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Abstract— The Consistency Extractor System (ConsEx) is a Answer set programs capture the rather high intrinsic data
general implementation of consistent query answering, i.e. the complexity of CQA [2]. However, for several classes of ICs
computation of consistent answers to queries posed to databes g4 queries, CQA has a lower complexity than the one of
that may fail to satisfy certain desirable integrity constraints. The . .
system is based on the specification of the repairs of the ofital query evaluation 6?95"”St general answer set programs. Fur-
instance as the stable models of disjunctive logic program@ka. thermore, the straightforward and naive evaluation of ¢hes
answer set programs). This paper describes the architecterand programs may not be very efficient. Instead, repair programs
functionalities of the system, some of its theoretical fouttations, may be evaluated applying the so-callethgic sets(MS)
the optimization of logic programs, and the interaction with ecpniques that transform the combination of the query and
DBMSs and DLV, as evaluator of logic programs. We also report . .
on experimental results. the repair program into a new program that can be evaluated

more efficiently. These MS techniques have been developed fo
|. INTRODUCTION logic programs with stable model semantics [6]. The reemitt

Integrity constraints (ICs) capture the semantics of grogram contains a subset of the original rules in the progra
database instance, which is expected to satisfy them. Unftirose that are relevant to evaluate the qu@ynsEx imple-
tunately, this is not always the case and we have to live withents the MS methodology proposed in [4] for disjunctive
an inconsistent database [2]. As introduced in [insistent repair programs with program constraints (cf. Section Iit).
query answeringdCQA) is the problem of characterizing andConsEExXCQA improves considerably in comparison with the
retrieving consistent answers to queries posed to incemsis direct evaluation, and also shows quite a good performance
databases. Intuitively, an answeto a queryQ in a relational and scalability. The experimental results are quite eraming
database instande is consistentrt a set/C of ICs if a is an  wrt the applicability ofConsEx in real database practice. We
answer (in the usual sense)@in everyrepair of D. Here, a present here the architecture and main featuréoofsEx and
repair of D is an instance over the same schema that satisf@so experimental results.

IC and is obtained fronD by deleting or inserting a minimal
set -under set inclusion- of whole database tuples.

Disjunctive logic programs with stable model semantics [7] We consider a relational database scheéina (U, R, B),
(aka.answer set programiscan be used to specify databaswherel/ is the possibly infinite database domain withil €
repairs. There is a one-to-one correspondence betweetatheld, R is a fixed set of database predicates, each of them with a
ble models of theepair programand the database repairs, andinite, and ordered set of attributes, afids a fixed set of built-
the programs can be used to compute consistent answersnipredicates e.gi.<, >, =, #}. There is a predicat&sNull(-),
ConsEx we use, implement, and optimize the repair progranasd IsNull(c) is true iff ¢ is null. Instances for a schenaare
introduced in [3], providing the most general methodologfjnite collectionsD of ground atoms of the form®(cy, ..., ¢,,),
for CQA through logic programs. The repair semantics arwhlleddatabase tuplesvhereR € R, and(c1, ..., ¢,) is atuple
the logic program semantics take into consideration ptessilof constants, i.e. elements tf. The extensions for built-in
occurrences of null values as they are used and found in rpegdicates are fixed, and possibly infinite in every database
DBMSs that follow the SQL standard. Moreover, null valuestance. There is also a fixed &t of integrity constraints,
are also used to restore consistency wrt referential ICs.  that are sentences in the first-order langud¢®) determined

ConsEx can be used for CQA wrt arbitrary universal ICspy X. They are expected to be satisfied by any instancéfor
acyclic sets of referential ICs, and NOT-NULL constraintdout they may not.

The queries supported are Datalog queries with negationA universal integrity constrain{UIC) is sentence of the
thus, it can handle first-order queries in particular. Catesit form [3]: VZ(A“, P;(Z;) — \/?:1 Q;(y;) V ¢), where
answers to queries can be computed by evaluating queriesQ; € R, =z = U;~,Z;, ¥ <z, m > 1, andyp
against the repair programs, e.g. using Big/ system, that is a formula containing only disjunctions of built-in atoms
implements the cautions (or skeptical) stable model seggantfrom B whose variables appear in the antecedent of the
of disjunctive logic programs [8]. implication. We will assume that there exists a proposélon

II. DATABASE REPAIRS AND REPAIR PROGRAMS



atomfalse € B that is always false in the database. Domaifihe repair progranil(D, IC) contains the following rule$:

constants different froomull may appear in a UIC. Aefer-
ential integrity constraint(RIC) is a sentence of the forfn:
VZ(P(z) — 3z Q(y,2)), whereg C z and P, € R. A

1. S(a,c). S(b,c). R(b,c). T(a,null). W(null,b,c).
2' S(m7 Y, fa) v R(m7 Y, ta) - S(m7 Y, t*)7 R(m7 Y, fa)‘
S(m7 Y, fa) \ R(m7 Y, ta) - S(m7 Y, t*)7 not R(:C7 y)

NOT NULL-constraint (NNC) is a denial constraint of the3. I(z,y, fa) V W.(z,y, null, ta) «— L(z,y,t*), not aux(z,y).

form: Vz(P(z) A IsNull(xz;) — false), wherez; € Z is in the

CLUZL’(:L’, y) — W(ZL’, y: 27 t*)7 not W(LE, y7 Zy fa)'
4. Wz, y,2,£a) — Wz,y,2,t*),x = null.

position of the attribute that cannot take null values.
¢ 5.8(z,y,t%) < S(x,y).

CQA implemented irConsEx works forRIC-acyclicsets o S(my.t7) — S(o1,t0)
UIC, RICs, and NNCs. When consideriRJC-acyclicsets of g ¢/ oAl
ICs, there is a one-to-one correspondence between the stabl
models of the repair program and the database repairs [?r%f— W(Ly_azvta)v"V—(ﬂfzy,Z’fa)- _

Intuitively, a set of ICs is RIC-acyclic if there are no cysle The rules in 2. establish how to repair the database wrt the
involving RICs (cf. [4], [3] for details). We will assume tha first IC: by makingS(z, y) false orR(z,y) true. The rules in

IC is a fixed, finite and RIC-acyclic set of UICs, RICs and- SPecify the form of restoring consistency wrt the RIC: by
NNCs. A database instanc® is said to beconsistentif it ~deletingT'(z, y) or inserting'(z, y, null). Rule 4. indicates
satisfies/C. Otherwise, it isinconsistentwrt IC. how to restore consistency wrt the NNC: by eliminating

When null values are introduced to restore consistency,'lt (- ¥: 2)- Theprogram constrain?. filters out possibl@on-

becomes necessary to modify the repair semantics intrdduggheremstable models of the program, those that havéian

H 3
in [1], in order to give priority to null values over arbitsar at(_)rnr': annotated ;']V'th tbOthatagld fa. dblsvts — { § )
domain constants when restoring consistency wrt RICs. This e program has two stable modelst, = { S(a,c,t"),
R(b,c,t*), T(a, null,t*), W.(nullb,c,t*),

is achieved by modifying accordingly the notion of minintyali S(b,c, t7), R(b t**i
) C? )
)

f T
S,y 6) < S(ary.t), not S(a,y £ [ O BT

as shown in the following example (cf. [3] for details). g/:("“”t’*b’ c’é"‘)’ Ri‘i’f’ t;)’ S(a’;’::)’ S(j’\’/lc’ t*_*)’ e
Example 1: D = {P(a, null), P(b, c), R(a,b)} is inconsis- (a.c *)’ (a,c *)’ "o, null, )}, L { Sfa,c, e
S(b,e,t*), R(b,c,t*), T(a, null,t*), W.(null,b,c,t*),

tent wrt IC: V zy (P(z,y) — 3zR(x, z)). There are two x x

irs:D: — (P . P Rla.b). B(b. null ith W.(null, b, c,fa), S(a,c, fa), S(b,c,t*™), R(b,c,t*), L(a, null,
f?g% )1—_{{R(§)a7nzlltl)%: agd’ g’ _(CT{’P)(’G TEU’ZSUR)(}G ‘2’)'} t**)}. Thus, consistency is recovered, accordinghtt, by
with ’A(ID 52) - 7{P(b c’)} For 2ev_eryd 1l {’nu”}’ the inserting atomR(a, ) and deleting aton#V (null, b, c); or,
instanceD’ = (Pa m;”) .P(b o), Rla,b), R(b,d)} is’ not according toMy by deleting atomgS(a, ¢), W (null, b, c)}.

3 ’ ’ o e ’ If we concentrate on the underlined atoms in the stable

arepar, becau§e It is not mlnlmgl. - models we obtain the repairs{S(a,c), S(b,c), R(b,c),
Database repairs can be specified as stable models of %%d,c) T(a,null)} and {S(b,c), R(b,c), T(a,null)}, as
junctive logic programs. The latter programs use an”mati%xpected. O

constants to indicate the atoms that may become true or faige compute consistent answers to a quady the query
in the repairs in order to satisfy the ICs. Each atom of thefor;g expressed as a logic prograif(Q), where the positive
P(d)_ (except for those that re_fer to the extensi9nal databaggdrals of the formP(s), with P an extensional predicate,
receives one of the annotation constants.Ara, ta), the  gre replaced byP(s, t**), and negative literals of the form
annotationt, (f.) means that the atom is advised to madg,; P(3) by not P(5,t*). The query program is “run’
true (fa_\ls_e) (i._e. inser_ted into (delet_ed) the databasm)eBch  ogether with progranil(D, IC). In this way, CQA is trans-
IC, a disjunctive rule is constructed in such a way that thi/bo ated into cautious or skeptical reasoning under the stable
of the rule captures the violation condition for the IC; ahd t ,gdels semantics. For the repair program in Example 2, the
head describes the alternatives for restoring consistancy Datalog queryQ: Ans(z) — S(b,z), becomes the program
deleting or inserting the participating tuples (cf. rulesaid 1(Q) : Ans(z) «— S(b,z,t**). The combined program
3. in Example 2). Annotation* indicates that the atom is truery(p, 1c, Q) := (D IC)’ U’ I1(Q) has two stable models,

or becomes true in the program. Finally, atoms with constagdin of them containing the atomns(c). Therefore, the
t** are those that become true in the repairs. They are use.{fsistent answer t@ is ()

read off the database atoms in the repairs. All this is ilatsd
in the following example (cf. [3] for the general form of the
repair programs).

IIl. ARCHITECTURE OF THESYSTEM

Figure 1 describes the general architecture€€ofisEx The
Example 2:Consider the database schema Database Connectiomodule receives the database parameters
{S(z,y), R(z,y), T(z,y), W(zr,y,2)}, the instance (database name, user and password) and connects to the

D = {S(a,c),S(b,c), R(b, ¢),T(a,null), W(null,b,c)}, database instance.
and IC {Vzy(S(z,y) — R(z,y)), YVzy(T(z,y)
— AWz, y,2)), Veyz(W(z,y, z) A IsNull(x) — false)}.

2For simplification, we have omitted in the body of the ruleinand 3.,
conditions of the forme # nwull, which capture occurrences of null values
in relevant attributes [3].

3For the program in this example, given the logical relatiopsbetween

1For simplification purposes, we assume that the existevaighbles appear ICs, this phenomenon could happen only for predidteas analyzed in [4].
in the last attributes of), but they may appear anywhere else(in 4The stable models are displayed without program facts.



ConsEx System imported from the database in@onsEx
v In ConsEx queries are evaluated efficiently by using the
pase Felvant magic sets(MS) methodology presented in [4], that is an
] 7 tentfcaten . o adaptation of the one in [6] (cf. [4] for details). That is,
e -~ — - Answers ConsEx transforms the combination of the query program
Processing Checking Rewiing and the repair program into a new program that, essentially,
. — contains a subset of the original rules in the repair program
JS N I i oo those that are relevant to evaluate the query. This magic
program with its own stable models, can be used to answer
the original query more efficiently.

DLV The MS Rewritingmodule generates the magic version of
E a program, which includes at the end appropriate database
import sentences to retrieve tuples from the database, lgame
Fig. 1. ConsEx Architecture the tuples that are relevant to compute the consistent aaswe
to the original query. For example, the prograsS(IT) below
is the magic version of the progralh consisting of the query
The Query Processingnodule receives the query and ICsprogram Ans(z) < S(b,z,t**) plus the repair program in
and coordinates the tasks needed to compute consistent @ample 2.
swers. First, it checks queries for syntactic correctnéss. Program MGS(IT): mgAns’ mg.S (b, t**) — mg.Ans’.
ConsEx FO queries can be written as logic programs iy sS4/ (x t.) — mg. S (x, t*).
DLV notation, or as queries in SQL. The former are nonng 5o/ (x t*) — mg.S27" (z, t**).
recursive Datalog queries with weak negation and builf-ing,g 52/ (2, £.) — mg .S/ (z, t**).
which includes FO queries. SQL queries may have disjunctiory R/ (z, t.) — mg.S2/"(x, fa
(i.e. UNI ON), built-in literals in theWHERE clause, but neither p,q 557 (3 t*) — mg 5% (2, fa
negation nor recursion, i.e. unions of conjunctive quenel g R2/? (3, £,
built-ins. After checking the syntaxis of a query, the query,; g/
program is generated. mg.S%° (x,
For a given query, there might be ICs that are not reng R/ (z, £,
lated to the query. Moreover, their satisfaction or not by thyng R (¢
given instance does not influence the consistent answerspi R (z, t .
the query.ConsEx via the Relevant Predicates Identificationsmg R/®(z, £.) — mg R (x, t**).
module, analyzes the interaction between the predicates Aifs(z) — mg.Ans’, S.(b, z,t**).

)
a) — mg_Rf’f
")

)

the query and those in the ICs. This is done by appealingz,y, f.) vV R(x,y, ta) — mg.S2"(z,fa), mg R (z, ta),
to a dependency grapl¢(IC) [4] that is generated by the Sz, y,t*), R(x,y, fa).
Dependency Graph Constructiomodule. For instance, the S (z,y,f.) V R(z,y, ta) — mg. 52 (z, fa), mg.RY®(z, ta),
dependency graph for the ICs in Example 2 contains as nodes Sz, y,t*), not R(x,y).

the predicates, R, T, W, and the edgesS, R), (T, W). For 8. (z,y,t*) — mg.S2*(z,t*), S.(z,y, ta).

the queryAns(z) < S(b, z) the relevant predicates ateand S (z,y,t*) — mg. 5% (x, t*), S(x,y).

R, because they are in the same component as the predigate y,t*) — mg.RY®(z,t*), R(z,y, ta).

S that appears in the query. Thus, the relevant IC to check$z, y, t*) — mg.RY®(x,t*), R(x,v).

Vay(S(z,y) — R(x,y)) (cf. [4] for more details). S(z,y, ) — mg. 527 S(z,y,
Next, ConsExchecks (modul€onsistency Checkingf the  R(z,y,t**) — mg. R (x,t**), R(z,y,
database is consistent wrt the relevant ICs to the querlidf t — W_.(z,y, 2,ta), W.(z,y, 2, fa).
is the caseConsEx evaluates the query directly on the original Notice that sinceMS(II) contains rules related to pred-
database instance, i.e. without computing repairs. Fanele icates S, R only, the program constraint will be trivially
in Example 2 the database is inconsistentWuryy(S(z,y) — satisfied. The import sentences are generated by inspection
R(z,y)). In consequence, in order to consistently answer tlo¢ the magic program (cf. [5] for details), identifying first
query, the repair program has to be generated. in the rule bodies the extensional database atoms (they
The dependency graphs is also used to check if the sethafve no annotations constants). Next, for each of these
ICs isRIC-acyclic. This is done by th&IC-acyclic Checking extensional atoms, it is checked if the magic atoms will
module. If it is, the generation of programs is avoided, arfthve the effect of bounding their variables during the pro-
a warning message is sent to the user. OtherwiseR#pmair gram evaluation. The generated import sentences for predi-
Program Constructiormodule generates the repair prograntate S is #import(dbName, dbUser, dbPass, “SELECT =*
which is constructed “on the fly”, that is, all the annotaionFROM S WHERE | D = ‘b’ ”,S). This will retrieve into
that appear in them are generated by the system, and Bie/ only the corresponding subsets of the relations in the
database is not affected. The facts of the program are weitabase. A similar import sentence is generated for oslati

"), not S.(z,y,fa).

t
t*), not R(z,y,fa).



R. —— =

The MS program is evaluated iDLV, that is automati- I o 3
cally called byConsEx and the query answers are returned |Za I i
to the Answer Collectionmodule, which formats the an- fz j ‘:Z
swers and returns them to the user as the consistent an- §m_ L i .___/./
swers. ProgramMS(II) has only one stable modeM = e o
{8(b, ¢, t*), S(b, ¢, t**), Ans(c)} (displayed here without the Humber of nconsistent Tupies Wamiser f Insansistant Tuplas
magic atoms), which indicates through isis predicate that @ )

(¢) is the consistent answer to the original query, as expected.
Fig. 2. Running Time for Conjunctive Queries

IV. EXPERIMENTAL EVALUATION

We quantify the gain in execution time when using magic , ) )
sets instead of the direct evaluation of the repair progranf&tween the logic programming environment and the database
The experiments were run on an Intel Pentium 4 PC, procesSnagement systems (DBMS), as enabledCiy. In this
of 3.00 Ghz, 512 MB of RAM, and with Linux distribution WaY; it is possible to exploit capabilities of the DBMS, such
UBUNTU 6.0. The database instance was stored in the IBf# Storing and indexing. Furthermore, the instance is kept i
DB2 Universal Database Server Edition, version 8.2 for kinuth® DBMS, and only the relevant data is imported into thedogi
We use the version ddLV for Linux released on Jan 12, 2006 Programming systenConsExshows an excellent performance

The database schema was composed by eight relations, déuery evaluation, which makes us think that CQA is viable
set of ICs was composed of two primary key constraints, affd can be used in practical cases. In general, real database

three RICs. The databases instafizevas composed of 6400 do not contain such a high percentage of inconsistent data as

stored tuples. The numbe¥ of inconsistent tuples, i.e. thoseth0Se used in our experiments.

participating in an IC violation, varied betweef and400.° VI. ACKNOWLEDGMENTS
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