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Background: Information Extraction 
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Subject Predicate Object 

Stanford 
University 

type Private 
University 

hasPresident J.L.Hennessy 

hasStudents 15,319 

foundedBy L.Stanford 

foundedIn 1891 

… … … 



YAGO Knowledge Base 

• Combine knowledge  

      from WordNet &  

      Wikipedia 
 

• Additional  

     Gazetteers  

      (geonames.org) 
 

• Part of the  

     Linked-Data cloud 
 

•  YAGO2: >30 Mio RDF facts in base relations, >95% precision 
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Motivation (1/2) 

RDF Facts: 
• f1: marriedTo(Bill,Hillary) 
• f2: represents(Hillary,NY) 
... 

Deduction Rules: 
• r1: bornIn(?x,?y)  marriedTo(?x,?z) Λ bornIn(?z,?y) 
• r2: bornIn(?x,?y)  represents(?x,?y) 

Query: 
q = ?← bornIn(Bill,?y) 

Answers: 
• bornIn(Bill,NY) 

Answers: 
-- 

Knowledge 
Base 

>>107  

disk-resident 
facts 

Incompleteness 
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handcrafted 
or inductively 
learned rules 



Motivation (2/2) 

D2R2 

KB 

Query 

RuleML, 03.11.2011 5 D2R2: Disk-oriented Deductive Reasoning in a RISC-style RDF Engine 



Motivation (2/2) 

D2R2 

KB 

Query 

RDF-3X 

Subquery 
Scheduler 

Recursive Query 
Processor 

Rules 

Query 
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Outline 

• Recursive query 
processing: 
– QSQR 

– Chaining & dynamic 
subquery scheduling 

• Adding deductive 
reasoning to an RDF-
engine 

• Experiments 
 

RDF-3X 

Subquery 
Scheduler 

Recursive Query 
Processor 

Rules 

Query 
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Outline 

• Recursive query 
processing: 

– QSQR 
 

 

 

 

 

 

 

 

RDF-3X 

Recursive Query 
Processor 

Rules 

Query 
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Subquery 
Scheduler 



QSQR 

• Query(q): 
– Q = ?  likes(John,?y) 

 

• Rules(D): 
– r1: likes(?x,?y)  friend(?x,?y) 

– r2: friend(?x,?y)  marriedTo(?x,?y) 

– r3: friend(?x,?y)  likes(?x,?z) Λ praises(?z,?y) 

• Facts(D): 
– f1: marriedTo(John,Mary) 

– f2: praises(Mary,Tom) 

input_likes 

<John,?> 

input_friend 

<John,?> 

ans_likes 

<John, Mary> 

ans_friend 

<John, Mary> 

<John, Tom> <John, Tom> 

John 

Tom 

praises 

friend 

marriedTo 

likes 
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friend 
likes 

Mary 

[Abiteboul, Hull, Vianu: 
 Foundations of Databases, 1995]  



Outline 

• Recursive query 
processing: 

– QSQR 

– Chaining & dynamic 
subquery scheduling 

 

 

 

 

 

RDF-3X 

Recursive Query 
Processor 

Rules 

Query 
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Subquery 
Scheduler 



QSQR + Extensions 

1. Chaining: make use of the underlying engine’s index 
structures & ability to perform joins 

 

2. Dynamic scheduling: next set of atoms to be 
evaluated in a subquery is determined after current 
set is evaluated  
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QSQR + Extensions – Chaining 

Nested Loop Joins 

More choices: 
(SMJ , HJ, NLJ) 

Merging, Hashing 

I1(?x,?y) ← I2(?x,?y) Λ E1(?x,?z) Λ E2(?y,?z) 
 

Two ways to evaluate: ? ← I1(a,?y) 
 

1. Naïve 
  a. E1(a,?z)     get bindings for ?z 
  b. E2(?y,?z) for every ?z 

c. I2(a,?y)  for every ?y 
 

1. Grouping: better utilization of query optimizer 
  a. E1(a,?z) Λ E2(?y,?z) 
  b. I2(a,?y) for every ?y 
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QSQR + Extensions – Dynamic Scheduling 

I1(?x,?y) ← I2(?x,?y) Λ E1(?x,?z) Λ E2(?y,?z) 
 

Just because the rule places I2 first, doesn’t mean it has to 
be evaluated first:  

 

Declarative paradigm: What vs. How 

 
Extend QSQR to support 

 dynamically deciding  

 which (set of) literals to  

 evaluate next. 
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Outline 

• Recursive query 
processing: 

– QSQR 

– Chaining & dynamic 
subquery scheduling 

• Adding deductive 
reasoning to an RDF-
engine 
 

 

RDF-3X 

Recursive Query 
Processor 

Rules 

Query 
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Subquery 
Scheduler 
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RDF-3X Engine [T. Neumann et al.: VLDB’08, SIGMOD‘09] 

• No-tuning RISC, versioning, online updates, transactions 
• Aggressive indexing (15 SPO permutations & projections) 
• Fast DP-based join-order optimization for up to 20-30 joins! 
• Aggressive sideways information passing 

 

me 

hasFriend 

SB 

?f ?s ?p ?a 

?x ?y 

singer performedIn 

2009 

likes 

BobDylan 

composedBy 

female SB 



RDF-3X (1/2) 

• 15 subsets & permutations of SPO attributes stored in 
exhaustive B+-tree indexes: 

 

 

 

 

 

• Disk-oriented statistics, relying on the indexes above. 

• Index-only tables: B+-tree leafs contain data & statistics. 

 

SPO OPS POS PSO 

OSP OSP SP 

PS PO PO OS 

SO O S 

P 
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RDF-3X (2/2) 

• Operators see integers: 

 

 

 

 

 

 

• Sideways information passing  
(SIP): 
– Operators communicate across 

query plan to skip pages. 

 

 

⋈ 
[S=S] 

⋈ 
[S=S] 

Scan 
OPS 

Scan 
OPS 

Scan 
PSO 

SIP SIP 

SIP 

… 

String ID 

324 Hillary_Clinton 

55 livesIn 

671 New_York 

93 Bill_Clinton 

87 presidentOf 

2984 USA 

PSO 

Dictionary 
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(55,324,671) 
... 

(87,93,2984) 
… 



RDF-3X Integration (1/2) 

Our query patterns do not always match what RDF-3X 
expects. 

 

• Small subqueries (single literal/atom) are very common: 

» Bypass RDF-3X query optimizer & employ own 
precompiled plans.  

  I1(?x,?y) ← I2(?x,?y) Λ E2(?y,?z) Λ I3(?z,?y) 

 

• Predicates are always given in our context: 

» Reduce the number of plans RDF-3X considers: only POS, 
PSO, PO and PS needed (others still used for statistics). 
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RDF-3X Integration (2/2) 

• During recursion, same pages can be 
requested multiple times: 

» Add caching on top of compressed indexes. 

 

SPO OPS POS PSO 

OSP OSP SP 

PS PO PO OS 

SO O S 

P 

Caches: page_id  page 
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Outline 

• Recursive query 
processing: 
– QSQR 

– Chaining & dynamic 
subquery scheduling 

• Adding deductive 
reasoning to an RDF-
engine 

• Experiments 
 

RDF-3X 

Recursive Query 
Processor 

Rules 

Query 
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Subquery 
Scheduler 



Experiments (1/5) 

• Datasets:  
–  YAGO1 – 22 Mio RDF facts (3.8 GB) 

  16 partly recursive rules 

–  LUBM – Scale factor 1: 100k RDF facts (5.7 MB) 

  single recursive rule (subOrganizationOf) 

 

• D2R2 implemented in C++ on top of RDF-3X 

 

• Other systems: 
–  IRIS Reasoner (incl. PostgreSQL 8.4 backend) 

–  Jena Semantic Web Framework (incl. TDB 0.8.7 backend) 
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Experiments (2/5) 

QE1 = ?   bornIn(Tipper Gore; ?y); 
QE3 = ?   isMarriedTo(Al Gore; ?y); bornIn(?y; ?z); 
QE6 = ?   actedIn(Schwarzenegger; ?y); actedIn(?x; ?y); bornIn(?x; ?z); 
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YAGO 

setting, 

no rules 



Experiments (3/5) 

R1:  bornIn(?x; ?z)   isCitizenOf(?x; ?y);   locatedIn(?z; ?y); livesIn(?x; ?z); 

R2:  bornIn(?c; ?y)   livesIn(?x; ?y); livesIn(?z; ?y); isMarriedTo(?x; ?z);  hasChild(?x; ?c);  hasChild(?z; ?c); 

R3:  livesIn(?y; ?z)   isMarriedT o(?x; ?y);  livesIn(?x; ?z); 

R4:  isMarriedTo(?x; ?y)   hasChild(?x; ?z);  hasChild(?y; ?z); notEquals(?x; ?y); 

… 

Q1 = ?   bornIn(Al Gore; ?x); 
 

NIS: Number of 
Intermediate 
Subqueries 
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YAGO 

setting, 

recursive 

rules 



Experiments (4/5) 

Q2: ?   isMarriedTo(Woody Allen; ?x); 
Q10: ?   directed(Martin Scorsese; ?x); actedIn(?y; ?x); actedIn(?z; ?x);notEquals(?y; ?z); 
Q12: ?   ancestor(?x; Charles; Prince of Wales); 
Q13: ?   ancestor(Edward IV of England; ?x); 
… 
R1: ancestor(?x,?y)  parent(?x,?y); 
R2: ancestor(?x,?y)  ancestor(?x,?z); parent(?z,?y); 
… 
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YAGO 

setting, 

single 

recursive 

rule 

 (ancestor) 



Experiments (5/5) 

• R1: type(?x; Professor)     type(?x; Full Professor); 

• R2: subOrganizationOf(?x; ?z)    subOrganizationOf(?x; ?y); subOrganizationOf(?y; ?z); 

• R3: hasAlumnus(?x; ?y)   degreeF rom(?y; ?x); 

• … 

• QL1: ?    type(?x; GraduateStudent);  takesCourse(?x; http://www:Department0:University0:edu=GraduateCourse0); 

LUBM 

setting 
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Conclusions 

• Setting  
– Large disk-resident RDF 

collections & deductive 
reasoning 

• Recursive queries 
– QSQR with extensions: 

chaining & dynamic scheduling 

• Facts store 
– RDF-3X with modifications for 

our setting 

• Current work 
– Distributed reasoning 
– Lineage tracing & probabilistic 

inference (“soft rules”) 

RDF-3X 

Subquery 
Scheduler 

Recursive Query 
Processor 

Rules 

Query 
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Thank You! 
 

Questions? 
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