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SPARQL: A simple RDF query language

SELECT ?Name 7Email
WHERE
{
?X :name 7Name
?X :email 7Email

3

» The semantics of simple SPARQL queries is easy to
understand.
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SPARQL: A simple RDF query language

SELECT ?Name 7Email
WHERE
{
?X :name 7Name
?X :email 7Email

3

» The semantics of simple SPARQL queries is easy to
understand.

“Give me the name and email of the
resources in the datasource”
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But things can become more complex...

{P1

Interesting features of pattern
P2 }

matching on graphs
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But things can become more

Interesting features of pattern
matching on graphs

» Grouping
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But things can become more complex...

{{pP1
P2
OPTIONAL { P5 } 1}

Interesting features of pattern
matching on graphs
» Grouping

» Optional parts {P3
P4

OPTIONAL { P7 } 1}
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But things can become more complex...

{{P1
P2
OPTIONAL { P5 } }

Interesting features of pattern
matching on graphs

» Grouping
» Optional parts e
- P4
» Nesting OPTIONAL { P7

OPTIONAL { P8 +} 1} }
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But things can become more complex...

{{P1
P2
OPTIONAL { P5 } }

Interesting features of pattern
matching on graphs

» Grouping
» Optional parts {P3
. P4

> Nesting OPTIONAL { P7

» Union of patterns OPTIONAL { P8 } 1} }
}
UNION
{ P9}
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But things can become more complex...

{{P1
P2
OPTIONAL { P5 } }

Interesting features of pattern
matching on graphs

» Grouping
» Optional parts {P3
. P4
> Nesting OPTIONAL { P7
» Union of patterns OPTIONAL { P8 } 1} 1}
» Filtering ¥
UNION
{ P9

FILTER ( R ) }

C. Gutierrez et al. — Formal SPARQL 3/34



But things can become more complex...

{{P1
P2
OPTIONAL { P5 } }

Interesting features of pattern
matching on graphs

» Grouping
» Optional parts {p3

. P4
> Nesting OPTIONAL { P7
» Union of patterns OPTIONAL { P8 } 1} 1}
» Filtering ¥

UNION

> ... { P9

FILTER ( R ) }
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A formal semantics for SPARQL

A formal approach is beneficial:
» Clarifies corner cases
» Helps in the implementation process

» Provides sound foundations
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A formal semantics for SPARQL

A formal approach is beneficial:
» Clarifies corner cases
» Helps in the implementation process

» Provides sound foundations

We will present:
» A formal compositional semantics based on
[PAG06: Semantics and Complexity of SPARQL]

» This formalization is the starting point of the official
semantics of the SPARQL language by the W3C.

» Differences with W3C semantics are neglibible.

» Simple, clean, correct.
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Basic Syntax
Semantics

Datasets

Query result forms
Dealing with bnodes

Dealing with duplicates
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First of all, a simplified algebraic syntax

» Triple patterns: RDF triple + variables (no bnodes for now)

(?X, name, ?Name)
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First of all, a simplified algebraic syntax

» Triple patterns: RDF triple + variables (no bnodes for now)

(?X, name, ?Name)

» Basic graph pattern (BGP): a set of triple patterns

{tl, to, ..., tk}.

This is the base case of the algebra of patterns.
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First of all, a simplified algebraic syntax

» Triple patterns: RDF triple + variables (no bnodes for now)
(?X, name, ?Name)
» Basic graph pattern (BGP): a set of triple patterns
{t1,t2, ..., tc}.
This is the base case of the algebra of patterns.

Example
{ (?X, name, ?Name), (?X, email, ?Email) }
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First of all, a simplified algebraic syntax (cont.)

» There are three basic binary operators:
AND, UNION, OPT.

» They are used to construct graph pattern expressions from
basic graph patterns.
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First of all, a simplified algebraic syntax (cont.)

» There are three basic binary operators:
AND, UNION, OPT.

» They are used to construct graph pattern expressions from
basic graph patterns.

» A SPARQL graph pattern is an expression built from the basic
operators. Example:

((({tl, t2} AND t3) OPT {t4, t5}) AND (t6 UNION {t7, tg}))

Note that it is a full parenthesized expression
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First of all, a simplified algebraic syntax (cont.)

» There are three basic binary operators:
AND, UNION, OPT.

» They are used to construct graph pattern expressions from
basic graph patterns.

» A SPARQL graph pattern is an expression built from the basic
operators. Example:

((({tl, t2} AND t3) OPT {t4, t5}) AND (t6 UNION {t7, tg}))

Note that it is a full parenthesized expression

» Full parenthesized expressions give us explicit
precedence/association.
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.

Given a mapping p and a basic graph pattern P:
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.

Given a mapping p and a basic graph pattern P:
» dom(p): the domain of p.
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.

Given a mapping p and a basic graph pattern P:
» dom(p): the domain of p.

» 1(P): the set obtained from P replacing the variables
according to
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.

Given a mapping p and a basic graph pattern P:
» dom(p): the domain of p.

» 1(P): the set obtained from P replacing the variables
according to

Example
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.

Given a mapping p and a basic graph pattern P:
» dom(p): the domain of p.

» 1(P): the set obtained from P replacing the variables
according to

Example
pw={?X — Ri,?Y — Ry,?Name — john, ?Email — JQed.ex}
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.

Given a mapping p and a basic graph pattern P:
» dom(p): the domain of p.

» 1(P): the set obtained from P replacing the variables
according to

Example
pw={?X — Ri,?Y — Ry,?Name — john, ?Email — JQed.ex}

P = {(?X, name, ?Name), (?X, email, ?Email)}
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Mappings: building block for the semantics

Definition
A mapping is a partial function from variables to RDF terms.

Given a mapping p and a basic graph pattern P:
» dom(p): the domain of p.

» 1(P): the set obtained from P replacing the variables
according to

Example
pw={?X — Ri,?Y — Ry,?Name — john, ?Email — JQed.ex}

P = {(?X, name, ?Name), (?X, email, ?Email)}

u(P) = {(R1, name, john), (R, email, J@ed.ex)}
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The semantics of basic graph pattern

Definition
The evaluation of the BGP P over a graph G, denoted by [P]|g, is
the set of all mappings p such that:
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The semantics of basic graph pattern

Definition
The evaluation of the BGP P over a graph G, denoted by [P]|g, is
the set of all mappings p such that:

» dom(p) is exactly the set of variables occurring in P
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The semantics of basic graph pattern

Definition
The evaluation of the BGP P over a graph G, denoted by [[P]|¢, is
the set of all mappings p such that:

» dom(p) is exactly the set of variables occurring in P

» u(P)C G
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Example

(R1, name, john)
(R1, email, JQ@ed.ex)
(R2, name, paul)

[{(?X, name, ?Y)}le
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Example

(R1, name, john)
(R1, email, JQ@ed.ex)
(R2, name, paul)

[{(?X, name, ?Y)}le

p1 ={?X — Ry,?Y — john}
po ={?X — R, ?Y — paul}
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Example
(R1, name, john)

(R1, email, JQ@ed.ex)
(R2, name, paul)

[{(?X, name, ?Y)}le

p1 ={?X — Ry,?Y — john}
po ={?X — R, ?Y — paul}

[{(?X, name, ?Y), (?X, email, ?E)}]l¢
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Example

(R1, name, john)
(R1, email, JQ@ed.ex)
(R2, name, paul)

[{(?X, name, ?Y)}le
{ p1 ={?X — Ry,?Y — john} }

p2 = {?X = R,?Y — paul}

[{(?X, name, ?Y), (?X, email, ?E)}]¢
{ w={?X— R,?Y — john,7E — J@ed.ex} }
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Example

C. Gutierrez et al.

(R1, name, john)
(R1, email, JQ@ed.ex)
(R2, name, paul)

[{(?X, name, ?Y)}le

M1
M2

[{(?X, name, ?Y), (?X, email, ?E)}]l¢

X | Y
Ry | john
R> | paul

X

Y

TE

| R

john

JOed.ex

— Formal SPARQL
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Example

(R1, name, john)
(R1, email, J@ed.ex)
(R2, name, paul)

[[{(R1, webPage, ?W)} [{(Rs,name, ringo) }¢

[{(R2, name, paul)}][¢ [{ e
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Example

(R1, name, john)
(R1, email, J@ed.ex)
(R2, name, paul)

[[{(R1, webPage, ?W)} [{(Rs,name, ringo) }¢
{ }
[{(Rz, name, paul) |6 [{ e
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Example

(R1, name, john)
(R1, email, J@ed.ex)
(R2, name, paul)

[[{(R1, webPage, ?W)} [{(Rs,name, ringo) }¢
{ } { }
[{(Rz, name, paul) |6 [{ e
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Example

(R1, name, john)
(R1, email, J@ed.ex)
(R2, name, paul)

[[{(R1, webPage, ?W)} [{(Rs, name, ringo) }¢
{ } { }
[{(Rz, name, paul) |6 [{ e
{ mo={}}
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C.

Guti

Example

(R1, name, john)
(R1, email, J@ed.ex)
(R2, name, paul)

[[{(R1, webPage, ?W)} [{(Rs, name, ringo) }¢

{} {}
[{(R2, name, paul)}]l [{ }He
{ wo={}} { mo={}}
ierrez et al. — Formal SPARQL
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Compatible mappings: mappings that can be merged.
Definition

The mappings p1, 2 are compatibles iff they agree
in their shared variables:
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Compatible mappings: mappings that can be merged.

Definition
The mappings p1, 2 are compatibles iff they agree
in their shared variables:

> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).
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Compatible mappings: mappings that can be merged.

Definition
The mappings 1, pp are compatibles iff they agree
in their shared variables:
> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).
w1 U po is also a mapping.
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Compatible mappings: mappings that can be merged.

Definition

The mappings p1, 2 are compatibles iff they agree
in their shared variables:

> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).

w1 U po is also a mapping.

Example
X | Y U v
p1 | Ru | john
2 Ry J@edu.ex
"3 PQ@edu.ex | R»
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Compatible mappings: mappings that can be merged.

Definition

The mappings p1, 2 are compatibles iff they agree
in their shared variables:

> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).

w1 U po is also a mapping.

Example
X | Y v v
11 R1 | john
12 Ry JOedu.ex
"3 PQ@edu.ex | R»
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Compatible mappings: mappings that can be merged.

Definition

The mappings p1, 2 are compatibles iff they agree
in their shared variables:

> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).

w1 U po is also a mapping.

Example
X | Y v 4%
11 R1 | john
12 Ry JOedu.ex
03 PQ@edu.ex | R»
puiUps | Ry | john | JOedu.ex
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Compatible mappings: mappings that can be merged.

Definition

The mappings p1, 2 are compatibles iff they agree
in their shared variables:

> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).

w1 U po is also a mapping.

Example
X | Y v 4%
11 R1 | john
2 Ry JOedu.ex
143 PQ@edu.ex | R»
puiUps | Ry | john | JOedu.ex
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Compatible mappings: mappings that can be merged.

Definition

The mappings p1, 2 are compatibles iff they agree
in their shared variables:

> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).

w1 U po is also a mapping.

Example
X | Y U 4%
11 R1 | john
2 Ry JOedu.ex
143 PQ@edu.ex | R»
puiUps | Ry | john | JOedu.ex
pui1Ups | Ry | john | P@edu.ex | Ry
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Compatible mappings: mappings that can be merged.

Definition
The mappings p1, 2 are compatibles iff they agree
in their shared variables:
> 11(?X) = u2(?X) for every 72X € dom(p1) N dom(pz).
w1 U po is also a mapping.

Example
X | ?Y U Vv
p1 | Ru | john
2 Ry J@edu.ex
"3 PQ@edu.ex | R»
puiUps | Ry | john | JOedu.ex
w1 U ps Ry | john | P@edu.ex | R»

g = { } is compatible with every mapping.
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Sets of mappings and operations

Let My and M, be sets of mappings:

Definition

Join: My X M,
> {p1 U po | p1 € My, pup € Mo, and g, o are compatibles}
» extending mappings in M; with compatible mappings in M,

will be used to define AND
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Sets of mappings and operations

Let My and M, be sets of mappings:
Definition
Join: My X M,
> {p1 U po | p1 € My, pup € Mo, and g, o are compatibles}
» extending mappings in M; with compatible mappings in M,
will be used to define AND
Definition
Union: M; U M,
> (| € My or i€ My}

» mappings in M; plus mappings in M, (the usual set union)

will be used to define UNION
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Sets of mappings and operations

Definition
Difference: My ~ M,
» {u € My | forall i/ € My, uand 1 are not compatibles}
» mappings in M; that cannot be extended with mappings in M,
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Sets of mappings and operations

Definition
Difference: My ~ M,
» {u € My | forall i/ € My, uand 1 are not compatibles}
» mappings in M; that cannot be extended with mappings in M,

Definition
Left outer join: My X M, = (Ml X M2) U (M1 N M2)
> extension of mappings in M; with compatible mappings in M>

» plus the mappings in M; that cannot be extended.

will be used to define OPT

C. Gutierrez et al. — Formal SPARQL 14 / 34



Semantics of general graph patterns

Definition
Given a graph G the evaluation of a pattern is recursively defined

the base case is the evaluation of a BGP.

C. Gutierrez et al. — Formal SPARQL 15 / 34



Semantics of general graph patterns

Definition
Given a graph G the evaluation of a pattern is recursively defined

> [[(P1 AND Po)ll¢ = [[Pille ™ [P2ll6

the base case is the evaluation of a BGP.
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Semantics of general graph patterns

Definition
Given a graph G the evaluation of a pattern is recursively defined

> [[(P1 AND Po)ll¢ = [[Pille ™ [P2ll6

> [[(P1 UNION Po)ll¢ = [[Pillc U [P2]le

the base case is the evaluation of a BGP.
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Semantics of general graph patterns

Definition
Given a graph G the evaluation of a pattern is recursively defined

> [[(P1 AND Po)ll¢ = [[Pille ™ [P2ll6
> [[(P1 UNION Po)ll¢ = [[Pillc U [P2]le
> [(P1 OPT Pl = [[Plle ™ [Palle

the base case is the evaluation of a BGP.

C. Gutierrez et al. — Formal SPARQL 15 / 34



Example (AND)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} AND {(?X, email, ?E)}]|¢
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Example (AND)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} AND {(?X, email, ?E)}]|¢
[{(?X, name, ?N)}]l¢ X [{(?X, email, ?E)}]
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Example (AND)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)

G :  (Ri, email, J@ed.ex) (Rs3, email, RQ@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} AND {(?X, email, ?E)}]|¢
[{(?X, name, ?N)}]l¢ X [{(?X, email, ?E)}]

X | N
p1 | Ri | john
p2 | Ro | paul
us | Rs | ringo
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Example (AND)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} AND {(?X, email, ?E)}]|¢
[{(?X, name, ?N)}]l¢ X [{(?X, email, ?E)}]

X | N
? ?
p1 | Ry | john X ’E
2 | Rz | paul pa | Ry | JOed.ex
us | Rs | ringo s | R | R@ed.ex
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Example (AND)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} AND {(?X, email, ?E)}]|¢
[{(?X, name, ?N)}]l¢ X [{(?X, email, ?E)}]

X | N
' X 7E
Z; g; J;ahuf: s pa | Ry | JOed.ex
us | Rs | ringo s | R | R@ed.ex
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Example (AND)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} AND {(?X, email, ?E)}]|¢
[{(?X, name, ?N)}]l¢ X [{(?X, email, ?E)}]

X | N
' X 7E
Z; g; J;ahuf: s pa | Ry | JOed.ex
us | Rs | ringo s | R | R@ed.ex

X | ?N ’E
1 Upg | Ry | john | J@ed.ex
u3Ups | Rs | ringo | R@ed.ex
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Example (OPT)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} OPT {(?X, email, 2E)}]¢
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Example (OPT)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (Rs3, email, RQ@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} OPT {(?X, email, 2E)}]¢
[{(?X, name, ?N)}¢ M [{(?X, email, 2E)}]¢
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Example (OPT)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} OPT {(?X, email, 2E)}]¢
[{(?X, name, ?N)}¢ M [{(?X, email, 2E)}]¢

X\ N
p1 | R | john
p2 | Ro | paul
w3 | Rs | ringo
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Example (OPT)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} OPT {(?X, email, 2E)}]¢
[{(?X, name, ?N)}¢ M [{(?X, email, 2E)}]¢

X | N
? ?
p1 | Ri | john X 'E
o | Rz | paul pa | Ry | JOed.ex
w3 | Rs | ringo ps | Rs | R@ed.ex
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Example (OPT)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} OPT {(?X, email, 2E)}]¢
[{(?X, name, ?N)}¢ M [{(?X, email, 2E)}]¢

X | ?N
' X 7E
Z; g; J;huf: N pa | Ry | JOed.ex
w3 | Rs | ringo ts | R3 | R@ed.ex
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Example (OPT)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} OPT {(?X, email, 2E)}]¢
[{(?X, name, ?N)}¢ M [{(?X, email, 2E)}]¢

X | ?N
' X 7E
Z; g; J;huf: N pa | Ry | JOed.ex
w3 | Rs | ringo ts | R3 | R@ed.ex

XN ?E

w1 Upg | Ry | john | J@ed.ex

u3Ups | R3 | ringo | R@ed.ex
2 R> | paul
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Example (OPT)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, name, ?N)} OPT {(?X, email, 2E)}]¢
[{(?X, name, ?N)}¢ M [{(?X, email, 2E)}]¢

X | ?N
' X 7E
Z; g; J;huf: N pa | Ry | JOed.ex
w3 | Rs | ringo ts | R3 | R@ed.ex

XN ?E

w1 Upg | Ry | john | J@ed.ex

u3Ups | R3 | ringo | R@ed.ex
2 R | paul

C. Gutierrez et al. — Formal SPARQL 17 / 34



Example (UNION)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, email, ?Info)} UNION {(?X, webPage, ?Info)}]|c
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Example (UNION)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, email, ?Info)} UNION {(?X, webPage, ?Info)}]|c
[{(?X, email, ?Info)}]lc U [{(?X, webPage, ?Info)}] ¢
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Example (UNION)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)

G: (R1, email, J@ed.ex)

C. Gutierrez et al.

(Rs3, email, RQ@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, email, ?Info)} UNION {(?X, webPage, ?Info)}]|c
[{(?X, email, ?Info)}]lc U [{(?X, webPage, ?Info)}] ¢

?X | ?nfo
M1 Rl JOed.ex
U2 R3 R@ed.ex
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Example (UNION)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)

G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, email, ?Info)} UNION {(?X, webPage, ?Info)}]|c
[{(?X, email, ?Info)}]lc U [{(?X, webPage, ?Info)}] ¢

X ?Info
? ?
p1 | R | JOed.ex X .(nfo
p2 | R | R@ed.ex ps | Rz | www.ringo.com
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Example (UNION)

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)

G :  (Ri, email, J@ed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, email, ?Info)} UNION {(?X, webPage, ?Info)}]|c
[{(?X, email, ?Info)}]lc U [{(?X, webPage, ?Info)}] ¢

X ?Info
? ?
p1 | Ry | JOed.ex U X .(nfo
p2 | R | R@ed.ex ps | Rz | www.ringo.com

C. Gutierrez et al. — Formal SPARQL 18 / 34



Example (UNION)

G :

C. Gutierrez et al.

(R1, name, john) (R2, name, paul)  (Rs3, name, ringo)
(R1, email, J@ed.ex) (Rs3, email, RQ@ed.ex)
(R3, webPage, www.ringo.com)

[{(?X, email, ?Info)} UNION {(?X, webPage, ?Info)}]|c
[{(?X, email, ?Info)}]lc U [{(?X, webPage, ?Info)}] ¢

?X | ?nfo
M1 Rl JOed.ex U
U2 R3 R@ed.ex

X ?Info
w3 | Rs | www.ringo.com

X ?Info

w | R J@ed.ex

U2 R3 R®@ed.ex

13 | Rs | www.ringo.com

—  Formal SPARQL 18 / 34



Boolean filter expressions (value constraints)

In filter expressions we consider
» the equality = among variables and RDF terms
» a unary predicate bound

» boolean combinations (A, V, )

A mapping p satisfies
> X =cif u(?X)=c
> X =Y if p(?X) = p(?Y)
» bound(?X) if u is defined in 7.X, i.e. ?X € dom(u)
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Satisfaction of value constraints

» If Pis a graph pattern and R is a value constraint then
(P FILTER R) is also a graph pattern.
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Satisfaction of value constraints

» If Pis a graph pattern and R is a value constraint then
(P FILTER R) is also a graph pattern.

Definition
Given a graph G

» [[(P FILTER R)]l¢c = {1 € [[P]l¢ | i satisfies R}
i.e. mappings in the evaluation of P that satisfy R.
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Example (FILTER)

(R1, name, john) (R2, name, paul)  (R3, name, ringo)
G : (R, email, JQed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[({(?X, name, ?N)} FILTER (?N = ringo V ?N = paul))]|¢
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Example (FILTER)

(R1, name, john) (R2, name, paul)  (R3, name, ringo)
G : (R, email, JQed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[({(?X, name, ?N)} FILTER (?N = ringo V ?N = paul))]|¢

X | N
p1 | Ri | john
p2 | Ro | paul
us | Rs | ringo
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Example (FILTER)

(R1, name, john)

G : (R, email, JQed.ex)

(R2, name, paul)  (R3, name, ringo)

(R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[({(?X, name, ?N)} FILTER (?N = ringo V ?N = paul))]|¢

X | N
p1 | Ri | john
p2 | Ro | paul
us | Rs | ringo
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Example (FILTER)

(R1, name, john) (R2, name, paul)

G : (R, email, JQed.ex)

(Rs3, name, ringo)
(R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

[({(?X, name, ?N)} FILTER (?N = ringo V ?N = paul))]|¢

X | N
p1 | Ri | john
p2 | Ro | paul
us | Rs | ringo

H2
M3
C. Gutierrez et al. — Formal SPARQL

?N = ringo V ?N = paul

X | N
R> | paul
Rs3 | ringo
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Example (FILTER)

(R1, name, john) (R2, name, paul)  (R3, name, ringo)
G : (R, email, JQed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

I(({(?X, name, ?N)} OPT {(?X, email, ?E)}) FILTER = bound(?E))]l¢

C. Gutierrez et al. — Formal SPARQL 22 /34



Example (FILTER)

(R1, name, john) (R2, name, paul)  (R3, name, ringo)
G : (R, email, JQed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

I(({(?X, name, ?N)} OPT {(?X, email, ?E)}) FILTER = bound(?E))]l¢

X | N ?E

w1 Upg | Ry | john | J@ed.ex

u3Ups | R3 | ringo | R@ed.ex
2 R> | paul
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Example (FILTER)

(R1, name, john) (R2, name, paul)  (R3, name, ringo)
G : (R, email, JQed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

I(({(?X, name, ?N)} OPT {(?X, email, ?E)}) FILTER = bound(?E))]l¢

X | N ?E

w1 Upg | Ry | john | J@ed.ex

u3Ups | R3 | ringo | R@ed.ex
2 R> | paul

—bound(?E)

C. Gutierrez et al. — Formal SPARQL 22 /34



Example (FILTER)

(R1, name, john) (R2, name, paul)  (R3, name, ringo)
G : (R, email, JQed.ex) (R3, email, R@ed.ex)
(R3, webPage, www.ringo.com)

I(({(?X, name, ?N)} OPT {(?X, email, ?E)}) FILTER = bound(?E))]l¢

X | N ?E

w1 Upg | Ry | john | J@ed.ex

u3Ups | R3 | ringo | R@ed.ex
2 R> | paul

—bound(?E)

X | N
p2 | R | paul
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FILTER: differences with the official specification

» We restrict to the case in which all variables in R are
mentioned in P.

» This restriction is not imposed in the official specification by
W3C.
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FILTER: differences with the official specification

» We restrict to the case in which all variables in R are
mentioned in P.

» This restriction is not imposed in the official specification by
W3C.

» The semantics without the restriction does not modify the
expressive power of the language.

C. Gutierrez et al. — Formal SPARQL 23 /34



SPARQL Datasets

» One of the interesting features of SPARQL is that a query
may retrieve data from different sources.

Definition
A SPARQL dataset is a set

D = {Go, (u1, G1), (u2, Gp), ..., (un, Gn)}
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SPARQL Datasets

» One of the interesting features of SPARQL is that a query
may retrieve data from different sources.

Definition
A SPARQL dataset is a set
D = {Go, (u1, G1), (U2, G2), ..., (un, Gn) }

» Gy is the default graph, (uj, G;) are named graphs
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SPARQL Datasets

» One of the interesting features of SPARQL is that a query
may retrieve data from different sources.

Definition
A SPARQL dataset is a set

D = {Go, (u1, G1), (u2, Gp), ..., (un, Gn)}

» Gy is the default graph, (uj, G;) are named graphs

> name(D) = {uy, to,..., Up}
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SPARQL Datasets

» One of the interesting features of SPARQL is that a query
may retrieve data from different sources.

Definition
A SPARQL dataset is a set

D = {Go, (u1, G1), (u2, Gp), ..., (un, Gn)}

» Gy is the default graph, (uj, G;) are named graphs
» name(D) = {u1, up, ..., Uy}

» dp is a function such dp(u;) = G;.
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The GRAPH operator

if uis an IRIl, 7X is a variable and P is a graph pattern, then
» (u GRAPH P) is a graph pattern
» (?X GRAPH P) is a graph pattern
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The GRAPH operator

if uis an IRIl, 7X is a variable and P is a graph pattern, then
» (u GRAPH P) is a graph pattern
» (?X GRAPH P) is a graph pattern

GRAPH will permit us to dynamically change the graph against
which our pattern is evaluated.
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Semantics of GRAPH

Definition
Given a dataset D and a graph pattern P
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Semantics of GRAPH

Definition
Given a dataset D and a graph pattern P

[(u GRAPH P)llc = [Pllap(u)
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Semantics of GRAPH

Definition
Given a dataset D and a graph pattern P
[(u GRAPH P)llc = [[Pllap(u)

[(?X GRAPH P)]j¢ =
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Semantics of GRAPH

Definition
Given a dataset D and a graph pattern P

[(u GRAPH P)llc = [Pllap(u)

[(?X GRAPH P)[c = |
uename(D)
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Semantics of GRAPH

Definition
Given a dataset D and a graph pattern P

[(u GRAPH P)llc = [Pllap(u)

[CXGRAPH P)lc = |J [Pl
uename(D)
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Semantics of GRAPH

Definition
Given a dataset D and a graph pattern P

[(u GRAPH P)llc = [Pllap(u)

[(X GRAPH P)c = | ([[P]]dp(u) X {{2X u}})

uename(D)
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Semantics of GRAPH

Definition
Given a dataset D and a graph pattern P

[(u GRAPH P)llc = [Pllap(u)

[(X GRAPH P)c = | ([[P]]dp(u) X {{2X u}})

uename(D)

Definition
The evaluation of a general pattern P against a dataset D, denoted
by [[P]lp, is the set [[P]lg, where Gg is the default graph in D.

C. Gutierrez et al. — Formal SPARQL 26 / 34



u}
‘ |
1l
n
!

Example (GRAPH)

D
Go:

Q>



Example (GRAPH)

D
Go:

. (R1, name, john) (R2, name, paul)
< th, Gu: (R1, email, J@ed.ex) >
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
< th, Gu: (R1, email, J@ed.ex) >
< T (o (R4, name, mick) (Rs, name, keith) >
2 (Ra, email, M@ed.ex)  (Rs, email, KQed.ex)
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
< th, Gu: (R1, email, J@ed.ex) >
< T (o (R4, name, mick) (Rs, name, keith) >
2 (Ra, email, M@ed.ex)  (Rs, email, KQed.ex)

[( trs GRAPH {(?X, name, ?N)})]p
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
< th, Gu: (R1, email, J@ed.ex) >
< T (o (R4, name, mick) (Rs, name, keith) >
2 (Ra, email, M@ed.ex)  (Rs, email, KQed.ex)

[( trs GRAPH {(?X, name, ?N)})]p
[{(?X; name, ?N)}]c,
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
< th, Gu: (R1, email, J@ed.ex) )
< T (o (R4, name, mick) (Rs, name, keith) )
2 (R4, email, MQ@ed.ex)  (Rs, email, K@ed.ex)

[( trs GRAPH {(?X, name, ?N)})]p
[{(?X; name, ?N)}]c,

X | N
w1 | Ra | mick
2 | Rs | keith
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
< tb, Gu: (R1, email, J@ed.ex) >
< trs, Gy: (R4, name, mick) (Rs, name, keith) >

(R4, email, M@ed.ex)  (Rs, email, KQed.ex)
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
< tb, Gu: (R1, email, J@ed.ex) >
< T (o (R4, name, mick) (Rs, name, keith) >
0 (Rs, email, M@ed.ex)  (Rs, email, K@ed.ex)

[(2G GRAPH {(?X, name, ?N)})]»
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
(tb, Gi: (Ry, email, J@ed.ex) )
< T (o (R4, name, mick) (Rs, name, keith) )
0 (Rs, email, M@ed.ex)  (Rs, email, K@ed.ex)

[(?G GRAPH {(?X, name, ?N)})]lp
[{(?X, name, 7N)} e, X {{?G — tb}}
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
(tb, Gi: (Ry, email, J@ed.ex) )
< T (o (R4, name, mick) (Rs, name, keith) )
0 (Rs, email, M@ed.ex)  (Rs, email, K@ed.ex)

[(?G GRAPH {(?X, name, ?N)})]lp
[{(?X, name, M)}, X {{?G — tb}} U
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Example (GRAPH)

D
Go:
. (R1, name, john) (R2, name, paul)
(tb, Gi: (Ry, email, J@ed.ex) )
< trs, Gy: (R4, name, mick) (Rs, name, keith) >

(R4, email, M@ed.ex)  (Rs, email, KQed.ex)

[(2G GRAPH {(?X, name, ?N)})]»

[{(?X, name, ?N)}]g, X {{?G — tb}} U
[{(?X, name, ?N)}]g, X {{?G — trs}}
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Example (GRAPH)

D
GoZ
. (R1, name, john) (R2, name, paul)
(tb, Gi: (Ry, email, J@ed.ex) )
( trs, Gy (R4, name, mick) (Rs, name, keith) )
n S (Rs, email, MQ@ed.ex)  (Rs, email, KQed.ex)

[(2G GRAPH {(?X, name, ?N)})]»

[{(?X, name, ?N)}]g, X {{?G — tb}} U
[{(?X, name, ?N)}]g, X {{?G — trs}}

X | PN
1 Ry john X {{?G = tb}}
p2 | Ro | paul
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Example (GRAPH)

D
GoZ
. (R1, name, john) (R2, name, paul)
(tb, Gi: (Ry, email, J@ed.ex) )
( trs, Gy (R4, name, mick) (Rs, name, keith) )
! ’ (Rs, email, MQ@ed.ex)  (Rs, email, KQed.ex)

[(2G GRAPH {(?X, name, ?N)})]»

[{(?X, name, ?N)}]g, X {{?G — tb}} U
[{(?X, name, ?N)}]g, X {{?G — trs}}

X | IN X | N
p1 | Ry | john X {{?G — tb}}U pu3 | Rs | mick |X {{?G — trs}}
w2 | Ry | paul wa | Rs | keith
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Example (GRAPH)

GoZ
. (R1, name, john)
(tb, Gi: (Ry, email, J@ed.ex)
( trs, Gy (R4, name, mick)

[(2G GRAPH {(?X, name, ?N)})]»

D

(R4, email, M@ed.ex)

(R2, name, paul) )

(Rs, name, keith)

(Rs, email, KQed.ex) )

[{(?X, name, ?N)}]g, X {{?G — tb}} U
[{(?X, name, ?N)}]g, X {{?G — trs}}

X | ?N X | ?N
p1 | Ry | john |X {{?G — tb}}U pu3 | Rs | mick
w2 | Ry | paul wa | Rs | keith

7G| X | N

tb | Ry | john

tb | Ry | paul

trs | Ry | mick

trs | Ry | keith
C. Gutierrez et al. — Formal SPARQL
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SELECT

» Up to this point we have concentrated in the body of a

SPARQL query, i.e. in the graph pattern matching expression.

» A query can also process the values of the variables. The
most simple processing operation is the selection of some
variables appearing in the query.
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SELECT

» Up to this point we have concentrated in the body of a

SPARQL query, i.e. in the graph pattern matching expression.

» A query can also process the values of the variables. The
most simple processing operation is the selection of some
variables appearing in the query.

Definition
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SELECT

» Up to this point we have concentrated in the body of a
SPARQL query, i.e. in the graph pattern matching expression.

» A query can also process the values of the variables. The
most simple processing operation is the selection of some
variables appearing in the query.

Definition
» A SELECT query is a tuple (W, P) where P is a graph
pattern and W is a set of variable.
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SELECT

» Up to this point we have concentrated in the body of a
SPARQL query, i.e. in the graph pattern matching expression.

» A query can also process the values of the variables. The
most simple processing operation is the selection of some
variables appearing in the query.

Definition
» A SELECT query is a tuple (W, P) where P is a graph
pattern and W is a set of variable.

» The answer of a SELECT query against a dataset D is

{w | 1€ [P}

where 1, is the restriction of 1 to domain W.
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CONSTRUCT

» A query can also output an RDF graph.
» The construction of the output graph is based on a template.

» A template is a set of triple patterns possibly with bnodes.
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CONSTRUCT

» A query can also output an RDF graph.
» The construction of the output graph is based on a template.

» A template is a set of triple patterns possibly with bnodes.

Example
T = {(?X, name, ?7Y), (?X, info, ?/), (?X, addr, B)}

with B a bnode
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CONSTRUCT

» A query can also output an RDF graph.
» The construction of the output graph is based on a template.

» A template is a set of triple patterns possibly with bnodes.

Example
T = {(?X, name, ?7Y), (?X, info, ?/), (?X, addr, B)}

with B a bnode
Definition

» A CONSTRUCT query is a tuple (T, P) where P is a graph
pattern and T is a template.
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CONSTRUCT: Semantics

Definition
The answer of a CONSTRUCT query (T, P) against a dataset D
is obtained by
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CONSTRUCT: Semantics

Definition
The answer of a CONSTRUCT query (T, P) against a dataset D
is obtained by

> for every 1 € [[P]]p create a template T, with fresh bnodes
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CONSTRUCT: Semantics

Definition
The answer of a CONSTRUCT query (T, P) against a dataset D
is obtained by
> for every 1 € [[P]]p create a template T, with fresh bnodes
> take the union of pu(T,) for every pu € [P]lp
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CONSTRUCT: Semantics

Definition
The answer of a CONSTRUCT query (T, P) against a dataset D
is obtained by

> for every 1 € [[P]]p create a template T, with fresh bnodes

> take the union of pu(T,) for every pu € [P]lp
» discard the not valid RDF triples
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CONSTRUCT: Semantics

Definition
The answer of a CONSTRUCT query (T, P) against a dataset D
is obtained by

> for every 1 € [[P]]p create a template T, with fresh bnodes

> take the union of pu(T,) for every pu € [P]lp
» discard the not valid RDF triples
» some variables have not been instantiated.
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CONSTRUCT: Semantics

Definition
The answer of a CONSTRUCT query (T, P) against a dataset D
is obtained by
> for every 1 € [[P]]p create a template T, with fresh bnodes
> take the union of pu(T,) for every pu € [P]lp

» discard the not valid RDF triples

» some variables have not been instantiated.
» bnodes in predicate positions
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Blank nodes in graph patterns

» We allow now bnodes in triple patterns.

» Bnodes act as existentials scoped to the basic graph pattern.
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Blank nodes in graph patterns

» We allow now bnodes in triple patterns.

» Bnodes act as existentials scoped to the basic graph pattern.
Definition

The evaluation of the BGP P with bnodes over the graph G
denoted [[P]|¢, is the set of all mappings i such that:
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Blank nodes in graph patterns

» We allow now bnodes in triple patterns.

» Bnodes act as existentials scoped to the basic graph pattern.

Definition
The evaluation of the BGP P with bnodes over the graph G
denoted [[P]|¢, is the set of all mappings i such that:
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Blank nodes in graph patterns

» We allow now bnodes in triple patterns.

» Bnodes act as existentials scoped to the basic graph pattern.

Definition
The evaluation of the BGP P with bnodes over the graph G
denoted [[P]|¢, is the set of all mappings i such that:

» dom(p) is exactly the set of variables occurring in P,

> there exists a function @ from bnodes of P to G such that
uw(0(P)) € G.

» A natural extension of BGPs without bnodes.

» The algebra remains the same.
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Bag/Multiset semantics

» In a bag, a mapping can have cardinality greater than one.

» Every mapping w1 in a bag M is annotated with an integer
cm(p) that represents its cardinality (cp(p) = 0 if 1 & M).

» Operations between sets of mappings can be extended to bags
maintaining duplicates:
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Bag/Multiset semantics

» In a bag, a mapping can have cardinality greater than one.

» Every mapping w1 in a bag M is annotated with an integer
cm(p) that represents its cardinality (cp(p) = 0 if 1 & M).

» Operations between sets of mappings can be extended to bags
maintaining duplicates:

Definition

pEM=MMXM, cp)= > cm(m)-cm(p2),
H=p1Up2

peEM=M UM, cy(p)= cm(p)+cm(p),
weEM=M ~ M, CM(,U) = CMl(,U)-

» Intuition: we simply do not discard duplicates.
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