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* To use data: store & query

 Big data requires extremely efficient algorithms
* Fine-grained complexity: ‘polynomial’ is not enough

* What is the most efficient way of answering a
database query?
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Goal

Which Unions of Conjunctive Queries can be

answered with optimal time guarantees?
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Studied Queries

tutorials:
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Making Consistency...
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Peter Lindner

Probabilistic Database...

Muhammad Tibi

Query Evaluation in...

Person

Alan Fekete Tue

Suresh Venkatasu... Wed

Pablo Barceld Mon
Martin Grohe Mon
Muhammad Tibi Mon

Q,(Person, Day) « tutorials(Person, Title ), schedule(Title, Day)
Q,(Person, Day) « research(Person, Title ), schedule(Title, Day)

Q3 =Q,UQ;

18



Complexity of Queries

* Query = problem



Complexity of Queries

* Query = problem
* Time complexity, data complexity, RAM model



Complexity of Queries

* Query = problem
* Time complexity, data complexity, RAM model
* Achievable time bounds:



Complexity of Queries

* Query = problem
* Time complexity, data complexity, RAM model

* Achievable time bounds:
« Need to print every answer ( |OUT| >> |IN])



Complexity of Queries

* Query = problem
* Time complexity, data complexity, RAM model

* Achievable time bounds:
« Need to print every answer ( |OUT| >> |IN])
* Need to read the input before the first answer



Complexity of Queries

* Query = problem
* Time complexity, data complexity, RAM model

* Achievable time bounds:
« Need to print every answer ( |OUT| >> |IN])
* Need to read the input before the first answer

* DelayCy;,,: solvable in linear preprocessing and constant delay



Complexity of Queries

* Query = problem
* Time complexity, data complexity, RAM model

* Achievable time bounds:
« Need to print every answer ( |OUT| >> |IN])
* Need to read the input before the first answer

* DelayCy;,,: solvable in linear preprocessing and constant delay

Which queries are in DelayCy;,, ?
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Starting POint [BaganDurandGrandjean CSL'2007]

[Brault-Baron 2013]

CQs: € Delay(C;;,, ©™ free-connex

acyclic

free-connex

* Hardness results assume:
(1) no self-joins
(2) hardness of Boolean matrix multiplication and hyperclique

26



Free-connex Definition

1. a node for every atom 2. tree 3. for every variable X:
the nodes containing X form a subtree

Q(x;y; Z) N Rl(x;y):RZ(y' Z):RB(Z' W)
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Free-connex Definition

1. a node for every atom 2. tree

3. for every variable X:

the nodes containing X form a subtree

Q(X,y,Z) N Rl(x:y
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Free-connex Definition

1. a node for every atom 2. tree 3. for every variable X:
the nodes containing X form a subtree

W N . -y,

/

2(¥,2),R3(z,w)

/
/

4. a subtree with exactly the free variables

Q(x,y,Z) < Rl(x,y),Rz(y,Z,W),Rg(W, v) "
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Free-connex Definition

1. a node for every atom 2. tree 3. for every variable X:
possibly also subsets the nodes containing X form a subtree
[P ‘\
l |
|
2(3’; Z)) R3 (Z; W) /‘I :
7 | i

/ \

/
4. a subtree with exactly the free variables

Q(x,y,z) « Ri(x,¥),R;(y,z,w), Rz (W, v)
’co““ex
\ == —“-ee/
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Starting POint [BaganDurandGrandjean CSL'2007]

[Brault-Baron 2013]
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Starting POint [BaganDurandGrandjean CSL'2007]

[Brault-Baron 2013]

CQs: € Delay(C;;,, ©™ free-connex

/eas

What about UCQs?

* Hardness results assume:

(1) no self-joins

(2) hardness of Boolean matrix multiplication and hyperclique
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Enumeration Complexity of UCQs

e Goal
 Overview

* Explanations
« Easy U Hard
 Why isn’t it always hard?
 When is it easy?

 Hard U Hard

« Sometimes it is easy
» Dichotomy
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4 All CQs are Hard N
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Cases for UCQs

.

4 All CQs are Easy )

J

/Some Easy, Some Hard\

d
sometimes hat

.

J

4 All CQs are Hard N
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Cases for UCQs

\_

4 All CQs are Easy )

/

/Some Easy, Some Hard\

d

\_

/

4 All CQs are Hard I

unions with a hard CQ

can be equivalent to
unions without a hard CQs
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Cases for UCQs

\_

4 All CQs are Easy )

/

/Some Easy, Some Hard\

d

\_

/

4 All CQs are Hard I

unions with a hard CQ

can be equivalent to

unions without a hard CQs

Q:(x,y) « R1(x,¥),R;(y,2),R3(z,x)
Q:(x,y) « Ri(x,y),R,(y, z)
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Cases for UCQs

Al CQs are Easy ) /Some Easy, Some Hard\ 4 All CQs are Hard )

N /

unions with a hard CQ
can be equivalent to
unions without a hard CQs

1 € Q; = 01U Q; =0;
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/

/Some Easy, Some Hard\

4 All CQs are Hard I

non-redundant unions?
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Cases for UCQs

\_

4 All CQs are Easy )

/

/Some Easy, Some Hard\

4 All CQs are Hard I

non-redundant unions?

Claimed

hard if contains a hard CQ
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/Some Easy, Some Hard\

/

4 All CQs are Hard I

some non-redundant unions

with a hard CQ
are easy
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Cases for UCQs

\_

4 All CQs are Easy )

/Some Easy, Some Hard\

/

4 All CQs are Hard I

* Even for non-redundant unions

some non-redundant unions

with a hard CQ
are easy

46



Cases for UCQs

4 All CQs are Easy )

\_ )

/Some Easy, Some Hard\

4 All CQs are Hard N

* Even for non-redundant unions

If each CQ in Q is hard

and
there is no body-isomorphism

= Q & Delay(Cy;,
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Cases for UCQs

\_

4 All CQs are Easy )

/

/Some Easy, Some Hard\

4 All CQs are Hard I

* Even for non-redundant unions

UCQs containing only hard CQs

can be easy!
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Cases for UCQs

\_

4 All CQs are Easy )

/

/Some Easy, Some Hard\

4 All CQs are Hard I

sometimes hard

* Even for non-redundant unions

UCQs containing only hard CQs

can be easy!
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e Goal
e Overview

* Explanations
« Easy U Hard
 Why isn’t it always hard?
 When is it easy?

 Hard U Hard

« Sometimes it is easy
» Dichotomy



Lower BOund [BaganDurandGrandjean CSL'2007]

acyclic

Acyclic non-free-connex:

Q(x,z) « Ri(x,y),R,(y,z)

free-connex
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Lower BOund [BaganDurandGrandjean CSL'2007]

Assumption: Boolean nXn matrices cannot be multiplied in time 0 (n?)

696 - )

acyclic

Acyclic non-free-connex:

Q(x,z) « Ri(x,y),R,(y,z)

free-connex
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Lower BOU nd [BaganDurandGrandjean CSL'2007]

Assumption: Boolean nXn matrices cannot be multiplied in time 0(n?)

6 56 - )

A B

acyclic

Acyclic non-free-connex:

Q(x,z) « Ri(x,¥),R;(y,2)
A B
R C
1 1
1 2 2 2
2 2

free-connex
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Lower BOU nd [BaganDurandGrandjean CSL'2007]

Assumption: Boolean nXn matrices cannot be multiplied in time 0(n?)

b DG D=6 1
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acyclic

Acyclic non-free-connex:
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A B

R c

1 1

2 2 1 2 2 2

2 2

free-connex
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Lower BOU nd [BaganDurandGrandjean CSL'2007]

Assumption: Boolean nXn matrices cannot be multiplied in time 0(n?)

G DG V=69
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Acyclic non-free-connex:
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Lower BOU nd [BaganDurandGrandjean CSL'2007]

Assumption: Boolean nXn matrices cannot be multiplied in time 0(n?)

6 DCD=6D

A B

acyclic

Acyclic non-free-connex:

Q(x,z) « Ri(x,y),R,(y,z)

free-connex

A B
R C
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Lower BOU nd [BaganDurandGrandjean CSL'2007]

Assumption: Boolean nXn matrices cannot be multiplied in time 0(n?)

GDOH-CF

A B

: 1ayCiin
Acyclic non-free-connex:

Q(x,z) « Ri(x,y),R,(y,z)

acyclic

free-connex

A B
R C

11 1 2
1 2>
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Within Unions

N | = =
NN R
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Within Unions

N
NN
-

i
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1 2 2 1
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Within Unions

Ql(x; Z, W) < Rl(xi )’), RZ (y' Z), RS(

U

QZ (Cl, b, C) N Rl(ar b), RZ (b' C)

1
1
2

1
2
2

1 2 2 1
2 2

62



Within Unions

Ql(XJ Z, W) < Rl(xi y)! RZ (y' Z), RS(

U

QZ (Cl, b, C) N Rl(ar b)' RZ (b' C)

1
1
2

1
2
2

1 2 2 1
2 2
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Within Unions

x,Z,W) < R.(x,v),R,(y,z), R:(Z,w -
Q4 ( ) 1 ( U)’) 2V, 2) 3(

QZ (Cl, b, C) N Rl(ar b), RZ (b' C)

(N o O
2 1

0 (n3) solutions:
The computation does not
contradict the assumption




Within Unions

x,Z,W) < R.(x,v),R,(y,z), R:(Z,w -
Q4 ( ) 1 ( U)’) 2V, 2) 3(

QZ (Cl, b, C) N Rl(ar b)' RZ (b' C)

0 (n3) solutions:
The computation does not
contradict the assumption

The hardness results do not hold within a union
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Providing Variables

~
1(x, Z, W) < Rl (x) )’); RZ ()’; Z); R3 (Z) W)

U
QZ (a, b' C) A Rl(al b)) RZ (b' C)

—
free — connex
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Providing Variables

~
1(x, Z, W) < Rl (x) )’); RZ (y; Z); R3 (Z) W)

Body—homomorphism1 1 U 1 1
QZ (a, b' C) < Rl (Cl, b)) RZ (b' C)

—
free — connex
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Providing Variables

N
¢ (X, Z, W) « Rl(xi y)lRZ (y' Z), R3(Z, W)

1
Body—homomorphism1 1 U 1 1 S

QZ(aJ b' C) < Rl(aI b)'RZ(b' C)

-

(), computes R; X R,
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Providing Variables

N
¢ (X, Z, W) « Rl(xi y)lRZ (y' Z), R3(Z, W)

1
Body—homomorphism1 1 U 1 1 S

QZ(aJ b' C) < Rl(aI b)'RZ(b' C)

-

Q, computes Ry ¥ R, = (@, provides {x,y, z} to Q4
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Providing Variables

-
0:(x,2,W) < Ri(x,9), Ry (v, 2), Rs (2, )

1
Body—homomorphism1 1 U 1 1 S

QZ(al b' C) < Rl(a) b)'RZ(b' C)

-

Q, computes Ry ¥ R, = (@, provides {x,y, z} to Q4

Qll(xl Z, W) < Rl (x' y)r RZ (y’ Z), R3 (Z, W), R’(X, YV, Z)
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Providing Variables

_—__\

’non free — connex T
( (X, Z, W) < Rl(xl y)) RZ (3’; Z); RS(Z) W)

1
Body—homomorphism1 1 U 1 1 S

Q,(a,b,c) « Ri(a,b),R,(b,c)

-

Q, computes Ry ¥ R, = (@, provides {x,y, z} to Q4

-, Q' (x,z,w) « R (x,y),R;(y,2),R3(z,w), R (x,y, 7)

nnex

fre€ — co

N e -
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 When is it easy?

« Hard U Hard
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Hard U Hard = Easy

» Example: CQs with isomorphic bodies.

Ql (X, Z, W, U,) — Rl(x) y)IRZ (y; Z),Rg (Z' W),R4_(W, U,)
QZ (.X', V)2, U) N Rl(x' y)JRZ (y’ Z),R3 (Z, W)1R4(W' 'LL)



Hard U Hard = Easy

» Example: CQs with isomorphic bodies.

hard part

Ql (X, Z, W, U,) — Rl(xr y)IRZ (y; Z),Rg (Z, W),R4_(W, U,)
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Hard U Hard = Easy

» Example: CQs with isomorphic bodies.

hard part

Ql (X, Z, W, U,) — Rl(xr y)IRZ (y; Z),Rg (Z' W),R4_(W, U,)
QZ (.X', V)2, U) N Rl(x' y)JRZ (y’ Z),Rg (Z, W)1R4(W' U,)

hard part
Step Output Side Effect
1 Solve Q,’ C Q, Find R; X R,
2 Solve Qf 0, Find Rz ™¥ R,

3 Solve QF Q,



Theorem

We can classify every UCQ of the form Hard U Hard:

Both queries are

body-isomorphic, Both queries

become free-connex <<= € DelayCy;,
by adding provided atoms

free-path guarded
and bypass guarded

* Hardness results assume:
(1) no self-joins
(2) hardness of Boolean matrix multiplication, hyperclique detection and 4-clique detection.
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The Fine-Grained Complexity of Evaluating Queries

What is the most efficient way
of answering a database query?

more expressive
query classes

[C+, PODS’19][C+, TODS 21]
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The Fine-Grained Complexity of Evaluating Queries

What is the most efficient way
of answering a database query?

enumeration

VS.
direct access

[C+, PODS’20]
[C+, PODS’21]
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The Fine-Grained Complexity of Evaluating Queries

What is the most efficient way
of answering a database query?



The Fine-Grained Complexity of Evaluating Queries

time space practical
complexity complexity performance

What is the most efficient way
of answering a database query?
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The Fine-Grained Complexity of Evaluating Queries

time space practical

preprocessing / delay complexity complexity performance
tradeoff

What is the most efficient way
of answering a database query?
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The Fine-Grained Complexity of Evaluating Queries

What is the most efficient way
of answering a database query?



The Fine-Grained Complexity of Evaluating Queries

What is the most efficient way
of answering a database query?

Ontologies

general
relational
database

sparsity / dynamic
constraints data

[C+, ICDT’18][C+, TOCS'19]
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Ontologies


The Fine-Grained Complexity of Evaluating Queries

What is the most efficient way
of answering a database query?
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» Updates to CV

* One result: Enumeration Complexity of
Unions of Conjunctive Queries

* Research project





