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http://bulbapedia.bulbagarden.net 

ID Name Size Type Weak Strong GYM Leader Reward 

25 Pikachu 0.4 electric ground water Vermillion Lt. Surge Thunder 

26 Raichu 0.8 electric ground water Vermillion Lt. Surge Thunder 

29 Nidoran 0.5 poison ground gras Viridian Giovanni Earth 

37 Vulpix 0.6 fire water ice null null null 

38 Ninetails 1.1 fire water ice null null null 

63 Abra 0.9 psychic ghost fighting null null null 

64 Kadabra 1.3 psychic ghost fighting Saffron Sabrina Marsh 

65 Alakazam 1.5 psychic ghost fighting Saffron Sabrina Marsh 

150 Mewtwo 2.0 psychic ghost fighting null null null 
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http://bulbapedia.bulbagarden.net 

ID Name Size Type Weak Strong GYM Leader Reward 

25 Pikachu 0.4 electric ground water Vermillion Lt. Surge Thunder 

26 Raichu 0.8 electric ground water Vermillion Lt. Surge Thunder 

29 Nidoran 0.5 poison ground gras Viridian Giovanni Earth 

37 Vulpix 0.6 fire water ice null null null 

38 Ninetails 1.1 fire water ice null null null 

63 Abra 0.9 psychic ghost fighting null null null 

64 Kadabra 1.3 psychic ghost fighting Saffron Sabrina Marsh 

65 Alakazam 1.5 psychic ghost fighting Saffron Sabrina Marsh 

150 Mewtwo 2.0 psychic ghost fighting null null null 

Definition FD: X → A 

 All values in X uniquely define the values in A. 

 If t1[X] = t2[X], then t1[A] = t2[A]. 
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http://bulbapedia.bulbagarden.net 

ID Name Size Type Weak Strong GYM Leader Reward 

25 Pikachu 0.4 electric ground water Vermillion Lt. Surge Thunder 

26 Raichu 0.8 electric ground water Vermillion Lt. Surge Thunder 

29 Nidoran 0.5 poison ground gras Viridian Giovanni Earth 

37 Vulpix 0.6 fire water ice null null null 

38 Ninetails 1.1 fire water ice null null null 

63 Abra 0.9 psychic ghost fighting null null null 

64 Kadabra 1.3 psychic ghost fighting Saffron Sabrina Marsh 

65 Alakazam 1.5 psychic ghost fighting Saffron Sabrina Marsh 

150 Mewtwo 2.0 psychic ghost fighting null null null 

Type → Weak, Strong GYM → Leader, Reward 

Redundancy! 
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http://bulbapedia.bulbagarden.net 

ID Name Size Type GYM 

25 Pikachu 0.4 electric Vermillion 

26 Raichu 0.8 electric Vermillion 

29 Nidoran 0.5 poison Viridian 

37 Vulpix 0.6 fire null 

38 Ninetails 1.1 fire null 

63 Abra 0.9 psychic null 

64 Kadabra 1.3 psychic Saffron 

65 Alakazam 1.5 psychic Saffron 

150 Mewtwo 2.0 psychic null 

Type Weak Strong 

electric ground water 

poison ground gras 

fire water ice 

psychic ghost fighting 

GYM Leader Reward 

Vermillion Lt. Surge Thunder 

Viridian Giovanni Earth 

Saffron Sabrina Marsh 

-25 cells! 
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http://bulbapedia.bulbagarden.net 

ID Name Size Type Weak Strong GYM Leader Reward 

25 Pikachu 0.4 electric ground water Vermillion Lt. Surge Thunder 

26 Raichu 0.8 electric ground water Vermillion Lt. Surge Thunder 

29 Nidoran 0.5 poison ground gras Viridian Giovanni Earth 

37 Vulpix 0.6 fire water ice null null null 

38 Ninetails 1.1 fire water ice null null null 

63 Abra 0.9 psychic ghost fighting null null null 

64 Kadabra 1.3 psychic ghost fighting Saffron Sabrina Marsh 

65 Alakazam 1.5 psychic ghost fighting Saffron Sabrina Marsh 

150 Mewtwo 2.0 psychic ghost fighting null null null 

Type → Weak, Strong GYM → Leader, Reward 

? ? ? ? ? ? ? ? ? 
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DFD 
  Comparison to the level-wise traversal: 

 
 
 
 
 
 
 
 
 

  Powerful pruning (up- and downwards) 

  Unreliable performance due to randomness 

  Hole filling and minimization is expensive 
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Name Surname Postcode City Mayor 

Thomas Miller 14482 Potsdam Jakobs 

Sarah Miller 14482 Potsdam Jakobs 

Peter Smith 60329 Frankfurt Feldmann 

Jasmine Cone 01069 Dresden Orosz 

Thomas Cone 14482 Potsdam Jakobs 

Mike Moore 60329 Frankfurt Feldmann 
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Datasets are long! 
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Derive Stripped Partitions 

Calculate Agree Sets 

Compute Maximal Sets 

Derive Complements 

Calculate Minimal FDs 

DepMiner 

FastFDs 
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Name Surname Postcode City Mayor 

Thomas Miller 14482 Potsdam Jakobs 

Sarah Miller 14482 Potsdam Jakobs 

Peter Smith 60329 Frankfurt Feldmann 

Jasmine Cone 01069 Dresden Orosz 

Thomas Cone 14482 Potsdam Jakobs 

Mike Moore 60329 Frankfurt Feldmann 
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Name Surname Postcode City Mayor 

Thomas Miller 14482 Potsdam Jakobs 

Sarah Miller 14482 Potsdam Jakobs 

Peter Smith 60329 Frankfurt Feldmann 

Jasmine Cone 01069 Dresden Orosz 

Thomas Cone 14482 Potsdam Jakobs 

Mike Moore 60329 Frankfurt Feldmann 

 Surname, Postcode, City, Mayor → Name 
 Name, Postcode, City, Mayor → Surname 
 Surname → Name, Postcode, City, Mayor 

 Postcode → City 

 Postcode → Mayor 

 Name → Surname, … 
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■ Definition: An FDTree is a prefix tree (Trie) with annotations: 

 Nodes represent left-hand-side attributes 

 Paths represent left-hand-sides 

 Annotations (bitsets) represent  
right-hand-side attributes 

 Marked annotations represent valid FDs 

■ getGeneralizations(X  Y) 

 Generalization: X’  Y with X’ ⊆ X 

 Simple depth-first search 

fdep 

FDTree 
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𝐴, 𝐶 → 𝐷 𝐴, 𝐵 → 𝐷 

1 1 1 1 

 ∅ 

0 1 0 0 

 𝐶 
0 1 0 1 

 𝐴 

0 0 0 1 

 𝐶 
0 0 0 1 

 𝐵 

𝐴 → 𝐵 𝐶 → 𝐵 
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1 1 1 1 

 ∅ 

∅ → 𝐴, 𝐵, 𝐶, 𝐷 

𝐷 → 𝐵, 𝐴 → 𝐷, 𝐵 → 𝐷, 𝐶 → 𝐷 

fds: 

nonFds: 

specialize(): 

𝐷 → 𝐵 

1 1 1 1 

 ∅ 

0 1 0 0 

 𝐶 
0 1 0 0 

 𝐴 

𝐴 → 𝐷 

0 0 0 1 

 𝐵 
0 1 0 0 

 𝐴 
0 1 0 1 

C 

1 1 1 1 

 ∅ 
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𝐴 → 𝐷 

0 0 0 1 

 𝐵 
0 1 0 0 

 𝐴 
0 1 0 1 

C 

1 1 1 1 

 ∅ 

𝐵 → 𝐷, 𝐶 → 𝐷 

nonFds: 

𝐵 → 𝐷 

0 0 0 1 

 𝐵 

0 1 0 0 

 𝐴 
0 1 0 1 

C 

1 1 1 1 

 ∅ 

𝐷 → 𝐵, 𝐴 → 𝐷, 
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0 0 0 1 

 𝐵 

0 1 0 0 

 𝐴 
0 1 0 1 

C 

1 1 1 1 

 ∅ 

𝐶 → 𝐷 
1 1 1 1 

 ∅ 

0 1 0 0 

 𝐶 
0 1 0 1 

 𝐴 

0 0 0 1 

 𝐶 
0 0 0 1 

 𝐵 

𝐵 → 𝐷, 𝐶 → 𝐷 

nonFds: 𝐷 → 𝐵, 𝐴 → 𝐷, 

𝐵 → 𝐷 
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[Huhtala1999] 

[Novelli2001] 

[Yao2008] 

[Abedjan2014] 

[Wyss2001] 

[Lopes2000] 

[Flach1999] 
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HyFD 

records 

 plis,  
pliRecords 

dataset 

Record Pair 

Sampler 

Data 

Preprocessor Control- & data-flow: 

Components: 

Symbols 

Main 

Side 

Main 

Optional 
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HyFD 

records 

 plis,  
pliRecords 

non-FDs 

candidate-FDs 

dataset 

FD Candidate 

Inductor 

Record Pair 

Sampler 

Data 

Preprocessor Control- & data-flow: 

Components: 

Symbols 

Main 

Side 

Main 

Optional 



HyFD 

Hybrid FD Discovery 

Chart 41 

FD Discovery 

Data Profiling 

Thorsten Papenbrock 

HyFD 

records 

 plis,  
pliRecords 

non-FDs 

candidate-FDs 

plis,  
pliRecords 

dataset 

FD Candidate 

Inductor 

Record Pair 

Sampler 

Data 

Preprocessor Control- & data-flow: 

Components: 

Symbols 

Main 

Side 

Main 

Optional 

FDs 

results 

FD 

Validator 
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HyFD 

records 

 plis,  
pliRecords 

non-FDs 

candidate-FDs 

FDs 

plis,  
pliRecords 

results 

FD 

Validator 

dataset 

FD Candidate 

Inductor 

Record Pair 

Sampler 

Data 

Preprocessor Control- & data-flow: 

Components: 

Symbols 

Main 

Side 

Main 

Optional 

when? 
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HyFD 

records 

 plis,  
pliRecords 

non-FDs 

candidate-FDs 

FDs 

plis,  
pliRecords 

comparisonSuggestions 

results 

FD 

Validator 

dataset 

FD Candidate 

Inductor 

Record Pair 

Sampler 

Data 

Preprocessor Control- & data-flow: 

Components: 

Symbols 

Main 

Side 

Main 

Optional 

𝒊𝒇
#𝒏𝒆𝒘𝑭𝒊𝒏𝒅𝒊𝒏𝒈𝒔

#𝒄𝒐𝒎𝒑𝒂𝒓𝒊𝒔𝒐𝒏𝒔
< 𝒔𝒂𝒎𝒑𝒍𝒊𝒏𝒈𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 { 

       𝒔𝒂𝒎𝒑𝒍𝒊𝒏𝒈𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 − −; 
       𝒆𝒙𝒊𝒕( ); 
} 

𝒊𝒇
#𝒗𝒂𝒍𝒊𝒅𝑭𝑫𝒔

#𝒗𝒂𝒍𝒊𝒅𝒂𝒕𝒊𝒐𝒏𝒔
< 𝒗𝒂𝒍𝒊𝒅𝒂𝒕𝒊𝒐𝒏𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 { 

        𝒆𝒙𝒊𝒕( ); 
} 
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HyFD 

records 

 plis,  
pliRecords 

non-FDs 

candidate-FDs 

FDs 

plis,  
pliRecords 

comparisonSuggestions 

results 

FD 

Validator 

dataset 

FD Candidate 

Inductor 

Data 

Preprocessor Control- & data-flow: 

Components: 

Symbols 

Main 

Side 

Main 

Optional 

Record Pair 

Sampler 
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position list indexes  
(plis) 

 

2 

5 
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0 
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0 
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8 

1 

2 

3 

4 

5 

6 

0 

1 

2 

attributeID  clusterID  recordID 

Implementation example: 
List<List<Integer>> plis; 
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inverted position list indexes  
(invertedPlis) 

attributeID  recordID  clusterID 
1 

 

2 
 

0 
 

2 
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1 
 

1 
 

- 
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1 
 

1 
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4 
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1 

2 
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4 

5 

0 

1 

2 

3 

4 

5 

Implementation example: 
List<Integer[]> invertedPlis; 
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position list index records 
(pliRecords) 

recordID  attributeID  clusterID 

“Dictionary encoded records  
using the plis” 

1   2   0 

0   1   2 

0 

1 

2 

3 

4 

5 

2   0   1 

0   1   1 

2   1   1 

1   -   1 

0   2   1 

Implementation example: 
Integer[][] pliRecords; 
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DO NOT COMPARE EVERYTHING! 

 Focused sampling: 

 Only compare records that share 
at least one cluster (otherwise they 
cannot violate any FD). 

 Try to avoid duplicate  
comparisons. 

 Records that share many 
clusters prune more 
effectively. 

A1 A2 A3 

ri 

A4 A5 A6 A7 A8 A9 A9 

plis: 
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Progressive, focused sampling: 

Ai-1 Ai Ai+1 

1. Sort Plis 

Ai 

2. Match Neighbors 

1. 

2. w=2 

Ai 

w=3 

3. Match Progressively 

efficiency = 0.08 

Ai 
0.08 

Aj 
0.07 

Ak 
0.04 

Al 
0.02 

efficiency = 0.03 
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Negative Cover 
(non-FDs) 

Positive Cover 
(candidate-FDs) 

1 1 1 1 

 ∅ 

0 1 0 0 

 𝐶 
0 1 0 1 

 𝐴 

0 0 0 1 

 𝐶 
0 0 0 1 

 𝐵 

1 0 1 1 

1 0 1 0 

1 1 1 0 

1 0 1 0 

Bitmaps for negative cover 

FDTree for positive cover 

FDTree serves as candidate lattice  

(and final result!) 
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Negative Cover 
(non-FDs) 

Positive Cover 
(candidate-FDs) 

1 1 1 1 

 ∅ 

0 1 0 0 

 𝐶 
0 1 0 1 

 𝐴 

0 0 0 1 

 𝐶 
0 0 0 1 

 𝐵 

1 0 1 1 

1 0 1 0 

1 1 1 0 

1 0 1 0 

Bitmaps for negative cover 

FDTree for positive cover 

Use non-FDs with greatest pruning impact first! Induction = Cover Inversion in fdep 
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Bottom-up lattice traversal: 

Optimizations: 

■ Additional Pruning: Use the results from the sampling. 

■ No PLI-caching: Use only the single column plis and pliRecords  
for the validaions (do not remember plis of higher arity). 

■ Early termination: Stop PLI intersects if candidates are invalid. 

■ Bulk validations: Check all rhss for one given lhs jointly. 
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plis[X0] 

Validation of 𝑿 → 𝒀 

2 
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0 

4 
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7 

0    2    2 

1    1    0 

1    1    0 

4    0    3 

4    0    3 

3    3    3 

2    1    4 

2    1    4 

3    0    1 

0: 

1: 

2: 

2    4    1 

4    5    4 

4    5    0 

5    2    - 

0    2    - 

-    4    - 

-    0    - 

-    0    - 

-    3    - 
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AB AC AD AE BC BD BE CD CE DE 

ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 

ABCD ABCE ABDE ACDE BCDE 

ABCDE 

column-efficient 
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ABCD ABCE ABDE ACDE BCDE 

ABCDE 

column-efficient 

ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 

A B C D E 

AB AC AD AE BC BD BE CD CE DE 
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A B C D E 

AB AC AD AE BC BD BE CD CE DE 

ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 
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ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 

ABCD ABCE ABDE ACDE BCDE 

ABCDE 

row-efficient 

A B C D E 

AB AC AD AE BC BD BE CD CE DE 
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AB AC AD AE BC BD BE CD CE DE 

ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 

ABCD ABCE ABDE ACDE BCDE 
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column-efficient 
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A B C D E 

AB AC AD AE BC BD BE CD CE DE 

ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 

ABCD ABCE ABDE ACDE BCDE 

ABCDE 

row-efficient 
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AB AC AD AE BC BD BE CD CE DE 

ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 

ABCD ABCE ABDE ACDE BCDE 

ABCDE 

row-efficient 
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A B C D E 

AB AC AD AE BC BD BE CD CE DE 

ABC ABD ABE ACD ACE ADE BCD BCE BDE CDE 

ABCD ABCE ABDE ACDE BCDE 

ABCDE 

row-efficient 
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