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What is RDF and does it need schemas? (cont'd.)

Originally, free-range RDF

» The driving technology of Web 3.0
» ‘“Just publish your data so others can access it!"”

> Intentionally schema-free and ontology oriented (RDF Schema)

Nowadays, industrial-strength RDF

» Produced and consumed by applications (data exchange format)

» Often obtained from exporting data from relational databases (e.g., R2RML)
> Follows a strict structure

What are schemas for?

» Provide a semantic insight into data
» Capture the structure of the graph (summary)

» Enable validation i.e., checking data conformance
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Shape Expression Schema (ShEx)

Syntax

ShEx is a set of rules of the form Type — RegExp(Predicate x Type)
“Boom!”

desc, “Kaboom!” desc,
3 bug: 2e; x}’p bug> Bug — descr :: str,
Q 2
N 1‘0/ 2\; reportedBy :: User,
) o
"33 bugy s reproducedBy :: Employee?,
[]
O'% s\ 5 related :: Bug*
© § o© <
% /& \a
2 1’“ o} users
S
“(QJ

User — name :: str,

@ ® email :: str?

“Bang!” Q:y %

empy o) Employee — name :: str,
@ %, “Steve”

‘fy Vi‘g “stv@m.pl”

“Mary" u

email :: str
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Shape Expression Schema (ShEx)

Syntax

“Boom!”

descI,

ShEx is a set of rules of the form Type — RegExp(Predicate x Type)

. I
'Kaboom! desc,

- ) eé blgz str B
‘16 z, »&‘25’
g <@

reportedBy :: User,
reproducedBy :: Employee?,
§;% o related :: Bug*
w
‘gfw 91 users
&
£

User — name :: str,
@ ® email :: str?
“Bang!” ’Vf/ %
emp; ol

@ %, “Steve”
&

“m@h.org”
Semantics

Bug — descr ::

fgpeaioded

Employee — name :: str,
‘stv@m.pl”

email :: str

Graph satisfies a schema if every node has at least one type
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Background information

Shape Expressions Schemas (ShEx)

>

>

| 2

Inspired by XML Schema and reminiscent of (tree) automata

Based on regular expressions under commutative closure
membership NP-c [Kopczynski&To'10]; containment coNEXP-c [Haase&Hofman’16]

Envisioned as a potential XSLT-like transformation engine for RDF

ShEx vs SHACL

>

ShEx is a schema language with a growing base of users and a host of applications
SHACL is Shape Constraint Language (e.g., path constraints)

significant overlap (upcoming paper) but also differences (recursion, negation etc.)
comparable validation complexity (NP-complete)

both have been developed under the tutelage of W3C

SHACL ended up a W3C Recommendation (yay!), ShEx a W3C Community Group Project
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Containment problem

Containment S; C 5,
Does every graph that satisfies S; also satisfies S,7

Motivation

» Fundamental problem (static analysis: query optimization, schema minimization etc.)

> Inference of ShEx (work in progress)

G S1 c S c

G2

Generalization Over-generalization ><

Positive example Negative example

The challenge

» Commutative (unordered) REs = Presburger Arithmetic (PA)
» MSOg € ShEx C MSOg + PA
» MSOg with very little arithmetic is undecidable [Elgot&Rabin’66]
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Decidability of Containment

S1: th—a:uty S ss—ansi|(azs, ans)
t — bt s1— biisy S e

G: ({to}, {})

() (52) / J\ () ()

({tl}, {51752})
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Decidability of Containment

S1: th—a:uty S ss—ansi|(azs, ans)

t — bt s1— biisy S e
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Decidability of Containment
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Decidability of Containment

S1: th—a:uty S ss—ansi|(azs, ans)

t — bt s1— biisy S e

G: ({to}, {})

J PNNCEIRED)
— [ ]

({tr}, {s1,%})
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Decidability of Containment

S1: th—a:uty S ss—ansi|(azs, ans)

t — bt s1— biisy S e

G: ({to}, {})

Can we bound o
these values? ({1}, {s1})
/ [ ]

({ta}, {51, %2})

Containment of ShEx is in co2NEXPNP

» The counter-example is a graph with at most exponential number of nodes, one node per (A, B)-kind
» A PA formula that describes the multiplicities
» PA enjoys an upper bound O(|go|3|;|k) on minimal solutions [Weispfenning'90]

» Double exponential upper bound on the size of a counter-example
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Decidability of Containment

S1: th—a:uty S ss—ansi|(azs, ans)

t — bt s1— biisy S e

G: ({to}, {})

J PNNCEIRED)
/.

({tr} {51, %2})
Containment of ShEx is in co2NEXPNF and coNEXP-hard

» The counter-example is a graph with at most exponential number of nodes, one node per (A, B)-kind
» A PA formula that describes the multiplicities

» PA enjoys an upper bound O(|go|3|;|k) on minimal solutions [Weispfenning'90]

» Double exponential upper bound on the size of a counter-example

» Containment of commutative REs has recently been shown to be coNEXP-hard [Haase&Hofman'16]
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ShExg

» no disjunction (a:: t1 | b:: t2) and no grouping (a:: ti, b:: t»)
» Shape Graphs — an equivalent graphical representation

related

‘Boom! descr '‘Kaboom! deScr
bu,
S g2
X

<

2

bugy o

&

A\ Z
&\
o

R userp

g )
“Bang!” Q},ﬁ/ '
7 @ S “Steve”
= &
“John”

“stv@m.pl”
“Mary” “I

o

Bug — descr :: str, reportedBy :: User, reproducedBy :: Employee?7 related : Bug*
User — name :: str, email :: str’

Employee — name :: str, email :: str
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Embeddings

> Generalized simulations (graph morphism with occurrence constraints)

» Capture semantics of ShExg by means of structural comparison

related
@
Bu m bug:
g bugs —

g
T fgpeoupoadex

B 57
51
N

“Kabang!” “John” “Mary”

%

string “m@h.org” “Boom!”
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Embeddings

» Generalized simulations (graph morphism with occurrence constraints)
» Capture semantics of ShExg by means of structural comparison

» Embeddings generalize naturally to pairs of shape graphs

related related
@ @
Bug — Bug Q bug:

bugs

Lgpejxodax
T
?
reproducedBy
Fepg, 2t
B

N
(0]

hel

R
2

15

s ?
9 o
a o
3 <
Person User emp;

B
IS

, ,ﬁa;/
51
N

“Kabang!” “John” “Mary” “m@h.org” “Boom!”

%

sting ¢ Zstring
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Properties of embeddings

Embedding and containment

» Embedding implies containment

> In general, the converse does not hold

S
£ b

b YA

H cannot be embedded into K (b:: t* is equivalent to e | b::t | b t")

Theorem
Constructing embeddings is
» in PTIME if only 1, 7, *, + are used

» NP-complete if arbitrary occurrence constraints are allowed a:: t

[nim]
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When does containment implies embedding 7

Determinism

» DetShExq every type uses each predicate symbol at most once

> DetShEx; no + are allowed and ? must be dominated by *

Characterizing graph
For any H € DetShEx, there is a polynomially-sized graph G characterizing H under containment i.e.,

VK € DetShExg. G satisfies K = H C K.

Theorem
Containment for DetShEx; is in PTIME

Theorem
Containment for DetShExg is coNP-hard
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Two equivalent ShExg schemas and their shape graphs

H:

Bug — descr :: str, reportedBy :: User, reproducedBy : Employee?,
related :: Bug*

User — name :: str, email :: str’

Employee — name :: str, email :: str

K:

User; — name :: str

User; — name :: str, email :: str

Bug, — descr :: str, reportedBy :: User;, reproducedBy : Employee?,
related :: Bug], related :: Bug,

Bug, — descr :: str, reportedBy :: User,, reproducedBy : Employee?,
related :: Bug;, related :: Bug,

Employee — name :: str, email :: str
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Coverings

Generalization of embeddings

A type t is covered by a set of types S = {s1,..., sk} iff any node satisfying t also satisfies one of the types in S

Lemma (Constructing covering)
Covering is the maximum relation R C Types(H) x P(Types(K)) such that

V(t,S) € R. def(t) 2% ¢ {def(s) | s € S}.
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Unfolding
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Unfolding

Unfolding U into {Us, Us}

U=snalmal =ncl(elmal)=mal) | (nul,mal)« U | U

Stawek S. (PODS'19) Containment of ShEx Amsterdam 2019 14 /17



Unfolding

Unfolding B into {By, By}

BoruB,u:U d:L e:E"
=(r:BuzU,d:L e:EY)|(rz:B"u
=(roBi,ruBusU,daLl e EYY|(r
«— Bi| B
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Complexity of ShExg

Theorem
Containment for ShExq is in EXP

» Covering is a relation of exponential size

» Covering can be obtained with an iterative refinement process
(starting with maximal relation and remove at least one element at each iteration until stabilization)

» At each step unfoldings are constructed and each unfolding is a tree whose size is bounded exponentially

Theorem
Containment for ShExq is EXP-complete

» Reduction from containment for binary tree automata
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Conclusions and future work

Summary of results

» Containment for ShEx is decidable
» There is a (arguably practical) class DetShExg with tractable containment

» ShEx is very different from tree automata and requires novel techniques

ShEx DetShEx | ShExg | DetShExg | DetShEx,
coNEXP-h and co2EXP™ | co2EXP | EXP-c | coNP-h PTIME

Further work

» Since ShExq still can capture (limited) disjunction, can the lower bounds be adapted to ShExo with
disjunction?
» How many of our results transfer to SHACL and at what cost?

» What is the precise impact of determinism on complexity of containment?
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Questions
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