TELEICOM
aris

5.4 i |

A Dichotomy for Homomorphism-Closed Queries
on Probabilistic Graphs

Antoine Amarilli’ and ismail ilkan Ceylan?
March 30, 2020

1Téléecom Paris

2University of Oxford
1/12



Uncertain data management

In this talk, we manage data represented as a labeled graph

2/12



Uncertain data management

In this talk, we manage data represented as a labeled graph

WorksAt
Antoine  Télécom Paris
Antoine Paris Sud
Benny Paris Sud
Benny Technion

ismail U. Oxford

2/12



Uncertain data management

In this talk, we manage data represented as a labeled graph

WorksAt

Antoine  Télécom Paris
Antoine Paris Sud
Benny Paris Sud
Benny Technion
ismail U. Oxford

MemberOf

Télécom Paris ParisTech

Telécom Paris IP Paris
Paris Sud IP Paris
Paris Sud Paris-Saclay
Technion CESAER

2/12



Uncertain data management

In this talk, we manage data represented as a labeled graph

WorksAt A. Telécom Paris ParisTech

Antoine  Télécom Paris

Antoine Paris Sud

Benny Paris Sud

Benny Technion Paris Sud IP Paris
ismail U. Oxford

MemberOf

Télécom Paris ParisTech

Telécom Paris IP Paris
Paris Sud IP Paris
Paris Sud Paris-Saclay
Technion CESAER i U. Oxford CESAER

Technion Paris-Saclay




Uncertain data management

In this talk, we manage data represented as a labeled graph

WorksAt A. — Télécom Paris ParisTech

Antoine  Télécom Paris

Antoine Paris Sud

Benny Paris Sud

Benny Technion Paris Sud IP Paris
ismail U. Oxford

MemberOf . \

Télécom Paris ParisTech

Telécom Paris IP Paris
Paris Sud IP Paris
Paris Sud Paris-Saclay
Technion CESAER j, — U. Oxford CESAER

Technion Paris-Saclay




Uncertain data management

In this talk, we manage data represented as a labeled graph

WorksAt A. —— Télécom Paris — ParisTech
Antoine  Télécom Paris
Antoine Paris Sud
Benny Paris Sud
Benny Technion Paris Sud — IP Paris
ismail U. Oxford

MemberOf \

Télécom Paris  ParisTech Technion Paris-Saclay

Télécom Paris IP Paris
Paris Sud IP Paris
Paris Sud Paris-Saclay

Technion CESAER | —— U. Oxford CESAER

2/12



Uncertain data management

In this talk, we manage data represented as a labeled graph

WorksAt A. —— Télécom Paris — ParisTech
Antoine  Télécom Paris
Antoine Paris Sud
Benny Paris Sud
Benny Technion Paris Sud — IP Paris
ismail U. Oxford

MemberOf \

Télécom Paris  ParisTech Technion Paris-Saclay

Télécom Paris IP Paris
Paris Sud IP Paris
Paris Sud Paris-Saclay

Technion CESAER | —— U. Oxford CESAER

— Problem: we are not certain about the true state of the data 2/



Uncertain data model

A. — Telécom Paris — ParisTech e Uncertain data model: TID, for

tuple-independent database
 Each fact (edge) carries a probability

Paris Sud — |IP Paris

Technion Paris-Saclay

i, — U. Oxford CESAER

3/12



Uncertain data model

A. —> Telecom Paris —> ParisTech e Uncertain data model: TID, for

10% 90% tuple-independent database
 Each fact (edge) carries a probability

Parls Sud —> IP Paris

K%‘

Technion Paris-Saclay

90%

100%

. 100%
| — U. Oxford CESAER

3/12



Uncertain data model

A. —> Telecom Paris —> ParisTech Uncertain data model: TID, for

10% 90% tuple-independent database
Each fact (edge) carries a probability

Parls Sud _, IP Paris Each fact exists with its given probability

K%‘

Technion Paris-Saclay

90% All facts are independent

100%

. 100%
| — U. Oxford CESAER

3/12



Uncertain data model

A. —> Telecom Paris —> ParisTech e Uncertain data model: TID, for

10% 90% tuple-independent database
Each fact (edge) carries a probability

Parls Sud _, IP Paris Each fact exists with its given probability

K%‘

Technion Paris-Saclay

90% All facts are independent

Possible world W: subset of facts

100%

. 100%
| — U. Oxford CESAER

3/12



Uncertain data model

A. — Télécom Paris ----> ParisTech e Uncertain data model: TID, for
tuple-independent database
 Each fact (edge) carries a probability
p;‘ris Sud —-----= > IP Paris * Each fact exists with its given probability
7 * All facts are independent
B. « Possible world W: subset of facts
\%echnion Pa?is—Saclay

i, — U. Oxford CESAER

3/12



Uncertain data model

A. — Télécom Paris ----> ParisTech e Uncertain data model: TID, for
. tuple-independent database

N  Each fact (edge) carries a probability

Paris Sud ------ - > P Paris * Each fact exists with its given probability
s I « All facts are independent

Tl e Possible world W: subset of facts

~y

Technion Paris-Saclay ~ * Whatis the probability of this possible
world?

i, — U. Oxford CESAER

3/12



Uncertain data model

80%

o . 90% )
A. — Télécom Paris ----> ParisTech

"\ 10%

N
N
N

El

L}O%’ T

-
-

B. 0%
e |
Technion

. 100%
| — U. Oxford

90%

(o)

T~ 90%

~
~

~
~

Paris-Saclay

100%

) 50% .
Paris Sud ------- > |P Paris

A

CESAER

Uncertain data model: TID, for
tuple-independent database

Each fact (edge) carries a probability
Each fact exists with its given probability
All facts are independent

Possible world W: subset of facts

What is the probability of this possible
world?

3/12



Uncertain data model

80%

o . 90% )
A. — Télécom Paris ----> ParisTech

"\ 10%

N
N
N

El

L}O%’ T

-
-

B. 0%
e |
Technion

. 100%
| — U. Oxford

90%

(o)

T~ 90%

~
~

~
~

Paris-Saclay

100%

) 50% .
Paris Sud ------- > |P Paris

A

CESAER

Uncertain data model: TID, for
tuple-independent database

Each fact (edge) carries a probability
Each fact exists with its given probability
All facts are independent

Possible world W: subset of facts

What is the probability of this possible
world? 0.03%

3/12



Uncertain data model

A. —> Telecom Paris —> ParisTech

%%

Parls Sud —> IP Paris

90%
K%,
Technion Paris-Saclay
100%
100%

i, — U. Oxford CESAER

Uncertain data model: TID, for
tuple-independent database

Each fact (edge) carries a probability
Each fact exists with its given probability
All facts are independent

Possible world W: subset of facts

What is the probability of this possible
world? 0.03%

(o) (fe-reo)

3/12



« Query: maps a graph (without probabilities) to YES/NO

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

 Union of conjunctive queries (UCQ): can | find a match of some pattern?

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

 Union of conjunctive queries (UCQ): can | find a match of some pattern?

— Homomorphism-closed query Q: if G satisfies Q and G has a homomorphism to G/
then G’ also satisfies Q

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

 Union of conjunctive queries (UCQ): can | find a match of some pattern?

— Homomorphism-closed query Q: if G satisfies Q and G has a homomorphism to G/
then G’ also satisfies Q

Intuition about homomorphism-closed queries:

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

 Union of conjunctive queries (UCQ): can | find a match of some pattern?

— Homomorphism-closed query Q: if G satisfies Q and G has a homomorphism to G/
then G’ also satisfies Q

Intuition about homomorphism-closed queries:

» Generalize CQs and UCQs, but also regular path queries (RPQs), Datalog, etc.

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

 Union of conjunctive queries (UCQ): can | find a match of some pattern?

— Homomorphism-closed query Q: if G satisfies Q and G has a homomorphism to G/
then G’ also satisfies Q

Intuition about homomorphism-closed queries:

» Generalize CQs and UCQs, but also regular path queries (RPQs), Datalog, etc.

» Do not allow for inequalities or negation

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

 Union of conjunctive queries (UCQ): can | find a match of some pattern?

— Homomorphism-closed query Q: if G satisfies Q and G has a homomorphism to G/
then G’ also satisfies Q

Intuition about homomorphism-closed queries:
» Generalize CQs and UCQs, but also regular path queries (RPQs), Datalog, etc.

» Do not allow for inequalities or negation

» A homomorphism-closed query can be seen as an infinite union of CQs:
— The query is bounded if the union is finite (it is a UCQ), unbounded otherwise

4/12



« Query: maps a graph (without probabilities) to YES/NO

« Conjunctive query (CQ): can | find a match of a pattern? eg, x — Yy — z
— We want a homomorphism from the pattern to the graph (not necessarily injective)

 Union of conjunctive queries (UCQ): can | find a match of some pattern?

— Homomorphism-closed query Q: if G satisfies Q and G has a homomorphism to G/
then G’ also satisfies Q

Intuition about homomorphism-closed queries:

» Generalize CQs and UCQs, but also regular path queries (RPQs), Datalog, etc.

» Do not allow for inequalities or negation

» A homomorphism-closed query can be seen as an infinite union of CQs:
— The query is bounded if the union is finite (it is a UCQ), unbounded otherwise

» Allows pretty wild things, e.g.,, “There is a path whose length is prime” 42
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» The output is the total probability of the worlds which satisfy the query:

+ Formally: 3 -ycp wiq Pr(W)
— Intuition: the probability that the query is true

— What is the complexity of the problem PQE(Q), depending on the query Q?
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What about more expressive queries?

e Work by [Fink and Olteanu, 2016] about negation
« No work about recursive queries (but no works about RPQs, Datalog, etc.)
e Only exception: work on ontology-mediated query answering [Jung and Lutz, 2012]
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We study PQE for homomorphism-closed queries and show:

For any query Q closed under homomorphisms:

* Either Q is equivalent to a safe UCQ (hence bounded) and PQE(Q) is in PTIME
* In all other cases, PQE(Q) is #P-hard

 This extends the result of [Jung and Lutz, 2012] and covers RPQs, Datalog, etc.

*

Example: the RPQ Q: (—) ,.
- Itis not equivalent to a UCQ: infinite disjunction ( ) forallie N
- Hence, PQE(Q) is #P-hard

We do not study the complexity of deciding which case applies
- Depends on how queries are represented
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Idea: find a tight pattern, i.e,, a graph with three distinguished edges — — — such that:

o — 0 ./ [}
A
T e LT
. e | . e |
" satisfies Q ~violatesQ

Any unbounded query closed under homomorphisms has a tight pattern

8/12



Using tight patterns to show hardness of PQE

 Fix the query Q and the tight pattern: P

e ——— o ° /o
) e 0T
: ° ° : : ° ° :
" satisfles Q " violates Q

9/12



Using tight patterns to show hardness of PQE

 Fix the query Q and the tight pattern: e

e ——— o ° /o
) e 0T
: ° ° : : ° ° :
" satisfles Q " violates Q

e We reduce from PQE for the unsafe CQ: Qo : x y z w

9/12



Using tight patterns to show hardness of PQE

 Fix the query Q and the tight pattern: e

e —— 0 [ ] [ ]
() (7))
S = but N o
: ) ) : : ) ) :
~ satisfies Q| violates Q
e We reduce from PQE for the unsafe CQ: Qo : x y z w
a;L/2>a1—>b1L/2>b; 1/2 : *
1/2 . VoA ®
a, -5 a, is coded as 112 /1/2
2
1/2 1/2 :r? 7777777777777777 |

a,— G —— S b, — b, |

,,,,,,,,,,,,,,,,,,,,

9/12



Using tight patterns to show hardness of PQE

 Fix the query Q and the tight pattern: e

e —— 0 [ ] [ ]
() (7))
a2 but v-------ob
: ) ) : : ) ) :
~ satisfies Q| violates Q
e We reduce from PQE for the unsafe CQ: Qo : x y z w
a;L/2>a1—>b1L/2>b; 1/2 : *
1/2 . VoA ®
a, -5 a, is coded as 112 /1/2
2
1/2 1/2 :r 7777777777777777 |

a,— G —— S b, — b,

,,,,,,,,,,,,,,,,,,,,

Idea: possible worlds at the left have a path that matches Qo
iff the corresponding possible world of the TID at the right satisfies the query Q...

9/12



Using tight patterns to show hardness of PQE

 Fix the query Q and the tight pattern: e

e —— 0 [ ] [ ]
() (7))
e but % -------Ab
: ° ) : : ° ) :
~ satisfies Q| ~ violates Q
e We reduce from PQE for the unsafe CQ: Qo : x y z w
@l b s b :; §
a, — a is coded as '\é. \

61’3—)(13—>b27~>b/2

,,,,,,,,,,,,,,,,,,,,

Idea: possible worlds at the left have a path that matches Qo
iff the corresponding possible world of the TID at the right satisfies the query Q...

9/12



Using tight patterns to show hardness of PQE

 Fix the query Q and the tight pattern: e

e —— 0 [ ] [ ]
() (7))
a2 but v-------ob
: ) ) : : ) ) :
~ satisfies Q| ~ violates Q
e We reduce from PQE for the unsafe CQ: Qo : x y z w
ay--- g —— b, — b}, /ﬂ: ; ;
a, — a is coded as < * \

a,---03 ———— S b, --» b},

,,,,,,,,,,,,,,,,,,,,

Idea: possible worlds at the left have a path that matches Qo
iff the corresponding possible world of the TID at the right satisfies the query Q...

9/12



Using tight patterns to show hardness of PQE

 Fix the query Q and the tight pattern: e

e —— 0 [ ] [ ]
() (7))
a2 but v-------ob
: ) ) : : ) ) :
~ satisfies Q| ~ violates Q
e We reduce from PQE for the unsafe CQ: Qo : x y z w
ay--- g —— b, — b}, /ﬂ: ; ;
a, — a is coded as < * \

a,---03 ———— S b, --» b},

,,,,,,,,,,,,,,,,,,,,

Idea: possible worlds at the left have a path that matches Qo
iff the corresponding possible world of the TID at the right satisfies the query Q...
... except we need more from the tight pattern! o/



Using tight patterns to show hardness of PQE

e Fix th i : . d
ix the query Q and the tight pattern P 7
e — > o [ o L] e —— o
( ) (o) < )
R RREEERa but  -N-------ab AND -\ -------ak
: ) ) : : ) ) : : ° ) :
~ satisfies Q ~ violates @ ~ violates @
e We reduce from PQE for the unsafe CQ: Qo : x y z w
a--»a —— b, — b /ﬂ: ; ;

a, — a is coded as <

a,---03 ———— S b, --» b},

,,,,,,,,,,,,,,,,,,,,

Idea: possible worlds at the left have a path that matches Qo
iff the corresponding possible world of the TID at the right satisfies the query Q...
... except we need more from the tight pattern! o/



Saving the proof

We know that we have a tight pattern:
/ [ ]

e —— 0 [} / [ )
T e L0 7)
: [} [ ) : : [} [ :
~ satisflesQ ~violatesQ

10/12



Saving the proof

We know that we have a tight pa’gtern:

e —— 0 [} / [ )
1
T e L0 7)
: [} [ ) : : [} [ :
~ satisflesQ ~violatesQ

Consider its iterates

10/12



Saving the proof

We know that we have a tight pattern:
/ [ ]

e —— 0 [} / [ )
T e L0 7)
: [} [ ) : : [} [ :
~ satisflesQ ~violatesQ

Consider its iterates for each n € N:

10/12



Saving the proof

We know that we have a tight pattern:
/ [ ]

e —— 0 [} / [ )
T e L0 7)
: [} [ ) : : [} [ :
~ satisflesQ ~violatesQ

Consider its iterates for each n € N:

10/12



Saving the proof

Case 1: some iterate violates the query:

We know that we have a tight pattern: i i+
/,‘ <0—>o<—o)—>o <0—>0<—0>—>°
—_— [ )
¢ y * o« fc 77777777777 2‘ but fc 77777777777 )‘
N — ) I . Lo e . . .
Lf 777777 .,,J Lf 777777 '”l satisfies Q violates Q
satisfies Q violates Q

Consider its iterates for each n € N:

10/12



Saving the proof

We know that we have a tight pattern:
/ [ ]

e —— 0 [} / [ )
T e L0 7)
: [} [ ) : : [} [ :
~ satisflesQ ~violatesQ

Consider its iterates for each n € N:

Case 1: some iterate violates the query:

satisfies Q

violates Q

— Reduce from PQE(Qo) as we explained

10/12



Saving the proof

We know that we have a tight pattern:
/ [ ]

e —— 0 [} / [ )
T e L0 7)
: [} [ ) : : [} [ :
~ satisflesQ ~violatesQ

Consider its iterates for each n € N:

Case 1: some iterate violates the query:

satisfies Q

violates Q

— Reduce from PQE(Qo) as we explained

Case 2: all iterates satisfy the query:

satisfles Q foralln e N violates Q

10/12



Saving the proof

We know that we have a tight pattern:
/ [ ]

e —— 0 [} / [ )
T e L0 7)
: [} [ ) : : [} [ :
~ satisflesQ ~violatesQ

Consider its iterates for each n € N:

Case 1: some iterate violates the query:

satisfies Q

violates Q

— Reduce from PQE(Qo) as we explained

Case 2: all iterates satisfy the query:

| | 1

violates Q

satisfies Q for alln € N
— Call this an iterable pattern
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Using iterable patterns to show hardness of PQE

. n SR
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Thanks for your attention!
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Why can we always find tight patterns?

Unbounded queries have arbitrarily large minimal models

Take a large minimal model D and disconnect its edges:

o —— > 0 o —> 0 o —> 0 [ ]

If Q becomes false at one step, then we have found a tight pattern
Otherwise, we have found a contradiction:
- The disconnection process terminates
- At the end of the process, we obtain a union of stars D’
- It is homomorphically equivalent to a constant-sized D” satisfying Q
- D’ has a homomorphism back to D
- This contradicts the minimality of the large D
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» Reduce from the problem of counting satisfying valuations of a Boolean formula
- e.g, given (x Vy) Az, compute that it has 3 satisfying valuations

* This problem is already #P-hard for so-called PP2DNF formulas:
- Positive (no negation) and Partitioned variables: X,..., X, and Y4, ..., Ym
- 2-DNF: disjunction of clauses like X; A'Y;
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Idea: Satisfying valuations of ¢ correspond to possible worlds with a match of Q
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