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Part I: Scaling Knowledge Discovery

→Rule mining for knowledge discovery and interpretable machine learning
→Using Neurosymbolic methods to scale rule mining

 

Part II: Using Prior/Background Knowledge for Knowledge Discovery

→Semantic association rules from tables with auxiliary knowledge graphs
→Transfer learning from tabular foundation models to boost knowledge discovery
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cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no

archive.ics.uci.edu/dataset/73/mushroom

http://archive.ics.uci.edu/dataset/73/mushroom
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Association rule examples:

cap-shape(bell)→poisonous(yes)
cap-color(brown) ∧ poisonous(no)→habitat(woods) 

                              

cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no
Patterns/rules can also include: negations, 
disjunctions, existential quantifiers …
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Relevance of rule learning in current AI

Knowledge Discovery
Find non-trivial, implicit, previously 
unknown and potentially useful (interesting) 
patterns in the data. Think of medical uses …

Interpretable Inference
Interpretable by design ML models rather 
than probabilistic explanation of black box 
models.   

Bonus: inference with rules is the fastest!                       
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How to measure how “good” the rules are?

R1 = cap-shape(convex) → cap-color(brown)

cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no

support(R1) = P(cap-shape=convex ∧ cap-color=brown) 
  = 5/8 = 62.5%. 

confidence(R1) = P(cap-color=brown | cap-shape=convex) 
       = 5/5 = 100%. 
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Do we optimize for high values?cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no

High support→Trends in the data
support((cap-color=brown → habitat=woods)) 

= 6/8 = 75%. 

Low support → anomalies, minority classes …
support(cap-shape(bell) → poisonous(yes))

= 2/8 = 25%.
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But …
support(habitat(woods)) = ~85%. 
Many other feature will imply habitat(woods) anyways.

Association Rule Mining
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Do we optimize for high values?cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no

High confidence x strong association
R3 = cap-shape(convex) → habitat(woods)
confidence(R3) = 100%!

cap-color(brown) → habitat(woods)    100% confidence
odor(almond) → habitat(woods)      100% confidence
…
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Assoc_strength(habitat(woods) → cap-color(brown))
= (1 - 0) / 1 = 100%.

Again, one very common pattern implies another 
common pattern. Not that interesting!

Association Rule Mining
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Association strength:

confidence(A → C) − confidence(A' → C) 
──────────────────────────
max(confidence(A → C), confidence(A' → C))

range [-1, 1]. 
-1: dissociation, 0: independence, 1: association.

cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no
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Key takeaway
→ We define what is a “good” pattern and often require a hypothesis over the data.

Developing new “interestingness” functions is a prominent research direction in 
knowledge discovery.
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How to find such patterns?

→ Given minimum support and confidence 
thresholds, find all such patterns that satisfy 
the thresholds.

Apriori (1994) is still the most commonly 
used tabular rule miner today!!

Agrawal, R. Srikant, and Ramakrishnan Srikant. "R. Fast algorithms for mining association rules." Proceedings of the 20th international conference on very large data bases, vldb. 1994.

cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no
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Agrawal, R. Srikant, and Ramakrishnan Srikant. "R. Fast algorithms for mining association rules." Proceedings of the 20th international conference on very large data bases, vldb. 1994.

Minimum support threshold = 50%
Minimum confidence threshold = 80% Step 1: Gradually find item(sets) that satisfies the min. support threshold

cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no

1 item(set) occurrence

cap-shape(bell) 2

cap-shape(convex) 5

cap-shape(flat) 1

… …

2 item(set) occurrence

cap-shape(convex),
cap-color(brown)

5

… …
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Agrawal, R. Srikant, and Ramakrishnan Srikant. "R. Fast algorithms for mining association rules." Proceedings of the 20th international conference on very large data bases, vldb. 1994.

Minimum support threshold = 50%
Minimum confidence threshold = 80% Step 2: Create combinations of implications

cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no

2 item(set) occurrence

cap-shape(convex),
cap-color(brown)

5

… …

cap-shape(convex) → cap-color(brown),  100% conf.

cap-color(brown) → cap-shape(convex),  ~71% conf.
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Research problems

1. Rule explosion: Combinatorial explosion in the number of rules based on columns
2. Interpretability: A table of 20 columns with max antecedent length of 3 can 

produce C(20,1)×3¹ + C(20,2)×3² + C(20,3)×3³ ~ 1.85 million rules!

How to find a small number of interesting patterns fast?
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Steps:
1. Use an under-complete Autoencoder to create a neural representation of the data.
2. Extract association rules from the neural representation.

E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.
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E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.
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E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.

Why this works?

1. No counting co-occurrences!
→ 1000s of times faster execution time on large tables.

2. Successful reconstruction necessitates/implies strong associations!
3. Small model: 2-3 layers of encoder and decoder for mid-sized tables (~100 

columns, <100.000 rows).
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E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.
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E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.

Successful reconstruction necessitates/implies strong associations!

cap-shape cap-color odor habitat poisonous

bell brown foul woods yes

convex brown none woods no

convex brown none woods no

convex brown none woods no

bell red foul urban yes

convex brown none woods no

flat brown almond woods no

convex brown none woods no

Encoding ‘habitat(woods) → X’ won’t help 
reconstructing the data!

Because habitat(woods) is there in the data 
almost always anyways. Knowing that won’t 
help reconstructing any other data point!

Redundant rules are eliminated by design!
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Aerial - Quantitative Insights
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Linear O(n) time in training, polynomial               time in rule extraction, for k features and a antecedents.

E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.
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Aerial - Quantitative Insights

22

 
 

A small number of high quality rules with full data coverage!

E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.
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Small number of rules carry equal or higher predictive power as exhaustive mining!

E. Karabulut, P. Groth, V. Degeler, Neurosymbolic association rule mining from tabular data, in: Proceedings of The 19th International Conference on Neurosymbolic Learning and Reasoning, 
volume 284 of Proceedings of Machine Learning Research, PMLR, 2025, pp. 565–588.
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E. Karabulut, P. Groth, and V. Degeler. "Pyaerial: Scalable association rule mining from tabular data". SoftwareX, 31:102341, 2025. ISSN 2352-7110.
Github: https://github.com/DiTEC-project/pyaerial 

https://github.com/DiTEC-project/pyaerial
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E. Karabulut, P. Groth, and V. Degeler. "Pyaerial: Scalable association rule mining from tabular data". SoftwareX, 31:102341, 2025. ISSN 2352-7110.
Github: https://github.com/DiTEC-project/pyaerial 

Features: ARM with item constraints, classification rules, visaulizations …

https://github.com/DiTEC-project/pyaerial
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E. Karabulut, P. Groth, and V. Degeler. "Pyaerial: Scalable association rule mining from tabular data". SoftwareX, 31:102341, 2025. ISSN 2352-7110.
Github: https://github.com/DiTEC-project/pyaerial 

https://github.com/DiTEC-project/pyaerial
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Reconstruction success implies associations!
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Research Questions
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1. How to extend “associations by reconstruction success” to numerical data?
a. During rule extraction, start with larger intervals (implies many other features), 

gradually narrow it down, until no rules found.
b. Or make use of optimization methods to find “optimal” intervals for given rule 

quality criteria

2. How to extract negation rules (or any other logical relation)?
a. If high reconstruction probability means co-occurrence, low reconstruction 

probability means negation?
b. Patterns over absence of features can be as valuable as their presence.
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Part II: Using Prior/Background Knowledge 
for Knowledge Discovery
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LeakDB Dataset: Vrachimis, Stelios G., and Marios S. Kyriakou. "LeakDB: a Benchmark Dataset for Leakage Diagnosis in Water Distribution Networks:(146)." WDSA/CCWI Joint Conference 
Proceedings. Vol. 1. 2018.

Incorporating Back. Knowledge/Context

Sensor measurements table

Tables do not exists in isolation.
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Semantic Association Rules
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Erkan Karabulut, Paul Groth, and Victoria Degeler. "Learning Semantic Association Rules from Internet of Things Data". Neurosymbolic Artificial Intelligence, 2025:1. 
doi:10.1177/29498732251377518.

Numerical association rules: sensor1.value ≥ 18 ∧ sensor1.value ≤ 20→sensor2.value ≥ 20 ∧ 
sensor2.value ≤ 22

Semantic association rules: type(s1, WP) ∧ type(p1, Pipe) ∧ placed_in(s1, p1) ∧ p1.diameter ≥ A1 ∧ 
s1.value ≥ 18 ∧ s1.value ≤ 20 → type(s2, WP) ∧ type(j1, Junction) ∧ placed_in(s2, j1) ∧ connected(j1, 
p1) ∧ s2.value ≥ 20 ∧ s2.value ≤ 22
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Semantic Association Rules - Insights
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Karabulut E, Groth P, Degeler V. Learning semantic association rules from internet of things data. Neurosymbolic Artificial Intelligence 2025. [in press], arXiv:2412.03417.

Same results as before:
- Concise set of high-quality rules (as the # sensors increase) with full data coverage
- Better scalability, etc.

In addition: semantics enable learning more generalizable rules.

Caveats: a naive approach, can not say yet that we learn ‘semantics’

https://arxiv.org/pdf/2412.03417
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Research Questions - Part 2
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1. How to measure how much semantics does a rule contain?
a. Semantic rule learning → Class learning?

2. Given a set of tabular medical data, and a medical KG describing the semantic 
relations for the columns of the table:
a. Can we ‘discover’ the graph from the table itself?
b. Can we discover unknown relations in the graph

i. and verify in lab experiments?
ii. or verify on a masked part of the graph?

3. Extending “associations by reconstruction success” over the GNNs of KGs 
and/or tables with auxiliary KGS?
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Aerial in Low-Data Regime
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Karabulut, Erkan, Daniel Daza, Paul Groth, and Victoria Degeler. "Discovering Association Rules in High-Dimensional Small Tabular Data." Proceedings of the 1st International Workshop on 
Advanced Neuro-Symbolic Applications, ECAI 2025. Accepted/In press.

Using neural networks has its downsides!

High-dimensional datasets with low number of samples (gene expression datasets, 
rare disease datasets etc.)



NAAM VAN DE INDELING

TEKST
TEKSTNIVEAUS KIEZEN

1 • Bullet

2

Gebruik onder de tab ‘Start’ de lijstniveau-knoppen 
om een tekst niveau te kiezen. 
Kies uit:

• Sub-bullet #1

3 – Sub-bullet #2

4 Leestekst

5 Kop #1

6

1. Numerieke bullet7

A. Alfabetische bullet8

• Sub-bullet9

KOP #2

MEER WETEN?
Ga naar de instructie dia ‘VIDEO INSTRUCTIES’.
Deze vind je vooraan de presentatie of voeg je in via 
‘Start’ > ‘Nieuwe dia’

Start Tekstniveau omhoog

Tekstniveau omlaag

Aerial in Low-Data Regime
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Karabulut, Erkan, Daniel Daza, Paul Groth, and Victoria Degeler. "Discovering Association Rules in High-Dimensional Small Tabular Data." Proceedings of the 1st International Workshop on 
Advanced Neuro-Symbolic Applications, ECAI 2025. Accepted/In press.

Prior knowledge from tabular foundation models!

A.k.a., transfer learning for knowledge discovery.
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Aerial in Low-Data Regime
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Karabulut, Erkan, Daniel Daza, Paul Groth, and Victoria Degeler. "Discovering Association Rules in High-Dimensional Small Tabular Data." Proceedings of the 1st International Workshop on 
Advanced Neuro-Symbolic Applications, ECAI 2025. Accepted/In press.

Even less rules with higher average quality!
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1. Rule learning for knowledge discovery and interpretable machine learning.
2. Reconstruction success implies associations.

a. Aerial helps learning a concise set of high-quality association rules with 
full data coverage.

b. A concise set of rules still leads to equal or better predictive performance.
c. Orders of magnitude better scalability on large tables

3. Including background knowledge, context, prior knowledge is possible and still 
an open question.
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AFBEELDING INVOEGEN/OPMAKEN

1 Wanneer nodig, verwijder de bestaande 
afbeelding d.m.v. de ‘Backspace toets’. Klik op 
het pictogram om een nieuwe afbeelding in te 
voegen (zie onderstaand voorbeeld).

2 Selecteer de gewenste afbeelding
en klik op ‘Invoegen’.

Invoegen

3 Om de afbeelding te schalen of bij te snijden, 
ga naar de tab ‘Hulpmiddelen voor 
afbeeldingen - Opmaak’ en klik op de knop 
‘Bijsnijden’. Schaal met de bolletjes de 
afbeelding en met de hoekjes het 
afbeeldingskader.

Bijsnijden
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Fouad, Mohamad M., et al. "Dynamic group-based cooperative optimization algorithm." IEEE Access 8 (2020): 148378-148403.


