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Formal Concept Analysis
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2001: The Semantic Web
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2012: The Knowledge Graph
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2012: Wikidata
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2018: The Hype
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2019: Knowledge Graphs Everywhere
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Many knowledge graphs, many technologies

There are a number of widely used publicly available knowledge graphs:

. . . and a variety of technologies for working with them:
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What is a Knowledge Graph?

More than “a database used in an AI application”?

Charateristics of today’s KGs:

Normalised: Data decomposed into small units (“edges”)

Connected: Knowledge represented by relationships between these units

Annotated: Enriched with context information, meta-data, and auxiliary details

• Typical for many KG applications
• Often comes with a promise of declarative processing
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A Free Knowledge Graph

Wikidata
• Wikipedia’s knowledge graph
• Free, community-built database
• Large graph

(March 2018: >680M statements on >55M entities)
• Large, active community

(250,000 logged-in human editors)
• Many applications

Freely available, relevant, and active knowledge graph

[Vrandečić & K; Comm. ACM 2014]
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Statements in Wikidata

Wikidata’s basic information units
• Built from Wikidata items (“CERN”, “Vint Cerf”),

Wikidata properties (“award received”, “end time”), and data values (“2013”)
• Based on directed edges

(“Tim Berners-Lee −employer→ CERN”)
• Annotated with property-value pairs (“end time: 1994”)

– same property can have multiple annotation values
(“together with: Robert Kahn, Vint Cerf, . . . ”)

– same properties/values used in directed edges and annotations

• Items and properties can be subjects/values in statements
• Multi-graph
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Fig.: Taylor standing in multiple relations; from https://tools.wmflabs.org/sqid/#/view?id=Q34851

https://tools.wmflabs.org/sqid/#/view?id=Q34851


Wikidata Statements in Terms of Graphs

“Property Graph”: Taylor Burton
spouse

start time: 1975-10-10
end time: 1976-07-29

“RDF”: Taylor Burton
spousein spouseout

1975-10-10 1976-07-29

start time end time
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Formal Concept Analysis
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Wikidata’s main challenge: conceptual modelling
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AI

Markus Krötzsch Knowledge Graphs slide 20 of 40



Possibilities?

Wikidata is the largest public knowledge graph ever created.

Now, finally, we can apply all our methods to real data!
• Logical reasoning!
• Data mining!
• Machine learning!
• . . .

Or can’t we?
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Mining and learning

There are many techniques for mining and learning from discrete and
graph-based data:
• FCA
• Network analysis
• Knowledge graph embeddings
• Rule mining
• . . .

. . . but none of them works on Wikidata as it is

Why?

• Scalability: Wikidata is huge
• Complexity: Known methods require simpler data
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Example: FCA

Required:
• formal context (Boolean matrix)
• of moderate size (in at least one of the two dimensions)

{ extraction via custom pre-processing

Example: Hanika, Marx, Stumme [ICFCA 2019] extract contexts with <100
attributes and up to 430K items (<0.8%) from Wikidata.
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Example: Knowledge graph embeddings

Required:
• directed labelled graph of plain “triplets”
• of moderate size (more or less, depending on method)

{ extraction via custom pre-processing

Example: A still often used “benchmark” for link prediction is FB15k, which is
based on less than 0.035% of the Freebase KG (discontinued in 2014).
Annotations of edges (“Compound Value Types” in Freebase) are not included.

Markus Krötzsch Knowledge Graphs slide 24 of 40



Example: Knowledge graph embeddings

Required:
• directed labelled graph of plain “triplets”
• of moderate size (more or less, depending on method)

{ extraction via custom pre-processing

Example: A still often used “benchmark” for link prediction is FB15k, which is
based on less than 0.035% of the Freebase KG (discontinued in 2014).
Annotations of edges (“Compound Value Types” in Freebase) are not included.

Markus Krötzsch Knowledge Graphs slide 24 of 40



Example: Machine Learning

Fig.: Slide by Dan Olteanu: “Learning Models over Relational Databases ” (ICDT/EDBT 2019)
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Big deal?

“Isn’t this custom pre-processing just a small syntactic adjustment, maybe
with some application-specific sampling?”

No, much more interpretation is needed in this step!
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Instance of (P31) and Subclass of (P279)
Some classes that Frankfurt am Main (Q1794) is (indirectly) an instance of:
• big city, independent city of Germany, financial centre, college town

• city, city/town, place with town rights and privileges, municipality, human settlement,
artificial geographic entity, artificial physical object, artificial entity, physical object

• urban municipality of Germany, municipality of Germany, districts and some cities of Germany, administrative
territorial entity of Germany, administrative territorial entity of a single country, administrative territorial entity of a specific level, fourth-level
administrative country subdivision, local administrative unit in the NUTS system, LAU 2, human-geographic territorial entity

• urban area, geographic region, geographical object, geographic location, geographic entity, territorial entity, location, locality,
spatial entity, spacio-temporal entity

• community, social group, group of humans, group of living things, group of
physical objects, group

• local government, municipal corporation, government, executive branch, government organization, political organisation,
organization, political entity, public body, political territorial entity

• public authority, organ, authority, legal person, juridical person, agent,
individual, state power, political power, power (Q25107), power (Q18340964)

• system, unit, structure (Q6671777), structure (Q517966), concrete object,
abstract object, object (Q488383), object (Q17553950), subject, entity

• statistical territorial entity, unit of analysis, research object
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Conceptual modelling in Wikidata

Conceptual models are an important part of Wikidata’s content

However, Wikidata has no built-in ontology language:

• Schema information stored with special properties (e.g., P279 “subclass of”)
• Classes (and metaclasses) are just regular items
• No clear distinction between instance and schema knowledge
• No fixed formal semantics

{ interpretation is necessary to make sense of data
• Domain-specific background knowledge can be required
• Interpretation might depend on context
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Implicit schema knowledge in Wikidata

Intended meaning: “Every aircraft of this type has engines of that type.”

In description logics: “A380 v =4 poweredBy.Trent700”
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Ontology-based views
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Ontology-based views

How can we capture the background knowledge used to interpret KGs?

Ontology-based view definitions
• Describe mappings/queries with logical axioms
• Extract data (for mining and learning) by reasoning
• Draw inferences about KG by inverting view

Example: Description logics have been used to define attributes for FCA
[Rudolph, ICCS 2004]:

AttributehasMother ≡ ∃mother.>

This view is invertible: if objects have AttributehasMother, they must be in class
∃mother.>. Rule mining lets us learn ontologies [Borchmann, ICFCA 2013].
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The limits of description logics

DLs are not ideal for interpreting KG data:
• No support for annotations – RDF-style pre-transformation of data needed:

Taylor Burtonspousein spouseout

1975-10-10 1976-07-29

start time end time

• Can only express tree-like structures

Example: attribute “child of married parents” is not expressible.

• No closed-world reasoning

Example: attribute “currently married” (without end date) is not expressible.

• Very limited modelling of binary relations (needed for graph-like views)
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Logics for annotations

Annotations as in Wikidata or Property Graph are not supported by standard
relational first-order logic (and any of its fragments).

Idea: extend first-order logic with sort for annotation sets

MAPL: Multi-attributed predicate logic supports axioms with annotations
[Marx, K, Thost; IJCAI 2017]:
• Annotated fact:

spouse(taylor, burton)@{start : 1975, end : 1976}
• Sentence with object and set variables:
∀x, y, Z.spouse(x, y)@Z → spouse(y, x)@Z

Related approaches:
• Attributed description logics [K, Marx, Ozaki, Thost; ISWC 2017 & IJCAI 2018]
• Relational algebra with complex values; see [Abiteboul, Hull, Vianu; 1994]
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Reasoning in attributed logics?
[Marx, K, Thost; IJCAI 2017]

Unrestricted quantification over finite annotation sets is extremely powerful:

Theorem: Entailment in attributed first-order logic captures entailment in Weak
Second-Order Logic (and in particular is undecidable).

The problem becomes simpler when restricting to rules with “safe” quantification
over annotation sets{ rule language MARPL (“Datalog with annotation sets”):

Theorem: Entailment in MARPL is ExpTime-complete in data complexity and
in combined complexity.

{ overall similar to DLs and Datalog, but greater expressivity with respect to data
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Practical reasoning in attributed logics?
Status quo:
• There is no dedicated reasoner for any annotated logic
• Modern rule engines for known decidable fragments of first-order Horn logic

rules can handle large inputs
• These fragments mostly have PTime data complexity (too weak for MARPL)

A recent insight changes the picture:

Theorem [K, Marx, Rudolph; ICDT 2019]: Algorithms implemented by mod-
ern rule engines solve problems of non-elementary data complexity.

In particular, such rule engines can be used to solve ExpTime-complete
problems [Carral, Dragoste, K; IJCAI 2019]:
• Expressive DL reasoning
• Fact entailment for guarded Horn logic rules

{ practical reasoning with annotations seems within reach
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Conclusions
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A research programme

Goal: Close the gap between large scale knowledge representation and intelli-
gent data analysis

(1) Model declarative conceptual views over knowledge graphs using a
suitable ontology language

(2) Design scalable reasoning algorithms for exchanging data through these
views – forwards and backwards

(3) Integrate data mining and machine learning methods with this reasoning
process for efficiency and explainability
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Conclusions

Summary
• Knowledge Graphs are enriched graphs
• Wikidata: large dataset + conceptual world model
• Mining KGs: struggling with size, but mainly with structural complexity
• Ontology-based views: declarative, invertible data excerpts
• Attributed logics: towards ontology support for KGs

What next?

Integrate ontological reasoning, data mining, and learning
in a clean and coherent way.
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