than the rest. Additionally, as the validation scores drop in some cases when
more rules are added, we expect that rules with negative impact will exist. Therefore, we
would expect that better rule selection methods, which better identify those high-impact
rules, could achieve similar or better results with smaller rule sets. While it will be
challenging to find a suitable scoring system that identifies all high-impact rules, and
while it is computationally infeasible to find the best rule set by brute-forcing all possible
combinations, heuristic methods could improve our ability to select better rule sets. For
this, we suggest genetic algorithms as it has been shown that they perform well on the
task of subset-selection [TFZBO0S].

The most important and easiest addition to our work is validating our results on other
datasets. In our work, we restricted our experiments to the WN18RR dataset as it is a
small dataset on which we can train knowledge graph completion models quickly and with
relatively little computational power. In the future, extending the experiments to larger
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datasets, for example, FB15k-237, would be interesting to show whether ExpressivE
generally learns logical rules or whether rule learning occurs only on specific datasets.
Also, on larger datasets, the ability to reduce the size of rule sets is of much greater
importance, as the needed rule sets are much larger. Therefore, we could significantly
improve both the explainability and the runtime of rule-based methods.
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Overview of Generative Al Tools
Used

To ensure grammatical correctness, the premium version of Grammarly was used. No
generative Al tools, neither from Grammarly nor from any other vendor, were used
throughout this thesis.
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