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Abstract

In this work, we present the Joint Knowledge Graph Labs (Joint KG Labs), a success story across different countries
and between academic and industrial research labs. Initially founded at the University of Oxford, it now includes
a number of international institutions. Yet, our main interest shall not be on organisation, but on research foci.
We shall cover three of its main areas: (1) Knowledge Graphs and reasoning, (2) neuro-symbolic Al, and (3)
applications, i.e., seeing these topics in action, in particular in the domain of finance and beyond.
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1. Introduction

The Joint Knowledge Graph Labs research focus is on neuro-symbolic data management and Al systems
in the broad, with a particular specialisation in Knowledge Graph-based systems and reasoning. We
therefore first discuss the labs” work on Knowledge Graphs (KGs) and Knowledge Graph Management
Systems (KGMSs). After that, we consider symbolic and sub-symbolic combinations of reasoning,
including neuro-symbolic reasoning. Finally, we concentrate on applications, i.e., seeing these topics in
action. Our goal is twofold: (a) showing topics and thus collaboration opportunities with the labs and
(b) giving an effective entry point through numerous references to the actual scientific works.

An overall picture. Following the layered
view of KGs (Figure 1), the philosophy of the
labs is to consider the area both from the side
of the fundamental representations of knowl-
edge in KGs (i.e., bottom up) as well as through
applications (i.e., top down), with a major fo-
cus on the middle part, systems.

To make this come to life, let us consider Figure 1: Layered View of KGs [1].
a core family of contributions of the labs to
this, Vadalog. Conceived from the need to
understand which representations are required at the foundation of KGMSs [2], and how, through a
comprehensive architecture (Figure 2), they enable enterprise Al applications [3], the labs developed
the Vadalog system [4, 5]. Yet, importantly, not standalone but as part of a larger project [6] focusing
very much on how this enables data science [7] and real-world applications [8].
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Systems built on strong principles. The Vadalog system as well as recent versions such as Vadalog
Parallel [9] are built on strong theoretical foundations that make scalability possible. This requires
understanding effective joins in the context of KGs [10] and heuristics [11] as well as benchmarks
such as iWarded [12] to understand the actual performance implications in KGs. At the core of such
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principled foundations are the questions of space efficiency [13] and the key concepts underlying
reasoning and query optimization as well as scalability [14, 15].

From a principles perspective, especially interesting are the connections to long-standing theoretical
questions in the area on dependencies [16] and schema mappings, especially those designed for tree
and graph data [17, 18]. This has far-reaching connections back to the foundations of reasoning in and
about these [19, 20] as well as management tasks such as equivalence [21] and limits [22].
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and Warded Datalogi [26, 27]. Figure 2: KGMS Reference Architecture [2].

Important extensions — temporal and more. Critical to the success of KGMSs are core properties
like full recursion and existential quantification as well as extensions such as arithmetic and aggregation.
One particularly important extension is temporal reasoning, as in the Temporal Vadalog system [28, 29].
An interesting challenge is supporting existential quantification [30] and aggregation [31]. Critical for
supporting the community are benchmarks such as the iTemporal benchmark generation suite [32].

2. Neuro-symbolic Al - Reasoning and KGEs, GNNs and LLMs

The Joint KG Labs have as one of its main research foci the area typically called neuro-symbolic Al that
is, bringing together symbolic — or logic-based — reasoning, and subsymbolic — or Machine Learning
(ML)-based — reasoning [33, 34]. In the area of KGs, key ML methods are Knowledge Graph Embeddings
(KGEs), Graph Neural Networks (GNNs) and of course Large Language Models (LLMs) and related
(graph) transformer-based architectures. A stylized but evocative representation of the labs’ agenda is
shown in Figure 3.

KGEs and GNN . Let us start with an example of how such a neuro-symbolic combinations can work.
By combining logic-based and (Knowledge Graph) embedding-based reasoning [35] one can effectively
find solutions for real-world problems such as in the domain of finance, concretely companies [36, 37] .
More fundamentally, it is critical to design KGE methods that can capture logical constraints [38, 39],
that is, build ML models that respect domain logic [40, 41]. Similar considerations can be made for
GNNs5s [42]. It is important to make such ML-methods resilient to noise [43, 44].

Probabilistic reasoning and rule learning. For areas where precise understanding and control of
(ML)-based reasoning is necessary, we show two of the labs’ foci. Where precise understanding of
probabilities is necessary, probabilistic reasoning such as Markov Chain Monte Carlo-based methods
are of particular interest [45, 46]. Where full understanding is necessary of the explicit underlying
knowledge, rule learning methods can fulfill this role [47, 48].

LLMs. While many form of ML are interesting and relevant, of particular current importance are of
course Large Language Models and neuro-symbolic uses of these. One particularly interesting one is
the lab’s approach to semantic aware query answering with LLMs Semantic-aware query answering
with Large Language Models [49].
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Figure 3: Neuro-symbolic Al Research Overview of the Joint KG Labs.

Meaningful combinations of LLMs and logic-based reasoning are possible at many levels, and can
go both ways: KG-based logical reasoning supporting LLMs and the other way around. One such
approach is integrating LLMs within the very reasoning mechanism of KGMSs [50] (LLMs supporting
KGs), another one the use of logic-based reasoning for fine-tuning LLMs [51] (KGs supporting LLMs).

Explainability — LLMs and more. A final key area is explainability, where the lab has put a major
focus on, including both traditional, interactive [52] and LLM-based [53, 54] explanations. This includes
visual demonstrators. Combining many of the aforementioned topics, we can see approaches such as
combining LLMs, temporal logic-based reasoning and financial use-cases [55, 56].

3. Applications - Finance and Beyond

The key application area of the Joint KG Labs is finance and economics. Core applications include a
manifold of using the Vadalog system for financial scenarios [57], including interesting meetings points
on topics such as company takeovers at the interface between computer science and economics [58].

Fundamental topics include distributed computation in financial KG scenarios [59], mining of financial
knowledge for KGs [60], and KG-based anti-money laundering [61]. Of special interest are two areas,
the emergency reaction of the labs to the COVID-19 crisis [62, 63] and a major focus on KGs and
neuro-symbolic Al for blockchains and smart contracts [64, 65, 66, 67, 68, 69].

Further key applications. Further key topics of the labs are privacy and confidentiality [70, 71, 72],
legal [73] and critical fields like healthcare [74, 75, 76, 77], enterprise architecture, in particular KG-based
modeling [78, 79, 80, 81], and education [82, 83].
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