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The Problem of Data Exchange

e Given: Asource schemd, atarget schemd and a
specificatior® of the relationship between these schemas.

e Data exchangeProblem of finding an instance @f, given an
iInstance ofS.

- Target instance should reflect the source data as acguaat@lossible,
given the constraints imposed byandT'.

- It should be efficiently computable.

- It should allow one to evaluate queries on the target in athatis
semantically consistentith the source data.
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Data Exchange in Relational Databases

e Data exchange has been extensively studied in the rel&tiona
world.

- It has also been implemented: Clio.

e Relational data exchange settings:
- Source and target schemas: Relational schemas.

- Relationship between source and target schemast:

e Semantics of data exchange has been precisely defined.

- Algorithms formaterializing target instancesd foranswering queries
over the targehave been developed.



Data exchange settings

Data Exchange SettingS, T, >.;)
S: Source schema.
T: Target schema.

Ysr. Set of source-to-target dependencies.

- Source-to-target dependency: FO sentence of the form
- ps(x): FO formula overS.

- 1 (Z,¥y): conjunction of FO atomic formulas ovér.



Data exchange settings: Example

S = (Employee(-))

T = (Dept(-,-))

Yot = {Vx (Employee(x) — Jy Dept(x,y))}.



Data exchange problem

Given a source instande find a target instancé such that 7, J)
satisfie ;.

- Jis called asolutionfor 1.

Example: Possible solutions fér= { Employee(peter)}:

J1 = {Dept(peter,1)}.

Jo = {Dept(peter, 1), Dept(peter,2)}.

(
Js = {Dept(peter, 1), Dept(john,1)}.
(

Ja = {Dept(peter, X)}.

Js = {Dept(peter, X ), Dept(peter,Y)}.



Query answering

(. Query over the target schema.

- What does it mean to answeéx?

certaif@Q,I) = f Q(J)

J 1s a solution forl

Example:

- certair{3y Dept(x,y), I) = {peter}.

- certaif Dept(x,y), 1) = 0.



Query rewriting

How can we computeertain@, I)?

- Naive algorithm does not work: infinitely many solutions.

Approach proposed in [FKMPO3Query Rewriting

Look for some specifi¢- : inst(S) — inst(T), and find condi-
tions under whickcertaif@, 1) = Q'(F (1)) for every source
Instancel.

What is a good alternative foF?
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Canonical solution

Input: (S, T, X, ) and a source instande
Output: Canonical solutiod for

Algorithm:

for everyVz (ps(z) — Jyr(z,y)) € Xg dO
for everya such that/ satisfiespg(a) do
create a fresh tuple of null valu@s
insertyr(a,Y) into J
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Canonical solution: Example

Yot = {Vx (Employee(x) — Iy Dept(x,y))} and
I = { Employee(peter), Employee(john)}.

- Fora = peter do
Create a fresh null valug
Insert Dept (peter, X) into J

- Fora = john do
Create a fresh null valug
InsertDept(john,Y) into J

Canonical solution:

{Dept(peter, X), Dept(john,Y )}
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Query rewriting over the canonical solution

Fean(I): canonical solution for .

- Can be computed in polynomial time (data complexity).

Theorem [FKMPO3]: For every data exchange setting and union
of conjunctive querie§), there exist%)’ such that for every source
instancel, certaif@, ) = Q' (Fean(1)).

- C(x): holds whenevet is a constant.

- QN (x1, o xm) =C(x) AN ANC(Tm) NQ(x1, -+ ., Tin).
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Query Rewriting over the Canonical Universal Solution

e Example:X,, = {Vx Employee(x) — Jy Dept(x,y)},
I = {Employee(peter), Employee(john)} and
J = {Dept(peter, X), Dept(john,Y )}

Query . Q(z,y) = Jy Dept(z, y)
certaifi@Q, I') = {peter, john}
Rewriting : Q'(z,y) = C(x) A 3y Dept(z,y)

Q'(J) = {peter, john}
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Query rewriting over the canonical solution

Can the theorem be extended to other classes of queries?

Theorem [FKMPO3]: There exists a data exchange setting and a conjunctive
guery( with one inequality such tha& is not FO-rewritabl@ver F.,..

- For every FO query)’, there exists an instandesuch that

certaifi@, I) # Q' (Fean(I)).
We would like to study the query rewriting problem.
- We need some tools: How can we prove that a query is not FQtable?

- This resembles the problem of proving inexpressibilityuies in relational

databases.
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Query rewriting: Some facts

The problem of deciding whether an FO formula is FO-rewtéab
over F.,, IS undecidable.

There exists other classes of queries that are FO-rewegital@r the
canonical solution.
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Proving Inexpressibility Results in Relational Databases

- Given: Relation schemé(-, -)

- Well known result: transitive closure ¢f is not expressible In
relational algebra (FO).

- How do we prove this?
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Locality of Queries: Notation

I source instance.

Gaifman graplg (1) of I:
- dom([) is the set of nodes @j (/).

- There exists an edge betweenands iff a andb belong to the same tuple of

arelation inl/.

Example:I(R) = {(1,2,3)}andI(T) = {(1,4), (4

<
G(I): \
5

9}
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Locality of Queries: Notation

dr(a,b): distance betweemandbin G(I).

dr(a,b): minimum value ofd;(a, b), wherea is in a.

N (a): restriction ofI to the elements at distance at mdstom a.
- Example:dom(N; (5)) = {1,4,5}, N3 (5)(R) = 0 and
N3 (5)(T) = {(1,4), (4,5)}.
N} (a) = N (b): members ofi andb are treated as distinguished elements.
-a=(a1,...,am)andb = (b1,...,bn).

- There is an isomorphisnfi: Nj(a) — Nj(b) such thatf (a;) = b
(1 <i<m).
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Locality of Queries: Gaifman Theorem

Theorem [G81For every FO query), there existgl > 0 such that for
every instancd and tuplesi, bin I,

Ni(@) =2 Ni(b) = acQ()iff be Q).

This theorem can be used to prove inexpressibility results.

- If a query is not “local”, then it is not FO-expressible.
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Proving Inexpressibility: Example

Assume the transitive closure 8f-, -) is expressible in FO.

Then there ig/ > 0 such that:
(a,b) is in the transitive closure &f

Nl(ab) & Ni(cd) = iff

(¢, d) is in the transitive closure of
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Proving Inexpressibility: Example

1 > i > > —
a
N (ab): : B>
a
Nl(ba): : B>
a

Contradiction:by Gaifman’s Theoremia, b) and(b, a) are in the
transitive closure of.
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Locality in data exchange: Definition

Given: (S, T, X, ) and queryQ overT.

Definition: @ islocally source-dependentf there isd > 0 such that for
every instancd of S and tuplesi, bin I,

a € certair{@, I)
Nl(a) = NI(b) — iff
b € certaif@, I)
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Locality in data exchange: Main theorem

Theorem: If ) is FO-rewritable over the canonical solution, then
() Is locally source-dependent.

This theorem can be used to prove inexpressibility results.

- If a query is not locally source-dependent, then it is notrie@ritable.
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Example: Proving inexpressibility

Data exchange setting:

S = (G(--), R(-), 5(-))

T = (G'(.), R'(), 5())

Yo = VaVy(G(z,y) — G'(z,y)),

vz (R(z) — R'(z)),
Va (S(x) — S'(x)).

<
&
I

R(x) v S'(x)ANJydz(R'(y) NG'(y,z) N R/ (2))
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Example: Proving inexpressibility

Assume that) is FO-rewritable over the canonical solution.

Then there exists > 0 such that

Ni(a) =2 NI(b) = a € certaifQ,I) iff b € certaif{@, I).

Contradiction: Find a source instantsuch that

Ni(a) = NL(b), a € certaif@,I) and b ¢ certaif{@, I).
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Example: Defining instance [

a2d S(a) ay bad 5(b) b1
1; //\\ //\\
R(c) ™ ba

ad+1 bd—l—l
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Example: a € certain@, I)

If J does not satisfyy’(a) A dydz(R'(y) AN G'(y,z) AN —R'(2)):

Rlasa) Bl R(a)
‘

R'(aat1) R'(aq)

R'(¢0)

Then: J satisfiesi’ (a).
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Example: b ¢ certain@, I)

R'(a),S'(a

//\\ ?/S/(b)\bl\

ad+1

J does not satisfy:’(b) v S'(b) A Jy3z(R (y) NG (y,z) AN =R (2)).
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Example: Getting a contradiction

A1 aq ba+1

Conclusion:@ is not FO-rewritable over the canonical solution.
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What is new?

Locality in data exchange: Isomorphic neighborhoods irsthieceand
gueries over théarget.

- We cannot directly apply Gaifman’s Theorem.

We need to introduce notions of locality for transformasion
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Locality of transformations under isomorphism

source canonical solution
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Locality of transformations under isomorphism

a I
b
source canonical solution
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Locality of transformations under isomorphism

i

source canonical solution
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Locality of transformations under isomorphism

Locality of a transformation under isomorphism: For evéry 0 there
existsr > 0 such that, for every instandeof S and tupless, b in I,

Ni(@) = Nf(b) = Ny(a) = Ny D).

There exist classes of settings where this notion of lochlids.

- LAV setting: each dependency k, is of the formS(z) — Jy Y (7, 7).

But in general ...
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Locality of transformations under isomorphism

vavy (E(z,y) — R(z,y))
VavyVz (C(x) N E(y,z) — R(y,x) A R(z,x))

AssumeF.., Is local under isomorphism for this setting.

Then there exists > 0 such that, for every instandeof S anda, b in I,

NM(a) = NJ(b) = Nj»D(a) = Ny (p).
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Locality of transformations under isomorphism

a al as Ar—1 ar Ari4-1

e 0 0 —>Q——>Q@ >0
Source: C(d) e

P -Q @ - C. ~Q Y

b b1 b b._1 b,

a al ao Ar—1 ar Ari4-1
Canonical: d
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Locality of transformations under isomorphism

a al ao Qr—1 Qqr Ari41

e +~0 -0 > >0——0
Source: C(d) @

° -0 —0 . ... -0 -0

b b1 b br—1 by

a al ao Ar—1 ar Ari4-1
Canonical: d
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Locality of transformations under isomorphism

a aq ao Qr—1 Qqr Ari41

° -0 -0 . —e -0 -0
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Locality of transformations under isomorphism

a al ao Qr—1 Qqr Ari41

®o—0 0 ——0—0
Source: C(d) e

Py -9 -9 - ... -9 -9

b b1 b b._1 b,

a al ao Qr—1 ar Ari4-1
Canonical: d
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Locality of transformations under isomorphism

5 o | :0 o
5 ‘ 5 '
source canonical solution
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Locality of transformations: Notation

Quantifier rank:Depth of quantifier nesting, denotge(¢).

Example:qr(Elaz (Vy P(x,y)) A (FuVo U(x, u, v))) = 3.

Notion of equivalencel; =, - if I; andls agree on all formulas of quantifier
rank k.
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Locality of transformations under logical equivalence

source canonical solution

41



Locality of transformations under logical equivalence

a I
> =
b
source canonical solution
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Locality of transformations under logical equivalence

source canonical solution
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Locality of transformations under logical equivalence

Locality of a transformation under logical equivalencer eeery
d, k > 0 there exists:, ¢ > 0 such that, for every instandeof S and
tuplesa, b in 1,

Nl(a) =¢ Nl () = Nj=D(@) =, N (D).

Theorem: F.,, satisfies this notion for every data exchange setting.

Corollary: If () is FO-rewritable over the canonical solution, th@ms
locally source-dependent.
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What about other transformations?

Core of canonical solutiod: Substructure/* of J such that there is a
homomorphism frony to J* and there is no homomorphism fra/mto a
proper substructure of*.

- Homomaorphisnt : J — J": mapping from domJ) to dom(J") such that
h(c) = cfor all constant;, andt € J(R) impliesh(t) € J' (R).

Core is the smallest solution thathnemomorphically equivalent to the
canonical solution.

- It can be computed in polynomial time (data complexity) FEK3].
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Example: Core

Setting:S = (Employee(-,-)), T = (Dept(-,-)) and
st = {VaVy Employee(x,y) — Iz Dept(z, z)}.

Source instance:
I = {Employee(peter, 2213477), Employee(peter, 2213479)}.

Solutions:

{Dept(peter,1)}.

Canonical solution{ Dept(peter, X ), Dept(peter,Y)}.

Core:{ Dept(peter, Z)}.
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Query rewriting over the core

Feore(I): core of the canonical solution fdr.

Theorem [FKMPO3]: For every data exchange setting and union
conjunctive queries), there existg)’ such that for every source
instancel, certaif@, I) = Q' (Feore(1)).

- Certain answers can be computed more efficiently by usiagadine.

Rewritability over the core: Can we use locality?
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Canonical solution versus core: First attempt

Proposition: There exists a data exchange settig- (S, T, >,;) such
that for every data exchange settifg= (S, T, I',;), there exists instance
I of S such that:

Fiore) 2 Faan(l).

We need a different approach ...

47



Expressiveness: Canonical solution versus core

Theorem: If () is FO-rewritable over the core, théhis also
FO-rewritable over the canonical solution.

- There is a PTIME algorithm that, given a rewriting@fover the core, finds

a rewriting of(Q over the canonical solution.

Corollary: If ) is FO-rewritable over the core, théhnis locally
source-dependent.
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Expressiveness: Canonical solution versus core

Theorem: There exists an FO query that is FO-rewritable over the
canonical solution but not over the core.

Expressiveness point of vieutanonical solution is better than the
core.

- Canonical solution contains more information than thecor
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What about other semantics?

Usual certain answers semantics sometimes exhibit conmnidive
behavior.

Good solutions: Universal solutions.

- Homomorphically equivalent to the canonical solution.

May be more meaningful to consider semantics based on gaiver
solutions:

u-certaii@Q, I) = f Q(J).

J IS a universal solution fof
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Query rewriting under the universal solutions semantics

Given query), we want to findQ’ such that
u-certairi), I') = Q'(F(I)) for every source instance

Theorem [FKPO3]: For every data exchange setting and existential
query(, there existg)’ such that for every source instante

u-certain@, I) = Q' (Feore(1)).
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Query rewriting under the universal solutions semantics

Definition: @ is locally source-dependent under the universal solution
semantics if there ig > 0 such that:

a € u-certain@, I)
Nl(a) = N1(b) — iff
b € u-certaifQ, I)

Theorem: All the previous results hold for the universal solution
semantics.

- If @ is FO-rewritable over the canonical solution (core) underuniversal
solutions semantics, then is locally source-dependent under the universal

solutions semantics.
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Conclusions

e Locality notions have been very useful for studying the egpive
power of query languages.

e Common data exchange transformations map similar neigolools
Into similar neighborhoods.

e This property can be used to formulate locality notions fatiad
exchange transformations and query languages.

e Locality notions can be used for studying the expressivegomi/
transformations and query languages in data exchange.
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