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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.
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2) Worst-case Optimal Joins (WCOJs)
Handling Intermediate Size Growth for Cyclic Joins
2.1. Foundations
2.2 System Integration Approaches
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ii) Hash-based WCOJs (Umbra)

● Optimization approaches (cost-based DP, GHD, rule-based)

3) Factorized Query Processing
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Index-based Worst-case Optimal Joins

Requires pre-sorted indexes which in graph terms map to adjacency list indexes.

Relational Systems such as                         ,                  , and                        use sorted trie indexes.
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Cost of a worst-case optimal plan is total intersection-cost of all operators.
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Dynamic Programming
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Difference with classic optimizer: At each level, considers multiway joins to a query vertices.
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…
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…

…
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t (c:vc,d:vd,e:ve,a:va,b:vb)
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Nodes represent a join and projection operation and edges 
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Generalized Hypertree Decomposition
Cost-Based Optimizer

A GHD is similar to a syntax tree of a relational expression.
Nodes represent a join and projection operation and edges 
indicate data dependencies.
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Generalized Hypertree Decomposition
Cost-Based Optimizer

A GHD is similar to a syntax tree of a relational expression.
Nodes represent a join and projection operation and edges 
indicate data dependencies.

EmptyHeaded picks GHD with minimum fractional hypertree 
width which is the maximum AGM bound of any of the leaves.
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Generalized Hypertree Decomposition
Cost-Based Optimizer

A GHD is similar to a syntax tree of a relational expression.
Nodes represent a join and projection operation and edges 
indicate data dependencies.

EmptyHeaded picks GHD with minimum fractional hypertree 
width which is the maximum AGM bound of any of the leaves.
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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.

1) Predefined Joins

2) Worst-case Optimal Joins (WCOJs)
Handling Intermediate Size Growth for Cyclic Joins
2.1. Foundations
2.2 System Integration Approaches

i) Index-based WCOJs (Graphflow & EmptyHeaded)
ii) Hash-based WCOJs (Umbra)

● Optimization approaches (cost-based DP, GHD, rule-based)

3) Factorized Query Processing
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Index-based Worst-case Optimal Joins

Generic Join uses pre-sorted indexes which in graph terms map to adjacency list indexes.

Relational Systems such as                         ,                  , and                        use sorted trie indexes.

High-cost associated with keeping indexes up-to-date for a general database system!
● EmptyHeaded keeps all possible Tries with different sorts on the attributes  →  Not practical.
● The adjacency list indexes of Graphflow are specialized for subgraph query workloads.

○ What is needed?
A generic WCOJ algorithm for a changing workload e.g., HTAP systems that does not rely on 

these pre-computed indexes that analytical systems can afford building and updating.
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attribute ordering [a, b, c] in Trie-levels
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A multiway join of K relations → Building K Hash Tries.
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an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) …

R1 (a, c) R2 (b, c) R3 (a, b, c)

h(c1) = h(c7) h(c5)

…
……

…

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) …

R1 (a, c) R2 (b, c) R3 (a, b, c)

h(c1) = h(c7) h(c5)

…
……

…

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) …

R1 (a, c) R2 (b, c) R3 (a, b, c)

h(c1) = h(c7) h(c5)

…
……

…

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) …

R1 (a, c) R2 (b, c) R3 (a, b, c)

h(c1) = h(c7) h(c5)

…
……

…

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) …

R1 (a, c) R2 (b, c) R3 (a, b, c)

h(c1) = h(c7) h(c5)

…
……

…

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…

smaller size

an b4 c4 an b4 c7 an b4 c5

…b4 c2b4 c4 b4 c7b4 c1



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

an b4 c4 an b4 c7

…

an b4 c5

…

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…b4 c2b4 c4 b4 c7b4 c1

…

smaller size



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

an b4 c4 an b4 c7

…

an b4 c5

…

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…b4 c2b4 c4 b4 c7b4 c1

…

smaller size

a b c

an b4 c4

output relation



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)

Build Hash Tries for R1, R2, and R3 following 
attribute ordering [a, b, c] in Trie-levels

R1

a

c

R2 R3

b

c

a

b

c

R1 (a, c) R2 (b, c) R3 (a, b, c)

I1 I2 I3

…h(a0) h(a7)h(an) h(a3)h(a)

h(c5)h(c4)h(c) h(c1) = h(c7) h(c4)

… …

an c4an c1 an c7

… …

… h(a6)h(an) h(a3)h(a)

h(b6)h(b) h(b4)

h(c) h(c4) h(c5)h(c1) = h(c7) h(c5)h(c4)

h(b2) h(b3) …

…

… …

… …

…h(b1) h(b7)h(b4) h(b2) … h(b5)h(b)

h(c4) h(c2)h(c) … h(c1) = h(c7) h(c5)

…
……

…b4 c2b4 c4 b4 c7b4 c1

…

smaller size

an b4 c4 an b4 c7 an b4 c5a b c

an b4 c4

output relation



Probe - Enumeration Simulation

Attribute ordering: [a, b, c]

R1 (a , c) R2 (b , c) R3 (a , b, c)
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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.

1) Predefined Joins

2) Worst-case Optimal Joins (WCOJs)
Handling Intermediate Size Growth for Cyclic Joins
2.1. Foundations
2.2 System Integration Approaches

i) Index-based WCOJs (Graphflow & EmptyHeaded)
ii) Hash-based WCOJs (Umbra)

● Optimization approaches (cost-based DP, GHD, rule-based)

3) Factorized Query Processing
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Query Optimization - Rule-based

a c

Relation R1 Relation R2 Relation R3

a b cb c

R1 (a , c) R2 (b , c)
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20 20

R3 (a , b, c)

10

⨝

⨝ R1 (a , c) R2 (b , c) R3 (a , b, c)

⨝
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10

A binary join is replaced if it is classified as a growing join, i.e. its output cardinality is greater than the maximum of its input cardinalities.



Further Details
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Open Challenges
1. Sorting-on-the fly:

● Direct comparison to hashing-on-the-fly
● Should be slower to index but faster to join
● Question: Which performs better and when?



Open Challenges
1. Sorting-on-the fly:

● Direct comparison to hashing-on-the-fly
● Should be slower to index but faster to join
● Question: Which performs better and when?

2. Databases Cracking (Idreos et al. CIDR 2017):
● “ ... addressing index maintenance as part of query processing using 

continuous physical reorganization …”
● Don’t presort any lists
● Sort the adjacency lists that are being integrated frequently during 

query processing
● Seems easier to integrate into GDBMSs than RDBMSs.



Open Challenges
3.   Beyond WCOJ algorithms:

● Algorithms with instance optimality guarantees.
● Minesweeper [NGO et al., OIDS ‘14] Tetris [Khamis et al., TODS ‘16]
● Fundamental Question:

○ How do we know that a join algorithm’s output is correct? 

● Answer: Any join algorithm implicitly provides a “proof” of its output 
through comparisons. Runtime ~ proof size.

● Next question: What is the minimum proof size?



Beyond WCOJ algorithms

There is a O(1) “proof” here with right indexing! Standard binary join or WCOJs would take at least 
linear time in the number of tuples.

Research Question: Can we make Tetris-like algorithms practical.
(If you take a close look, algorithms have very high constants in their asymptotic runtimes)
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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.

1) Predefined Joins

2) Worst-case optimal joins

3) Factorized Query Processing
Handling Intermediate Size Growth for Acyclic Joins
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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.

1) Predefined Joins

2) Worst-case optimal joins

3) Factorized Query Processing
Handling Intermediate Size Growth for Acyclic Joins
3.1. Foundations: Factorized Representations
3.2. System Integration Approaches: FDB and Factorized Vector Execution in Graphflow
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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.

1) Predefined Joins

2) Worst-case optimal joins

3) Factorized Query Processing
Handling Intermediate Size Growth for Acyclic Joins
3.1. Foundations: Factorized Representations
3.2. System Integration Approaches: FDB and Factorized Vector Execution in Graphflow
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 Theory of factorization establishes:
        σ(Q) ≤ AGM(Q)  where

σ(Q): worst-case size bound 
         over f-representations.
In some cases, σ(Q) <  AGM(Q)
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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.

1) Predefined Joins

2) Worst-case optimal joins

3) Factorized Query Processing
3.1. Foundations: Factorized Representations
3.2. System Integration Approaches: FDB and Factorized Vector Execution in Graphflow
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For each we cover: a) Foundations; b) System implementations; and c) Open challenges.

1) Predefined Joins

2) Worst-case optimal joins

3) Factorized Query Processing
Handling Intermediate Size Growth for Acyclic Joins
3.1. Foundations: Factorized Representations
3.2. System Integration Approaches: FDB and Factorized Vector Execution in Graphflow
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 Theory of factorization establishes:
         σ↑(Q)  ≤  σ(Q) ≤  AGM(Q), where

σ(Q): worst-case size bound over f-representations.
σ↑(Q): worst-case size bound over d-representations.

In some cases, σ↑(Q)  <  σ(Q)  <  AGM(Q) 

d-tree
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1) How to integrate the use of d-representations in query plans?

2) How to generate and cost such plans?

3) How to characterize the benefits of factorized representations in terms of query and dataset 
characteristics?
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c d ea b

WHERE  P(a, b, c, d, e)
RETURN b.pb,c.pc1,c.pc2,d.pd,e.pe1
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ScanF a JoinF b JoinF c JoinF d JoinF e Sink 
(Accumulate)

c d ea b Query Vertex Ordering:
[a, b, c, d, e]

WHERE  P(a, b, c, d, e)
RETURN b.pb,c.pc1,c.pc2,d.pd,e.pe1

OpF c Scan necessary columns
and apply filters
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same computation given same b assignment

ScanF a JoinF b JoinF c JoinF d JoinF e Sink 
(Accumulate)

c d ea b Query Vertex Ordering:
[a, b, c, d, e]

WHERE  P(a, b, c, d, e)
RETURN b.pb,c.pc1,c.pc2,d.pd,e.pe1

OpF c Scan necessary columns
and apply filters
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same computation given same c assignment
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ScanF a JoinF b JoinF c JoinF d JoinF e Sink 
(Accumulate)

c d ea b Query Vertex Ordering:
[a, b, c, d, e]

WHERE  P(a, b, c, d, e)
RETURN b.pb,c.pc1,c.pc2,d.pd,e.pe1

OpF c Scan necessary columns
and apply filters

same computation given same c assignment

same computation given same b assignment

JoinF d JoinF e Sink 
(Accumulate)

JoinF e Sink 
(Accumulate)

b0

c0

c1

c2

cN

…

b1

bM

…
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same computation given same d assignment

ScanF a JoinF b JoinF c JoinF d JoinF e Sink 
(Accumulate)

c d ea b Query Vertex Ordering:
[a, b, c, d, e]

WHERE  P(a, b, c, d, e)
RETURN b.pb,c.pc1,c.pc2,d.pd,e.pe1

OpF c Scan necessary columns
and apply filters

same computation given same c assignment

same computation given same b assignment

JoinF d JoinF e Sink 
(Accumulate)

JoinF e Sink 
(Accumulate)

b0

c0

c1

c2

cN

…

b1

bM

…

D1

D2

D3

DL

…

D0
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same computation given same d assignment

ScanF a JoinF b JoinF c JoinF d JoinF e Sink 
(Accumulate)

c d ea b Query Vertex Ordering:
[a, b, c, d, e]

WHERE  P(a, b, c, d, e)
RETURN b.pb,c.pc1,c.pc2,d.pd,e.pe1

OpF c Scan necessary columns
and apply filters

same computation given same c assignment

same computation given same b assignment

JoinF d JoinF e Sink 
(Accumulate)

JoinF e Sink 
(Accumulate)

b0

c0

c1

c2

cN

…

b1

bM

…

D1

D2

D3

DL

…

D0

E2

E3

E4

EP

…

E1

E0
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b

c

d

e

a

ScanF a JoinF b JoinF c JoinF d JoinF e Sink 
(Accumulate)

c d ea b Query Vertex Ordering:
[a, b, c, d, e]

WHERE  P(a, b, c, d, e)
RETURN b.pb,c.pc1,c.pc2,d.pd,e.pe1

OpF c Scan necessary columns
and apply filters

same computation given same d assignment

same computation given same c assignment

same computation given same b assignment

JoinF d JoinF e Sink 
(Accumulate)

JoinF e Sink 
(Accumulate)

b0

c0

c1

c2

cN

…

b1

bM

…

D1

D2

D3

DL

…

D0

E2

E3

E4

EP

…

E1

E0
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