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Abstract [2]) have been proposed to support seamless access to these

heterogeneous data sources. To perform queries on these
In information-integration systems, sources may have sources, many studies [6, 13, 19, 20] construct answers to
diverse and limited query capabilities. In this paper we queries using views. These approaches are closely related to
show that because sources have restrictions on retrievingquery-containment algorithms for conjunctive queries and
their information, sources not mentioned in a query can for Datalog programs [24].
contribute to the query result by providing useful bindings.  In heterogeneous environments, especially in the context
In some cases we can access sources repeatedly to retrievef the World Wide Web, sources may have diverse and lim-
bindings to answer a query, and query planning thus ited query capabilities. For example, many Web bookstores
becomes considerably more challenging. We find all the like amazon.com [1] and barnesandnoble.com [3]
obtainable answers to a query by translating the query and provide some search forms. A user fills out a form by spec-
source descriptions to a simple recursive Datalog program, ifying the values of attributes, e.g., book title, author name,
and evaluating the program on the source relations. This publisher, and ISBN, so that the source returns the books
program often accesses sources that are not in the querysatisfying the query conditions. These sources do not ac-
Some of these accesses are essential, as they provideept queries such as “return the information about all the
bindings that let us query sources, which we could not do books you know about.” There are many reasons for the
otherwise. However, some of these accesses can be provesource restrictions, including the concerns of efficiency and
not to add anything to the query’s answer. We show in security, and the limitations of the source interfaces.
which cases these off-query accesses are useless, and prove In this paper, we consider a practical information-
that in these cases we can compute the complete answeintegration problemquerying sources with limited capabil-
to the query by using only the sources in the query. In the ities. We first show that because sources have restrictions on
cases where off-query accesses are necessary, we proposetrieving their information, sources not directly mentioned
an algorithm for finding all the useful sources for a query. in a query can contribute to the query result, as shown by
We thus solve the optimization problem of eliminating the the following example.
unnecessary source accesses, and optimize the program to
answer the query. EXAMPLE 1.1 Assume that we wantto compare the aver-
age prices of the books sold bynazon.com andbarne-
Keywords: information-integration systems, limited source sandnoble.com . Since both sources require each source
capabilities, Datalog programs. query to specify at least one value of ISBN, author, or title,
we cannot retrieve all their information about books. On the
other hand, although we may have some known book infor-
1. Introduction mation such as some authors, book titles, and ISBNs, the
available information may not be enough to sample the two
The rapid growth of the Internet is giving us access SOUTCeS. However, suppose that we can access the source

to an unprecedented number of heterogeneous inforrnaprenhall.pom to retrieve the authors of books published
tion sources. Many information-integration systems (e.qg., by Prentice Hall. We use these authors to quenya-

TSIMMIS [4], the Information Manifold [14], Garlic [21],  2°N-€Om a“dbamesa”dmb'ehcom - Ater ret”e‘f’i”hg
Infomaster [9], Disco [22], Tukwila [12], and InfoSleuth g;irbc?acék& we can compare the average prices o tDe two
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Example 1.1 suggests that we can use the squnare applicable.
hall.com to retrieve bindings for the author domain to Here is a summary of the contributions of this study:
answer the query, although this source is not mentioned di-
rectly in the query. In some cases, as shown by the moti- 1. We show that in information-integration systems,
vating example in Section 2, we can access sources repeat- ~ sources not in a query can contribute to the query re-

edly to obtain bindings to compute more results to a query. sult because of source restrictions. In some cases, we
In Section 3 we propose a framework of query planning in can obtain bindings by accessing sources repeatedly to
integration systems with source restrictions. In the frame- answer a query, thus query planning in the presence of
work, source descriptions and a query are translated into a  restrictions becomes considerably more challenging.
Datalog program, and we compute ti@ximalanswer to 2. We propose a query-planning framework, in which

the query by evaluating the program on the source relations.  source descriptions and a query are translated into a
Datalog is used in the query planning since the planning Datalog program. We evaluate the program on the

process can be recursive, although the query itself is not. source relations to compute the maximal obtainable
Being able to obtain the maximal results is desirable. answer to the query.

However, the challenge is to return the results with the min- 3. We show how to decide whether accessing off-query

imum cost. In other words, we do not want to involve all sources is necessary. In the cases where it is not nec-

sources blindly during the plan-generation process. In Sec-  €ssary, we prove the complete answer to the query can

tion 4 we show that in some cases a query does notneed any ~ be computed by using only the sources in the query.
bindings from off-query sources. In these cases we prove 4. Inthe cases where we need other sources to contribute
that the complete answer to the query can be computed by  bindings, we propose an algorithm for finding the use-
using only the sources in the query. In the cases where itis ~ ful sources and constructing an efficient program to
necessary to access off-query sources, we show in Section5 ~ compute the answer.

that not all the sources that contribute bindings to the query

are really necessary. We thus want to include judiciously 1.1. Related work

only those sources that provide some values at a place where

they are needed. We develop an algorithm for finding allthe  There are two approaches to information integration [6]:
useful sources for a query. We solve the optimization prob-

lem of eliminating the unnecessary source accesses, and op- 1. The source-centric approach: Both user queries and

timize the program to answer the query (Section 6). source views are in terms of some global views. For

We discuss in Section 7 how to explore other possibili- each query, the integration system needs to plan how to
ties for obtaining bindings, e.g., by using cached data and ~ answer the query using source views. The Information
domain knowledge. In the cases where a user may be in-  Manifold and Infomaster follow this approach.

terested in a partial answer to a query, we do not need to 2. The_ query-centr?c approach: User queries are in terms
compute the maximal answer, which may be expensive to of views syn_theS|zed at a mediator [_26] that are defined
retrieve. We discuss how to compute a partial answer to a ~ ©On Source views. After view expansion [16] at the me-
query, and the tradeoff between the number of results and ~ diator, the query is translated to a logical plan that is
the cost of an execution plan. composed of the source views. TSIMMIS follows this

In this study we focus on a class@fnnection queriesA approach, and we follow this approach in this paper.

connection query is a natural join of distinct source views Uliman [24] gave a good survey on the differences be-
with the necessary selection and projection. (The detailsy e these two approaches. Many studies have been done
are described in Section 2.) Here we take the following p,, (aying the source-centric approach. For example, Qian
umvgrsal-relatlon-hke assymp_tlon [23]._ different attributes [19] discussed how to use query folding to rewrite queries
sharing the same name in different views have the sameqing yiews without considering source restrictions. Rajara-
meaning. However, universal-relation study did not con- - Sagiv, and Ullman [20] proposed algorithms for an-
sider restrictions of retrieving information from relations. In swering queries using views with binding patterns. Duschka
addition, as we will see in SIeCt'OH 2.2h, a connectlhoq AU€TY and Levy [7] considered source restrictions by translating
can be generated in general cases, where our techniques agg, , ce binding patterns into rules in a Datalog program, as-
sources not mentioned in the query. If we consider the possibility that SUMING that all att”b_UteS share one domain. _The paper did
bookstores and publishers may make deals, and therefore prices at a giveflOt discuss how to trim useless sources, thus it may generate
bookseller for books by a given publisher may be atypical, a better strat- programs that are not efficient to evaluate.

egy would be: use the authors fropmenhall.com to retrieve book : _ :
titles from the two bookstore sources, then use these titles to retrieve more By taklng the query-centric approach, [16] showed how

authors. After several iterations, we average the prices of the books thatlO ggngrate an executable plan of a query based on source
are not published by Prentice Hall. restrictions. If the complete answer to the query cannot




be retrieved, [16] would not answer the query, but would > (Sml:g cfd) , (C;' Amfst P{m) <cl,a1,§ﬁ>
. . . 5. Cr 1 ) )3 3 " 3 "1.C ;. -
claim that an executable plan does not exist. In this case, ~*'“~ Ses s, 214>

our approach can still compute a partial answer. Although ", <er,a1,$13>

we take the query-centric approach in this study, our tech- 22:2; ’ 5/ Zéglgﬁi
nigues for finding useful sources are also applicable to the <t ¢,> v:(Song, Cd) 0i(Cd, Artist, Price) <cs,as,$10>
source-centric approach, since when source views are the
same as global predicates, the query-centric approach in [7]
and our framework generate equivalent Datalog programs.
Other related studies include how to optimize conjunctive price. Figure 1 shows that there are four CDs containing the
queries with source restrictions [8, 28], how to describe gong: <, a1,$15>, <c1,a1,$13>, <cs,as,$11>, and
source capabilities using a powerful language [25], how ., 4, §10>. Therefore, without considering the source
to compute mediator capabilities given source capabilities rgstrictions, the answer K$15,$13,$11, $10}. However,

Figure 1. The hypergraph representation

[27], and how to convert data at mediators [5]. due to the limited source capabilities, only i can be
o ) computed if we process each join in the query at one time
2. Preliminaries (asin[10, 14, 16]). The reason is thafMv; yields the$15

in the answery, Xv, cannot be executed by using only
In this section, we present our motivating example and andvy, sincev, requires that attributériist be specified,
introduce the notation used in the paper. but we cannot bind this attribute using only these two views.
Similarly, neither of the other two joins can be executed. As
a consequence, the user misses the cheaper source for CD
c1 and entirely misses CDs andcs. O

EXAMPLE 2.1 Assume that we are building a system that
integrates the information from four sources of musical
CDs, as shown in Table 1. Sourcgsands, have infor-

mation about CDs and their songs; souregandsy have In this study, we first propose a framework that can re-

information about CDs, their artists, and their prices. To yjeye more results from sources with restrictions. Instead of
simplify the notation, we use attributgongfor song title  onsidering each join individually, our framework involves

and attributeCd for CD title. The "Must Bind” columnin - oer sources not in a join to produce bindings to answer
the table indicates the attributes that must be specified at gy, join. For instance, when joining. andvs, we also

source. For instance, every query sen¢gonust provide a
CD title. In other words, without the information about CD
titles, sources; cannot be queried to produce answers.

consider the information provided hy, andvs. As we
will see in Section 3.3, our framework can find two addi-
tional CDs containing the song titleg: <c;, a1, $13> and
<ecy4,as3,$10>. If the user wants to find the cheapest CD,

| Source] Contents | Must Bind |
our approach can sa$é for the user!
$1 v1(Song, Cd) Song
52 v2(Song, Cd) cd 2.1. Source views
S3 v3(Cd, Artist,Price) cd
S4 v4(Cd, Artist,Price) Artist

Now we give the notation used throughout the paper. Let
Table 1. Four sources of musical CDs an integration system havesources, sayi, . . ., S,. AS-
sume that each soureg provides its data in the form of a
Source-view schemas can be represented by a hyperrelational vieww;. If sources have other data models, we
graph [23], in which each node is an attribute and eachcan usewnrappers[11] to create the simple relational view
hyperedge is a source view. The hypergraph of the fourof data. In the case where one source has multiple relations,
views is shown in Figure 1, which also shows the tuples atwe can represent this source with multiple logical sources
each source. To simply the presentation, we use symhols each of which exports only one relational view.
¢;, anday, to represent a song title, CD, and artist, respec-  We assume that differences in ontologies, vocabularies,
tively. For instance, the source view(Song, Cd) contains ~ and formats used by sources have been resolved. In par-
two tuples: <t1,c;> and<ts, c3>. The figure shows the ticular, if two sources share an attribute name, we assume
adornments of the attributes in each viewmeans that the  that the attributes are equivalent (i.e., wrappers take care of
attribute must be boung, means the attribute can be free. any differences). Related research [17, 18] suggests ways
Suppose a user wants to find the prices of the CDsto deal with ontology and format differences. We assume
that contain a song titled,. The answer can be ob- thatthe schemas of the source views are defined on a global
tained by taking the union of the following four joins: set of attributes. Each view schema is a list of global at-
viXws, v1Xuy, voXus, andvsXu,, and performing a se-  tributes, and different views may share the same schema.
lection Song = t; and then a projection onto the attribute Forinstance, in Example 2.1, we have four global attributes:



Song, Title, Artist, andPrice; viewsv; andv, sharethe  2.3. The answer to a query
same schem@Song, Cd).

The query capability of each source is described as a  Supposd is a connection in quer@. For those tuples
template with a binding pattern [23] representing the possi- in thenatural join of the relations irl” that satisfy the input
ble query forms that the source can accept. The adornmentgonstraints inQ, their projections onto the output attributes
for the attributes in the binding pattern inclutigthe at- are thecomplete answer for connectidh The union of
tribute must be bound) anfi(the attribute can be free). For  the answers for all the connectionsahis thecomplete an-
simplicity of exposition, we assume that each view has one swer to queryQ. Due to the limited source capabilities, the
template. We use; to stand for both the source view and obtainable answer to a queiy themaximalanswer to the
its adorned template, and we believe the distinction shouldquery that can be retrieved from the sources, using only the
be clear in context. Let(v;) denote the attributes in a initial bindings in the query and the source relations.

source view;, and letB3(v;) andF(v;) be the sets of bound The complete answer to a user query could be retrieved if
and free attributes in the adorned templatevpfrespec-  the sources did not have limited capabilities. However, we
tively. For instance, in Example 2.B(vi) = {Song}, may get only a partial answer to the query due to the source

F(v1) = {Cd}, and A(v1) = {Song,Cd}. LetV denote  restrictions. For instance, in Example 2.1, the complete an-
the source views with their adornment4(V) be the at-  swer to the query i$$15,$13, $11, $10}, while as we will
tributes inV, andR be an instance of the source relations see in Section 3.3, the obtainable answégiss, $13, $10}.

of V. Given source descriptions and a query, if the complete an-
swer to the query cannot be computed, our framework col-
2.2. Queries lects as much information as possible to answer the query.

In the rest of this paper, unless otherwise specified, the term
the answer for a connectiomeans the obtainable answer
for the connection, and trenswer to a queris the union of

the obtainable answers for all the connections in the query.

A user query is represented in the form

Q=<7,0,C>
whereZ is a list of input assignments of the forat- 3. Query planning
tribute = constant , O is a list of output attributes
whose values the user is interested in, énsla list ofcon- In this section, we propose a framework of query plan-

nections Each connection is a set of source views that con- ning in the presence of source restrictions. In the framework

nect the input attributes and the output attributes. As we will source descriptions and a query are translated into a Data-
see shortly, we interpret a connection as the natural join oflog program, which can be evaluated to answer the query.

the views in the connection. The following are some possi- We also discuss the efficiency of the program.

ble ways in whiclC could be generated:

3.1. Constructing the programII(Q, V)
1. Itis generated by query expansion at a mediator, as in

TS_”\/'M'S [16]. L ) ) Given source descriptiong and a queryQ, we trans-
2. Itis generated by a minimal-connection algorithm, as |a¢e them into a Datalog program, denotddQ, V), that

in universal-relation systems [23]. incorporates the source restrictions and the query, and thus
3. Itis specified explicitly by the user. can be evaluated on the source relations. For instance, Fig-

ure 2 shows the Datalog progrddQ, V) for the query and
For instance, the query in Example 2.1 can be repre-the source views in Example 2.1. We use names beginning

sented as with lower-case letters for constants and predicate names,
and names beginning with upper-case letters for variables.
Q = <{Song = t1},{Price}, {T1, T2, T3, Ty} > Note that this program is recursive, although qu@rig not.
Let us look at the details of how the progrdfi{Q, V)
in which the four connections aréfy = {vq,vs}, To = is constructed. For each source viey we introduce an

{vi,v4}, T5 = {vo,vs}, andTy = {va,vs}. Note that EDB predicate ([23]v; and an IDB predicateé; (called
there can be multiple input attributes and multiple output the a-predicateof v;). Predicatev; represents all the tu-
attributes in a query. Lef(Q) andO(Q) respectively de-  ples at source;, andv; represents thebtainabletuples at
note the input attributes and the output attributes of querys;. Introduce a goal predicatens to store the answer to
Q. I(Q) andO(Q) do not overlap. LetA(T') be all the  the query; the arguments ehs correspond to the output
attributes in a connectiafi. attributesO(Q) in Q.



ri ans(P) - 71(t1,), v3(C, A, P) For instance, ruley in Figure 2 is thex-rule ofvs; rules
rai ams(P) - ¥i(t4,0),74(C, 4, ) r10 andry; are its domain rules. Assume that = a; is in
ra:  ans(P) - v2(t1,C), vs(C, A, P) the assignment lisE of Q, the following rule is &act rule
ra: ans(P) V(81 C), 7a(C, A, P) of attribute A;:

rs.  vi(S,C) :- song(8), v (S, C) i domAy(ay) -

re: ¢d(C) :- song(8), v1i(S,C) omA;(a;) :

it ¥a(8,C) - ed(C), va(S,C) For instance, rules in Figure 2 is a fact rule of attribute
rs: song(§) - cd(C),(8,C) Song, since we know from the query thatis a song title.
ro:  V3(C,A,P) :-cd(C),vs(C,A,P) The progranil(Q, V) is constructed in three steps:
ri0: artist(Ad) :-cd(C),vs(C,A,P)

ru: price(p) :-cd(C), vs(C,AP) 1. Write the connection rule for each connectior@n

r12: va(C,A,P) :-artist(A),va(C,A,P)
ris: cd(C) - artist(A), va(C, A,P)
ria: price(P) :-artist(A),va(C,A,P)
ri5. song(ti) -

2. Write thea-rule and the domain rules for each source
view in V.
3. Write the fact rule for each input attribute ¢h

In Figure 2, rules, 72, r3, andr, are the connection
rules of Ty, Ts, T3, andTy, respectively. Rules is the
a-rule of v1, andrg is the domain rule obq; rulesr; to
r14 are thea-rules and the domain rules of the other three
source views. Finallyris is the fact rule of the attribute
Song. Recall that the views in each connection link the in-
put attributes and the output attributes in the query. Based

where the arguments in predicates are the correspond-  on how prograniI(Q, V) is constructed, we have the fol-
ing attributes in0O(Q). For each argument i@, if the cor- lowing proposition:

responding attribute in view; is an input attribute ofQ,
this argument is replaced by the initial value of the attribute Proposition 3.1 Given source descriptioris and a query
in Q. Otherwise, a variable corresponding to the attribute Q, the Datalog progranil(Q, V) is safe ([23]). |
name is used as an argument in predi¢ate-or instance,
in Figure 2, rules, ro, r3, andr, are the connection rules  3.2. Binding assumptions
of the connectiong7, T3, T3, andTy, respectively.
Decide the domains of all the attributes in the views, and  During the construction of the prograii(Q,V), we
group the attributes into sets while the attributes in each setmake the following important assumptions:
share the same domain. Introduce a urtamyain predicate
for each domain to represent all its possible values that can 1. Each binding for an attribute must be from the domain
be deduced. In Figure 2, the predicatesng, cd, artist, of this attribute;
andprice represent the domains of song titles, CD titles, 2. If a source view requires a value, say, a string, as a
artists, and prices, respectively. particular argument, we will not allow the strategy of
Suppose that source view; has m attributes, say trying all the possible strings to “test” the source;
Ai,...,An. Assume the adornment ef says that the 3. Rather we assume that any binding is either obtained
arguments in positions, ..., p need to be bound, and the from the user query, or from a tuple returned by an-
arguments in positions + 1,...,m can be free. The fol- other source query.
lowing rule is thea-rule of v;:

Ui(A1, ..., Am) - domAi(Ar),...,domAy(Ap),
vi(Ar, ..., Am)

in which eachdomA; (j = 1,...,p) is the domain predi-
cate for attributed;. Fork = p+1,...,{, the following
rule is adomain ruleof v;:

Figure 2. Program TI(Q,V) in Example 2.1

LetT = {v1,...,v;} be aconnectioni®. The follow-
ing rule is theconnection ruleof T

ans(0(Q)) - 01(A(v1)), - . ., 0k (A(vi))

We use Example 2.1 to explain these assumptions. The
first assumption says that we would not use an artist name
as a binding for attribut®ong. Notice that if two attributes
have the samg/pe they can still be from two different do-
mains. For example, the attributdsng andCd share the
samestring type, but they have two different domains.

View vs3(Cd, Artist, Price) requires that a query to

domAy(Ax) i- domA1 (A1), ..., domA,(Ay), sourcess give a CD title. The second assumption says that

vi(A1, ..., Ay) we wouldnot allow the following naive “strategy”: gener-
ate all possible strings to test whetBghas CDs with these
2The idea of domain predicates is borrowed from [7]. However, in our strings ‘?‘S titles. _Thls_ approach WO“'O_' not terminate, since
framework, different domains have different domain predicates, while in there will be an infinite number of strings that need to be
[7] only one domain predicate was used for all attributes. tested. The third assumption says that each bound value of




an attributed must either be derived from the user query, or[_Order | Source Query| Returned Tuple(s] New Bindings(s)]

be a value of4 in a tuple returned by another source query,| 1 v1(t1, C) <ti,c1> Cd=c
For instance, it; is a CD title returned from soureg, and 2 vz(e1, A, P) | <c1,a1,$15> Artist = a;
Cd = cy is an initial binding in a query, then we knowthat | 3 | v4(C,a1,P) | <c1,a1,813>, Cd=c
c1 andcs are two CD titles, and they can be used to query <c2,a1,812>
sourcess. In Section 7 we will discuss other possibilities ‘5‘ ”255: Cé)) <t2,c2> gf(’l"g =t
for obtaining bindings. v1(t2, <t2,c3> =cs
g 9 6 vz(cs, A, P) <cs,as, $14> Artist = as
3.3. Evaluating the program11(Q, V) D) | e By Gl
2 s C4 1,C4

We evaluate the Datalog progrdifQ, V) on the source Table 2. Evaluating the program in Figure 2
relations to compute the facts for predicates. Note that
Fhevi'S are thg only EDB predicates Ifi(Q, V). However, [(1DBs [ Results [ 1DBs | Results
in an integration system, we do not know the tuples at each = ~f o<l oo ong | Ll
source before sending source queries. Now we show haw z?; <£’cl><t§’c§> - Cll’ 622 e

to evaluatdI(Q, V) to answer the query. o <er.a1.S1b><cs, a3, 814> | artist | a1, as
To evaluate the domain rules and theule of a source = <c1,a1,813><c2, a1, 812> | price | $15,514,$13,

V4

view v;, predicatey; is “populated” by source queries $g. <ca,as, $10> $12, 810
Suppose that the right-hand side of its domain rules and ifSqns | $15, $13, $10
a-rule is:

Table 3. Results of the program in Figure 2
domAi(Ar),...,domA,(Ap),vi(A1, ..., Am)

Once we know that(as,...,a,) are the values of the The programlII(Q, V) is constructed in a brute-force
domAj’'s (j =1,...,p), respectively, we can send a query way, and it needs to be optimized. In particular, for each
vi(a1,...,ap, Aps1,...,Ay) to sources;. This source  connectiorl” in the query, the program may access views

guery is guaranteed to be executable, since it satisfies th¢hat are not iri’. However, some of these off-connection ac-
binding requirements af;. The results of this source query cesses do not add anything to the query’s answer. In the next
add more tuples to the predicate(for the a-rule) and the  two sections we discuss how to decide whether accessing
predicateslomA;’s (for the domain rules). off-connection views is necessary, and if necessary, what
After the evaluation of the program terminates, the facts source views should be accessed.
for the domain predicates inclu@dl the obtainable values
of these domains. Similarly, the-predicate facts arall the
obtainable tuples at the sources. Sifi{@, V) includes the
connection rules for the connections in qu&y the facts
for the goal predicatens form the maximal obtainable an- In this section we discuss how to decide whether access-
swer toQ. Thus, we have the following proposition: ing off-connection views is necessary to compute the an-
N . o swer for a connection. In the case where it is not necessary,
Proposition 3.2 Given source descriptions and a query e prove that the complete answer for the connection can
Q, for any source relation® of V), if we evaluatdI(Q, V) be computed by using only the sources in the connection.
onR, the set of facts for the predicade s is the obtainable The following example shows that accessing all the
answer toQ. = views not mentioned in a connection is not always neces-

Table 2 shows how to evaluate the program in Figure 2 STy t0 compute its maximal obtainable answer.
to compute the answer to the query in Example 2.1, and Ta-
ble 3 shows the results. As expected, the program computes Uz(/’;
all the obtainable values of song titles, CD titles, artists, and
prices from the four sources and the query, as well as all the
obtainable tuples at the sources. The setrof facts is the
answer to the query. Therefore, our approach returns two vi(4,0)
more tuples$13 and$10, than the approach in Section 2.
Note that we cannot retrieve the tuple, c5> of v, and
the tuple<cs, as, $11> of vy, since we cannot retrieve the Figure 3. Source views in Example 4.1
value a; for attribute Artist, no matter what legal source
gueries we execute.

4. Accessing off-connection views




EXAMPLE 4.1 Consider the five views in Figure 3. Sup- forward-closure ofX givenW, denoted-closurd X, V),
pose that a user submits a query is a set of the source views W such that, starting from the
attributes inX as the initial bindings, the binding require-
Q=<{A=a},{D},{T1,T>}>, ments of these source views are satisfied by using only the

: : source views inV. O
which has two connectioris, = {v1,vs}, To = {ve,v3}.

That is, the user knows that the valuedfs ay, and wants In other wordsf-closurg X, W) can be computed as fol-
to get the associateld values using;Xvs andvsXuvs. As- lows: At the beginning, only the attributes X are bound,
sume that different attributes have different domains. The andf-closurd X, ) is empty. At each step, for each source
corresponding Datalog prografi( Q, V) is shown in Fig- viewv € W — f-closurd X, W), check whetheBB(v), the
ure 4. bound attributes ob, is a subset of the bound attributes
so far. If so, ad to f-closurd X, W), and each attribute

71
T2.
r3:
T4

ans(D) - vi(ao, C), ¥s(C,D)
( ) - Vz(ao,B C) VB(C D)
(A C) :-domA(A),v; )

domC(C) - domA(A), vi(A

in F(v), the free attributes of, becomes bound. Repeat
this process until no more source views can be added to
f-closurg X, W). Let A(f-closurgX,)) denote all the
attributes of the source views frclosurd X, ). There-

(
r5: ¥2(A, B, C) :- domC(C), v2 A B ,C) _ )
re: domA(A) - domC(C A,B,C) fore, A(f-closurd X, V)) includes all the attributes that can
r7. domB(B) :- domC(C), v2(A,B,C) be bound eventually by using the source viewplirstarting
rs: ¥3(C,D) - domC(C ,V3 ) from the initial bindings inX.

(c

r9: domD(D) :- domC
10" ﬁ(C,E) - V4( E)
r11: domC(C) - v4(C,E)
r12: domE(E) - va(C E)
r13: vs(E,F) - domE( )
r14: domF(F) -domE(E) ( ,F)
r15: domA(ag) -

EXAMPLE 4.2 In Example 4.1:

f-closurg{A}, {v1,va,v3}) = {v1,v2,v3},

since we can use the bound attributdo get tuples of,
and bindC', which is the only bound attribute of andvs.
In Example 2.1f-closurg{Song}, {vi,vs}) = {v1}, and
Figure 4. Program II(Q,V) in Example 4.1 f-closurg{Song}, {v1,vs}) = {v1,vs}. i
Consider connectiofi;. The progranil(Q, V) accesses  4.2. Independent connections

the three views that are not ifi during the evaluation of

the program. However, these off-connection accesses do not A connectiorl” in a queryQ is independenif
contribute toTy’s results. The reason is that, suppose
<d> is a tuple in the complete answer fby, andt comes f-closure1(Q), T) = T.

fromtuplet; = <ao, > of v; and tupleis = <c, d> of vs. That is, the binding requirements of the source views in the

By sending a query, (ao, C') to s, we canretrieve tupl&.  connection can be satisfied by using only these source views
With the new binding”’ = ¢ we can send a queny(c, D) starting from the initial bindings id(Q). In other words,

to s3, and retrieve tuple;. Therefore, by using only the it connectionT = {wy, .. ., w;} is independent, then there
views inT; we can compute its complete answer. exists arexecutable sequenoéall the source views in con-
Consider connectiofi,. Since we cannot get any bind- actionT w: w;, , such tha3(w;, ) C I(Q), and for
. 219y Wigs 1) = ’

ing for attributeC' by using only_ thg two views il,, we J=2,. ..k Blw;) CI(Q)UAw;,) U--UAw;,_,)
needv; anduy to contributeC bindings. Thus these WO That s, the binding requirements of each source view in
off-connection views are useful @,. On the other hand,  he sequence can be satisfied by the initial binding€in
v5(E, F') does not contribute td's results, because e 5 the previous source views. For instance, the connec-
and F' bindings fromss do not help obtain more answers jon T, = {v1,v3} in Example 4.1 is independent, since
for 5. = it has an executable sequenee;vs. The following theo-

rem shows that an independent connection does not require
bindings from views outside the connection. (Due to space
limitations, we have not provided all the proofs of the lem-
mas and theorems in this paper. They are available in the
full version of the paper [15].)

In general, given a connectidnin a queryQ, we need to
decide whether accessing the views outdids necessary.
Before giving the solution, we first introduce some notation.

4.1. Forward-closure
Theorem 4.1 If connectionl” is independent, then for any

Definition 4.1 (forward-closure) Given a set of source source relations, we can compute the complete answer for

views W C V and a set of attributeX C A(V), the T by using only the source viewsTn m|



Theorem 4.2 For a nonindependent connectidh, there fi

exists an instance of the source relations, such that some va(H#, D) b5(fE€

tuples in the complete answer fércannot be obtainedd HYJ | bbb f
Many related studies (e.g., [8, 16]) consider the case bff |B N\&/| F | B0, B, )

where a connection in a query is independent. If the connec- v (A4, B,C) A bbfof

tion is not independent, their algorithms give up attempting |C G |s(C,D,E,G)

to answer the connection. However, our framework can still
compute a partial answer for the connection by accessing
off-connection views. In the next section, we will discuss
how to decide what source views need to be accessed.

Figure 5. The source views in Example 5.1

independent, since we cannot bind attribuiesind £ by
using only the views il starting from the initial binding
in Q. We need other views to binh andE, so that we can

. . . gueryss andss to retrieve tuples. Thusy andvs may be
If a connectionT” is not independent, we may get more useful

bindings by accessing views not i Some of the offt- ., ever although viewss can bind attributeZ, it is
connection accesses are actually essential, as they prowdﬁot relevantto connectiorl’. To illustrate the reason, we
bindings that let us query the sources in the connection,prove that using only:, vs, vs, anduvs, We can compute
which we could not do otherwise. However, some of these all the obtainable answer faF. Suppose tuple = <f, g>
off-connection accesses can be proven not to add anythingS in the obtainable answer. andomes from tuple‘v; _
to the query’s results. In this section, we discuss how to _ .~ _ v, tuplets, — %b d,e, f> of v, and tuple
eliminate the unnecessary view accesses. We firstgive the "~ _ ;° g’> of vs. Since the initial value oft in the
formal definition of relevant source views of a connection, query isva,vwve can send a source quernya, B, C) to re-
and then propose an algorithm for finding all the relevant trieve tuplet, from v;. Because attribut® is: n(;t inI(Q),
source views of a connection. To simplify the presentation, and onlyv, (with binding patterry f) takesD as a free at-
in the rest of the paper we assume that different attributes,;y, 1o the valuel of D must be derived from the result of a

are from different domains. source query te4, which includes a tuple whode value is
d. With C = candD = d, we can retrieve tuplég; from v
by sending a source quety(c, d, E, G), and then retrieve
tuple t. from vy by sending a source quety(b,d, e, F).
Thus, without usings, we can get tupléin the obtainable
answer for connectiofi. The proof also shows that without
usingu,, We cannot get any answer for |

5. Finding relevant views of a connection

5.1. Relevant source views of a connection

Given source descriptionig, a queryQ, and a connec-
tionT in Q, asource view € V isrelevantto connectiory’
if for some source relations, removingrom ) can change
the obtainable answer for connectidn otherwise v is ir-

relevantto connectiorf’. In other words, a source viewis As there may be many views with different schemas and

relevant to a connectidfi if we can miss some answers for binding patterns, it becomes challenging to decide what

T'if we donotuse. Note that whether a source view is rel- e\ can really contribute to the results of a connection.
evant to a connection does not depend on otherconnecuon%efore giving the algorithm for finding all the relevant

in the query. In Example 4.1, the relevant source views of
connection?} are the two views irff;, while the relevant
source views of connectidh, arevy, vo, v3, andv,.

Given source descriptionig, a queryQ, and a connec-
tion T in Q, we need to solve the following problem: how o o
to find all the relevant source views @f? The following A source view Isqueryat_)Ief itisin f-closurd1(Q), V).
example shows the challenge of this problem: not all the All the queryable source views are those that we may even-

views that contribute bindings b are relevant t@". tually query, starting from the initial bindings i Q), and
perhaps using several preliminary queries to other sources

in order to get the bindings we need for these source views.
Let V, denote all the queryable source viewsln and
A(V,) be all the attributes iwv,.

views of a connection, we require a series of definitions.

5.2. Queryable source views

EXAMPLE 5.1 Consider the five views in Figure 5. Sup-
pose that a user submits a query

Q=<{A=a},{F,G},{T}>,

which has one connectidfi = {v1,v2,v3}. That is, the
user knows the value of is a, and wants to get the associ-
atedF andG values using; XvyXuvs. Connectiorl” is not

We cannot get any tuples from a nonqueryable source
view, no matter what the source relations are. If a connec-
tion contains a nonqueryable source view, we cannot get
any answer for this connection. Thus we need to consider



only thequeryable connections Q, i.e., the connections  f-closurg{A}UI(Q),T) = f-closurd{A, B}, {v1,v2,v3})
that do not have any nonqueryable source view. Clearly an= {v1,v2,v3} =T. |

independent connection is also a queryable connection, but )
not vice versa. For instance, in Example 4.1, connection Deflnltlon 5.2 (BF-chain) A sequence of queryable source

Ty is queryable, since both, andvs are queryable source  VIEWSwi, ..., wy (i.e., €achw; € V,) forms aBF-chain
views, butT} is not independent. (bound-freechain)iffof = 1,...,k—1, F(w;) NB(wit+1)
is not empty. The source views andw;, are theheadand
thetail of the BF-chain, respectively. |

5.3. Kernel, BF-chain, and backward-closure

o _ In other words, for every two adjacent views in a BF-
Definition 5.1 (kernel) AssumeT' is a queryable connec-  chain, the free attributes of the first one overlap with the
tion in queryQ. A set of attributedC C A(T') is akernelof  hound attributes of the second, and thus the first view

Tif contributes bindings to the second one. In Example 4.1,
f-closurdC U 1(Q),T) =T (v4,v2,v1,v3) is @ BF-chain, in whichy, is the head ands
and is the tail.
f-closurg(K —{A}) UI(Q),T) # T Definition 5.3 (backward-closure) Suppose that is an
for any attributed € K. O attribute in.A(V,). The backward-closure of4, denoted

b-closurg A), is the set of queryable source views that can

Intuitively, a kernelC of connectionT is a minimal ~ be backtracked froni by following some BF-chain in a
set of attributes inA(T) such that, if the attributes in ~reverse order, in whict! is a free attribute of the tail in
K have been bound, together with the initial bindings in €ach BF-chain. a
I(Q), we can bind all the attributed(T") by using only
the source views iff". In Example 4.1,{C} is a kernel
of connectionT?, becausd-closurd{C} U I(Q),T>) =
f-closurd{C, A},T>) = T». In Example 5.1{D} is a
kernel of the connectiof’, while {D, E} is not. Since a
kernel of a connection must be minimal, it cannot share any
attribute withI(Q).

We compute a kernel of a connecti®drby shrinking the
set of attributesX = A(T) — I(Q) as much as possible
while X satisfies:f-closurd X U I(Q),T) = T. WhenX
cannot be smaller, it will be a kernel @f. An independent .
connection has only one kernel: the empty set. A noninde—X’ |.e.,E-cLos}gr§X) - Hf(“EX t}-closuﬁA). d backward
pendent connection has only nonempty kernels. It may have By the definitions o erne, BF-chain, and backward-
multiple kernels, as shown by the following example. closure, we have the following lemmas.

More precisely,b-closuré A) can be computed as fol-
lows: Start by settingp-closuré A) to those source views in
V, that takeA as a free attribute. For each views vV, —
b-closuré A), if there is a vieww € b-closurg A) such that
F(v) and B(w) overlap, then add to b-closuréA). Re-
peat this process until no more queryable source views can
be added td-closuré A). In Example 4.1, the backward-
closure of attribut€ is {v1, v2, v4 }. The backward-closure
of a set of attributes¥’ C A(V,), denotedb-closurgX),
is the union of all the backward-closures of the attributes in

Lemma 5.1 If K is a kernel of a queryable connectidn
andA is an attribute inC, thenA is not in A(f-closurg (X —
{A}) U I(Q),T)). Thatis, starting from the attributes of
(K — {A}) U I(Q) as the initial bindings, we cannot bind

attribute A by using only the source viewsh |
Lemmab5.2 If A; and 4, are two attributes, and there is
V2(C.D.E) VAE,G) a BF—chain such thgtéll is a bouqd attribute of the head
_ . . and A, is a free attribute of the tail, then b-closyr,) C
Figure 6. Multiple kernels of a connection b-closuré As) O
] Lemma 5.3 If connectionT has two different kernel&,
EXAMPLE 5.2 Figure 6 shows a hypergraph of four /s, then b-closuréC;) = b-closuré/C). O
source views. The binding patterns feq(A, B,C),
v2(C, D, E), andvs(E, F, A) are allbf f, and the bind- Lemma 5.3 shows that if a connection has multiple ker-

ing pattern forvy(E,G) is ff. Assume a user query is nels, then the backward-closures of all these kernels are
Q = <{B = b},{A,C,E},{T}>, in which the only  the same. For instance, in Example 5.2, the connection
connection isI" = {v1,v2,v3}. T has three kernelst A}, T = {v1,v2,v3} has three kernels{A}, {C}, and{E},
{C}, and{E}. For instance,{A} is a kernel because and they have the same backward-clos{tg; v,, vs, v4}.



5.4. The algorithm FIND_REL

Now we show how to find all the relevant views of a
connection by giving the following theorem:

Theorem 5.1 If K is a kernel of a queryable connecti@h
then b-closuréC) U T are all the relevant source views of
connectior". |

Proof: Refer to [15] for the detailed proof. The essential
idea is that we need to prove, for a keriebf a queryable
connectiorf: (i) All the source views i —b-closurg/C)U

T areirrelevant td’; (ii) Every source view irf" is relevant

to T'; (iii) Every source view inb-closuréC) is relevant
to T'. We prove (i) by showing that we can get all the tu-
ples in the obtainable answer forby using only the source
views inb-closuré/C) U T'. We prove (ii) by constructing

so the only relevant source viewsBf arev; andvs. Con-
nectionTy = {v2,v3} is not independent, and it has only
one kernel: {C}. The backward-closure of the kernel is
{v1, v2,v4}, SO ONlyvy, va, v3, andv, are relevant tds.

In Example 5.1, connectioff = {v1,v2,v3} has one
kernel{ D}, whose backward-closure{s,}. Thus the rel-
evant source views of the connection arg v,, vs, and
vg4. The connection in Example 5.2 has three kerngls},
{C}, and{E}. We choose one of them, s@y }, and com-
pute its backward-closure, which {81, v2,v3,v4}. Thus
all the four views are relevant to the connection. |

Let us analyze the complexity of the algorithm
FIND_REL. Suppose that there aresource views iny.
Consider a queryable connecti@hwith m source views
and k attributes. Assume it take®(1) time to check

an instance of the source relations such that the obtainabl@/hether a set of attributes is a subset of another set of at-

answer forl" is not empty, while if we remove any source
view in T, the obtainable answer f@r becomes empty. To
prove (iii), for every source view; in b-closuré), we
prove thatv; is relevant toI' by constructing an instance
of the source relations, such that without usingwe will
miss a tuple in the obtainable answer far "

Using Theorem 5.1, for a queryable connectith
we can find all its relevant source views by computing
b-closuré/C) UT'. If T' is independent, then it has only one

tributes. As described in Section 5.2, we can get all the
queryable source views by computifiglosur€(Q), V).
Step 1 thus can be doned(n?) time. Step 2 can be done
by following the approach described in Section 5.3, which
shrinks the attributes il(T") — I(Q) as much as possible.
Since for each set of attributés C A(T") — I(Q), it takes
O(m?) time to computd-closurd X UI(Q), T), step 2 can
be done inD(km?) time.

In step 3, for each attributel in a kernelC of T,
b-closuré A) can be computed i®(n?) time because dur-

kernel, the empty set, whose backward-closure is empty.ing the computation, we can keep a set of attribulgsas

Thus only the source views ifi are relevant t@’, and this

the union of theB(w;)’s for eachw; in b-closuré A) that

claim is consistent with Theorem 4.1. If the connection is has been computed so far. At each step, for each queryable

not independent, we find a kern€lof 7', and compute the
backward-closure-closurdC). Then we find the relevant
source views of” by taking the union ob-closuréC) and

source viewv that is not in the currenb-closuré A), we
check whethefF(v) N A, is not empty. If sop is added to
b-closuré A). Thus step 3 can be done M(kn?) time.

T. Note that the backward-closures of different attributes Therefore. the total time complexity of finding the rele-
in the kernel may overlap, and they may also overlap with \,5nt source views of the connectiond4n?) + O(km?) +

the source views iff’. We give an algorithm FINIREL, as

shown in Figure 7, that finds all the relevant source views

of a queryable connection in a query.

Algorithm FIND_REL: Find the relevant views of a connectid
Input: e V: Source views with binding restrictions;
e Q: A query;
e T': A queryable connection i@.
Output: All the relevant views of".
Method:
(1) Compute all the queryable source views
V, = f-closurg1(Q), V).
(2) Compute a kernél of connectiorT’;
(3) Compute the backward-closuveclosurg/C);
(4) Returnb-closuré/C) U T'.

>

Figure 7. The algorithm FIND _REL

EXAMPLE 5.3 In Example 4.1, all the five source views
are queryable. Connectidh = {v1,vs} is independent,

O(kn?) = O(k(m? + n?)) = O(kn?).
6. Constructing an efficient program

In this section we show how to use the algorithm
FIND_REL to construct a more efficient program than that
constructed by the algorithm in Section 3, and show how to
remove some useless rules in the program.

Given source descriptiongand a queng, we first find
the relevant views of all the connectionsghas follows:

1. Compute all the queryable source view§ =
f-closur€1(9Q),V);
2. Remove the nonqueryable connections, i.e., the con-
nections that have a nonqueryable view;
3. Compute the relevant views for each queryable con-
nection by calling the algorithm FINIREL;
4. Take the union of all these relevant source views.



We then use only these relevant source views (denoted). Suppose that we have a cached tup(es, . . .

V,) of query Q to construct a Datalog prograbi(Q, V,.)
in the same way aH(Q, V) is constructed. For instance,
in Example 4.1, all the five source views are queryable. By
calling the algorithm FINDREL we find that views); and
v3 are relevant to connectidfy; views vy, v, v3, andwvy
are relevant to connectidhy. Therefore, the relevant views
for both connections are;, v2, vs, andvy. We use these
four views to construct a more efficient program, which can
be obtained by dropping the ruleg; andry4 in Figure 4.

In addition, some useless rules in the progiaf@, V,.)

can be removed, since they do not contribute to the answer

For instance, in Example 4.1, the user is not interested in
the B and E' values, so rules; andri, in Figure 4 can

be dropped. Rulesy andrig can also be removed since
the predicates in their heads are not used by other rules
Figure 8 shows the optimized program that can compute th
same answer as before.

r1: ans(D)  :-¥i(ao,C),v3(C,D)
ro: ans(D) - v2(ao,B,C),vs(C,D)
r3: vi(A,C) - domA(A),vi(A,C)
r4: domC(C) :-domA(A),vi(A4,C)
r5. va(A,B,C):- domC(C), v2(A,B, C)
r¢: domA(A) :-domC(C),v2(A,B,C)
rs: v3(C,D) :-domC(C), vs(C,D)
ri1: domC(C) :- v4(C,E)

r15: domA(ag) -

Figure 8. Optimized program in Example 4.1

In general, the useless rulesIHQ, V,.) can be found
as follows: Scan through all the rules in the program
II(Q,V,), except for the connection rules. For each rule
r, check whether the IDB predicate in its head is used by
other rules in the program. If not, ruteis useless and can

e

,an) for
source view; (Ay, ..., A,,). The following rules are added
to the programl(Q, V):

{)\1((117"'7(171) -
domA;(a;) - (i=1,...,n)
The predicatesdomAs,...,domA, are the domain

predicates for the attribute4,, ..., A,, respectively. The
first rule says that tuple;(as,...,a,) is an obtained tu-

ple of source view;. The other fact rules represent the
bindings for the corresponding domains. The new rules can
contribute more answers to the query. Some views that were
nonqueryable when we considered only the initial bindings
in @ may now become queryable with the new bindings
from the cached data. In general, if we have some infor-
mation about a domain, we can always incorporate the in-
formation into the progranbl(Q, V) by adding the corre-
sponding fact rules.

We may also obtain bindings by using some known do-
main knowledge. For example, suppose that we have a
source viewstudent(name, dept, GP A) with the binding
patternbb f. Thatis, every query to this source must supply
a name and a department of a student, so that the student’s
GPA can be returned. Assume we know that all the students
at the source are in four departmen{CS, EE, Physics,
Chemistry. Then we can use these four departments as
bindings for attributeiept to query the source, and we do
not need other sources to contribdtgt bindings.

7.2. Computing a partial answer

In some cases a user may be interested in a partial answer
to a query. Thus we do not need to compute the maximal
answer, which may be expensive to retrieve. Theorem 4.1
suggests that if a connection is independent, its complete

be removed from the program. Repeat this process until no@nSwer can be computed by using only the views in the

useless rules can be found in the program.

7. Discussions

In this section we explore other possibilities for obtain-
ing bindings during the query planning of a query. We also

query. If a connectiofl” is not independent, we can find

a kernellC of T. We access some sourcesbitlosureC)

to obtain bindings for the attributes g, and compute a par-

tial answer for the connection. Notice that we may access
only a subset of the backward-closure/of since we are

not interested in the maximal answer fBr In addition, we
need to consider the tradeoff between the number of results

discuss how to answer a query when the user is interestechnd the number of source accesses. The more sources we

in a partial answer, not necessarily the maximal answer.

7.1. Obtaining bindings

access, the more bindings we can retrieve, and the more an-
swers we can compute for the connection. We decide how
many source gueries to send based on how many results the
user is interested in.

Theorem 4.1 suggests that accessing off-connection

views is only necessary for nonindependent connections.
So far, we have assumed that the bindings of a domain
are either from a user query or from other source queries.

8. Conclusion

In information-integration systems, especially in the

If cached data are available, they can be incorporated intocontext of the World Wide Web, sources may have restric-

the progranil(Q, V) for a queryQ and source descriptions

tions on retrieving their information. We need to consider



the source restrictions while answering a user query, since[11] J. Hammer, H. Garcia-Molina, S. Nestorov, R. Yerneni,

we may not be able to retrieve all the data from the sources. M. M. Breunig, and V. Vassalos. Template-based wrappers
In this paper we showed that sources not directly mentioned in the TSIMMIS systemACM SIGMOD Conferencgages
in a query can contribute to the query result by providing 532-535, 1997.

useful bindings to the query. In some cases we can accesélz] Z. lves, D. Florescu, M. Fr.'edman’. A-Levy, ano.l D. We.ld'
An adaptive query execution engine for data integration.

sources repeatedly to compute more results to the query. ACM SIGMOD Conferenc@ages 299-310, 1999

We proposed a framework of query planning in the pres- [13] A. Y. Levy, A. O. Mendelzon, Y. Sagiv, and D. Srivastava.
ence of source restrictions. In the framework, a user query Answering queries using views®ACM Symposium on Prin-

and source descriptions are translated into a Datalog pro- ciples of Database Systems (POP#jges 95-104, 1995.
gram, and we evaluate the program on the source relationd14] A.Y. Levy, A. Rajaraman, and J. J. Ordille. Querying het-
to compute the maximal obtainable answer to the query. erogeneous information sources using source descriptions.

Very Large Data Bases (VLDB) Conferenpages 251-262,

Our framework supports recursive query planning because 1096

of the expregsive power of Datalog: In addition, we showed [15] C. Li and E. Chang. Query planning with limited source
that accessing off-query sources is not always necessary. " capapilities (extended versiorifechnical report, Computer
In the case where off-query accesses do not contribute to Science Dept., Stanford Unit999.

the query results, we proved that the complete answer to[16] C. Li, R. Yerneni, V. Vassalos, H. Garcia-Molina, Y. Pa-

the query can be computed by using only the views in the pakonstantinou, J. D. Ullman, and M. Valiveti. Capability
query. In the case where off-query accesses are necessary, based mediation in TSIMMISACM SIGMOD Conference
we gave an algorithm for finding all the relevant sources to pages 564-566, 1998.

[17] D. A. Maluf and G. Wiederhold. Abstraction of repre-
sentation for interoperation.International Symposium on
Methodologies for Intelligent Systems (ISMIBages 441—

the query. Using this algorithm we can trim the unnecessary
view accesses and construct an efficient Datalog program to

compute the answer. 455, 1997.
. [18] Y. Papakonstantinou, H. Garcia-Molina, and J. Widom. Ob-
Acknowledgments: We thank Jeff Ullman for his valuable ject exchange across heterogeneous information sources.
comments on this material. ternational Conference on Data Engineering (ICDBages
251-260, 1995.
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