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Abstract

In information-integration systems, sources may have
diverse and limited query capabilities. In this paper we
show that because sources have restrictions on retrieving
their information, sources not mentioned in a query can
contribute to the query result by providing useful bindings.
In some cases we can access sources repeatedly to retrieve
bindings to answer a query, and query planning thus
becomes considerably more challenging. We find all the
obtainable answers to a query by translating the query and
source descriptions to a simple recursive Datalog program,
and evaluating the program on the source relations. This
program often accesses sources that are not in the query.
Some of these accesses are essential, as they provide
bindings that let us query sources, which we could not do
otherwise. However, some of these accesses can be proven
not to add anything to the query’s answer. We show in
which cases these off-query accesses are useless, and prove
that in these cases we can compute the complete answer
to the query by using only the sources in the query. In the
cases where off-query accesses are necessary, we propose
an algorithm for finding all the useful sources for a query.
We thus solve the optimization problem of eliminating the
unnecessary source accesses, and optimize the program to
answer the query.

Keywords: information-integration systems, limited source
capabilities, Datalog programs.

1. Introduction

The rapid growth of the Internet is giving us access
to an unprecedented number of heterogeneous informa-
tion sources. Many information-integration systems (e.g.,
TSIMMIS [4], the Information Manifold [14], Garlic [21],
Infomaster [9], Disco [22], Tukwila [12], and InfoSleuth
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[2]) have been proposed to support seamless access to these
heterogeneous data sources. To perform queries on these
sources, many studies [6, 13, 19, 20] construct answers to
queries using views. These approaches are closely related to
query-containment algorithms for conjunctive queries and
for Datalog programs [24].

In heterogeneous environments, especially in the context
of the World Wide Web, sources may have diverse and lim-
ited query capabilities. For example, many Web bookstores
like amazon.com [1] and barnesandnoble.com [3]
provide some search forms. A user fills out a form by spec-
ifying the values of attributes, e.g., book title, author name,
publisher, and ISBN, so that the source returns the books
satisfying the query conditions. These sources do not ac-
cept queries such as “return the information about all the
books you know about.” There are many reasons for the
source restrictions, including the concerns of efficiency and
security, and the limitations of the source interfaces.

In this paper, we consider a practical information-
integration problem:querying sources with limited capabil-
ities. We first show that because sources have restrictions on
retrieving their information, sources not directly mentioned
in a query can contribute to the query result, as shown by
the following example.

EXAMPLE 1.1 Assume that we want to compare the aver-
age prices of the books sold byamazon.com andbarne-
sandnoble.com . Since both sources require each source
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-
mation such as some authors, book titles, and ISBNs, the
available information may not be enough to sample the two
sources. However, suppose that we can access the source
prenhall.com to retrieve the authors of books published
by Prentice Hall. We use these authors to queryama-
zon.com andbarnesandnoble.com . After retrieving
the books, we can compare the average prices of the two
sources.1 2

1We use this example to illustrate the idea of obtaining bindings from



Example 1.1 suggests that we can use the sourcepren-
hall.com to retrieve bindings for the author domain to
answer the query, although this source is not mentioned di-
rectly in the query. In some cases, as shown by the moti-
vating example in Section 2, we can access sources repeat-
edly to obtain bindings to compute more results to a query.
In Section 3 we propose a framework of query planning in
integration systems with source restrictions. In the frame-
work, source descriptions and a query are translated into a
Datalog program, and we compute themaximalanswer to
the query by evaluating the program on the source relations.
Datalog is used in the query planning since the planning
process can be recursive, although the query itself is not.

Being able to obtain the maximal results is desirable.
However, the challenge is to return the results with the min-
imum cost. In other words, we do not want to involve all
sources blindly during the plan-generation process. In Sec-
tion 4 we show that in some cases a query does not need any
bindings from off-query sources. In these cases we prove
that the complete answer to the query can be computed by
using only the sources in the query. In the cases where it is
necessary to access off-query sources, we show in Section 5
that not all the sources that contribute bindings to the query
are really necessary. We thus want to include judiciously
only those sources that provide some values at a place where
they are needed. We develop an algorithm for finding all the
useful sources for a query. We solve the optimization prob-
lem of eliminating the unnecessary source accesses, and op-
timize the program to answer the query (Section 6).

We discuss in Section 7 how to explore other possibili-
ties for obtaining bindings, e.g., by using cached data and
domain knowledge. In the cases where a user may be in-
terested in a partial answer to a query, we do not need to
compute the maximal answer, which may be expensive to
retrieve. We discuss how to compute a partial answer to a
query, and the tradeoff between the number of results and
the cost of an execution plan.

In this study we focus on a class ofconnection queries. A
connection query is a natural join of distinct source views
with the necessary selection and projection. (The details
are described in Section 2.) Here we take the following
universal-relation-like assumption [23]: different attributes
sharing the same name in different views have the same
meaning. However, universal-relation study did not con-
sider restrictions of retrieving information from relations. In
addition, as we will see in Section 2.2, a connection query
can be generated in general cases, where our techniques are

sources not mentioned in the query. If we consider the possibility that
bookstores and publishers may make deals, and therefore prices at a given
bookseller for books by a given publisher may be atypical, a better strat-
egy would be: use the authors fromprenhall.com to retrieve book
titles from the two bookstore sources, then use these titles to retrieve more
authors. After several iterations, we average the prices of the books that
are not published by Prentice Hall.

applicable.
Here is a summary of the contributions of this study:

1. We show that in information-integration systems,
sources not in a query can contribute to the query re-
sult because of source restrictions. In some cases, we
can obtain bindings by accessing sources repeatedly to
answer a query, thus query planning in the presence of
restrictions becomes considerably more challenging.

2. We propose a query-planning framework, in which
source descriptions and a query are translated into a
Datalog program. We evaluate the program on the
source relations to compute the maximal obtainable
answer to the query.

3. We show how to decide whether accessing off-query
sources is necessary. In the cases where it is not nec-
essary, we prove the complete answer to the query can
be computed by using only the sources in the query.

4. In the cases where we need other sources to contribute
bindings, we propose an algorithm for finding the use-
ful sources and constructing an efficient program to
compute the answer.

1.1. Related work

There are two approaches to information integration [6]:

1. The source-centric approach: Both user queries and
source views are in terms of some global views. For
each query, the integration system needs to plan how to
answer the query using source views. The Information
Manifold and Infomaster follow this approach.

2. The query-centric approach: User queries are in terms
of views synthesized at a mediator [26] that are defined
on source views. After view expansion [16] at the me-
diator, the query is translated to a logical plan that is
composed of the source views. TSIMMIS follows this
approach, and we follow this approach in this paper.

Ullman [24] gave a good survey on the differences be-
tween these two approaches. Many studies have been done
by taking the source-centric approach. For example, Qian
[19] discussed how to use query folding to rewrite queries
using views without considering source restrictions. Rajara-
man, Sagiv, and Ullman [20] proposed algorithms for an-
swering queries using views with binding patterns. Duschka
and Levy [7] considered source restrictions by translating
source binding patterns into rules in a Datalog program, as-
suming that all attributes share one domain. The paper did
not discuss how to trim useless sources, thus it may generate
programs that are not efficient to evaluate.

By taking the query-centric approach, [16] showed how
to generate an executable plan of a query based on source
restrictions. If the complete answer to the query cannot



be retrieved, [16] would not answer the query, but would
claim that an executable plan does not exist. In this case,
our approach can still compute a partial answer. Although
we take the query-centric approach in this study, our tech-
niques for finding useful sources are also applicable to the
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
queries with source restrictions [8, 28], how to describe
source capabilities using a powerful language [25], how
to compute mediator capabilities given source capabilities
[27], and how to convert data at mediators [5].

2. Preliminaries

In this section, we present our motivating example and
introduce the notation used in the paper.

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. Sourcess1 ands2 have infor-
mation about CDs and their songs; sourcess3 ands4 have
information about CDs, their artists, and their prices. To
simplify the notation, we use attributeSongfor song title
and attributeCd for CD title. The “Must Bind” column in
the table indicates the attributes that must be specified at a
source. For instance, every query sent tos2 must provide a
CD title. In other words, without the information about CD
titles, sources2 cannot be queried to produce answers.

Source Contents Must Bind

s1 v1(Song, Cd) Song

s2 v2(Song, Cd) Cd

s3 v3(Cd, Artist, Price) Cd

s4 v4(Cd, Artist, Price) Artist

Table 1. Four sources of musical CDs

Source-view schemas can be represented by a hyper-
graph [23], in which each node is an attribute and each
hyperedge is a source view. The hypergraph of the four
views is shown in Figure 1, which also shows the tuples at
each source. To simply the presentation, we use symbolsti,
cj , andak to represent a song title, CD, and artist, respec-
tively. For instance, the source viewv1(Song, Cd) contains
two tuples:<t1, c1> and<t2, c3>. The figure shows the
adornments of the attributes in each view:b means that the
attribute must be bound,f means the attribute can be free.

Suppose a user wants to find the prices of the CDs
that contain a song titledt1. The answer can be ob-
tained by taking the union of the following four joins:
v11v3, v11v4, v21v3, andv21v4, and performing a se-
lectionSong = t1 and then a projection onto the attribute

CdSong Artist Price

v2(Song; Cd)
f b

v4(Cd;Artist; P rice)
f b f

v3(Cd;Artist; P rice)
b f f

v1(Song; Cd)
b f

<c3; a3; $14>
<c1; a1; $15>

<t1; c4>
<t1; c5>
<t2; c2>

<t1; c1>
<t2; c3>

<c1; a1; $13>

<c5; a5; $11>
<c4; a3; $10>

<c2; a1; $12>

Figure 1. The hypergraph representation

Price. Figure 1 shows that there are four CDs containing the
song: <c1, a1, $15>, <c1, a1, $13>, <c5, a5, $11>, and
<c4, a3, $10>. Therefore, without considering the source
restrictions, the answer is{$15, $13, $11, $10}. However,
due to the limited source capabilities, only the$15 can be
computed if we process each join in the query at one time
(as in [10, 14, 16]). The reason is that,v11v3 yields the$15
in the answer;v11v4 cannot be executed by using onlyv1
andv4, sincev4 requires that attributeArtist be specified,
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 CDsc4 andc5. 2

In this study, we first propose a framework that can re-
trieve more results from sources with restrictions. Instead of
considering each join individually, our framework involves
other sources not in a join to produce bindings to answer
the join. For instance, when joiningv1 and v4, we also
consider the information provided byv2 and v3. As we
will see in Section 3.3, our framework can find two addi-
tional CDs containing the song titledt1: <c1, a1, $13> and
<c4, a3, $10>. If the user wants to find the cheapest CD,
our approach can save$5 for the user!

2.1. Source views

Now we give the notation used throughout the paper. Let
an integration system haven sources, say,s1, . . . , sn. As-
sume that each sourcesi provides its data in the form of a
relational viewvi. If sources have other data models, we
can usewrappers[11] to create the simple relational view
of data. In the case where one source has multiple relations,
we can represent this source with multiple logical sources
each of which exports only one relational view.

We assume that differences in ontologies, vocabularies,
and formats used by sources have been resolved. In par-
ticular, if two sources share an attribute name, we assume
that the attributes are equivalent (i.e., wrappers take care of
any differences). Related research [17, 18] suggests ways
to deal with ontology and format differences. We assume
that the schemas of the source views are defined on a global
set of attributes. Each view schema is a list of global at-
tributes, and different views may share the same schema.
For instance, in Example 2.1, we have four global attributes:



Song, T itle,Artist, andPrice; viewsv1 andv2 share the
same schema(Song, Cd).

The query capability of each source is described as a
template with a binding pattern [23] representing the possi-
ble query forms that the source can accept. The adornments
for the attributes in the binding pattern includeb (the at-
tribute must be bound) andf (the attribute can be free). For
simplicity of exposition, we assume that each view has one
template. We usevi to stand for both the source view and
its adorned template, and we believe the distinction should
be clear in context. LetA(vi) denote the attributes in a
source viewvi, and letB(vi) andF(vi) be the sets of bound
and free attributes in the adorned template ofvi, respec-
tively. For instance, in Example 2.1,B(v1) = {Song},
F(v1) = {Cd}, andA(v1) = {Song, Cd}. Let V denote
the source views with their adornments,A(V) be the at-
tributes inV , andR be an instance of the source relations
of V.

2.2. Queries

A user query is represented in the form

Q = <I, O, C>

whereI is a list of input assignments of the format-
tribute = constant , O is a list of output attributes
whose values the user is interested in, andC is a list ofcon-
nections. Each connection is a set of source views that con-
nect the input attributes and the output attributes. As we will
see shortly, we interpret a connection as the natural join of
the views in the connection. The following are some possi-
ble ways in whichC could be generated:

1. It is generated by query expansion at a mediator, as in
TSIMMIS [16].

2. It is generated by a minimal-connection algorithm, as
in universal-relation systems [23].

3. It is specified explicitly by the user.

For instance, the query in Example 2.1 can be repre-
sented as

Q = <{Song = t1}, {Price}, {T1, T2, T3, T4}>

in which the four connections are:T1 = {v1, v3}, T2 =
{v1, v4}, T3 = {v2, v3}, andT4 = {v2, v4}. Note that
there can be multiple input attributes and multiple output
attributes in a query. LetI(Q) andO(Q) respectively de-
note the input attributes and the output attributes of query
Q. I(Q) andO(Q) do not overlap. LetA(T ) be all the
attributes in a connectionT .

2.3. The answer to a query

SupposeT is a connection in queryQ. For those tuples
in thenatural joinof the relations inT that satisfy the input
constraints inQ, their projections onto the output attributes
are thecomplete answer for connectionT . The union of
the answers for all the connections inQ is thecomplete an-
swer to queryQ. Due to the limited source capabilities, the
obtainable answer to a queryis themaximalanswer to the
query that can be retrieved from the sources, using only the
initial bindings in the query and the source relations.

The complete answer to a user query could be retrieved if
the sources did not have limited capabilities. However, we
may get only a partial answer to the query due to the source
restrictions. For instance, in Example 2.1, the complete an-
swer to the query is{$15, $13, $11, $10}, while as we will
see in Section 3.3, the obtainable answer is{$15, $13, $10}.
Given source descriptions and a query, if the complete an-
swer to the query cannot be computed, our framework col-
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 connectionmeans the obtainable answer
for the connection, and theanswer to a queryis the union of
the obtainable answers for all the connections in the query.

3. Query planning

In this section, we propose a framework of query plan-
ning in the presence of source restrictions. In the framework
source descriptions and a query are translated into a Data-
log program, which can be evaluated to answer the query.
We also discuss the efficiency of the program.

3.1. Constructing the programΠ(Q,V)

Given source descriptionsV and a queryQ, we trans-
late them into a Datalog program, denotedΠ(Q,V), that
incorporates the source restrictions and the query, and thus
can be evaluated on the source relations. For instance, Fig-
ure 2 shows the Datalog programΠ(Q,V) for the query and
the source views in Example 2.1. We use names beginning
with lower-case letters for constants and predicate names,
and names beginning with upper-case letters for variables.
Note that this program is recursive, although queryQ is not.

Let us look at the details of how the programΠ(Q,V)
is constructed. For each source viewvi, we introduce an
EDB predicate ([23])vi and an IDB predicatêvi (called
the α-predicateof vi). Predicatevi represents all the tu-
ples at sourcesi, andv̂i represents theobtainabletuples at
si. Introduce a goal predicateans to store the answer to
the query; the arguments ofans correspond to the output
attributesO(Q) in Q.



r1: ans(P) :- v̂1(t1, C), v̂3(C, A, P)
r2: ans(P) :- v̂1(t1, C), v̂4(C, A, P)
r3: ans(P) :- v̂2(t1, C), v̂3(C, A, P)
r4: ans(P) :- v̂2(t1, C), v̂4(C, A, P)
r5: v̂1(S, C) :- song(S), v1(S, C)
r6: cd(C) :- song(S), v1(S, C)
r7: v̂2(S, C) :- cd(C), v2(S, C)
r8: song(S) :- cd(C), v2(S, C)
r9: v̂3(C, A, P) :- cd(C), v3(C, A, P)
r10: artist(A) :- cd(C), v3(C, A, P)
r11: price(P) :- cd(C), v3(C, A, P)
r12: v̂4(C, A, P) :- artist(A), v4(C, A, P)
r13: cd(C) :- artist(A), v4(C, A, P)
r14: price(P) :- artist(A), v4(C, A, P)
r15: song(t1) :-

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

LetT = {v1, . . . , vk} be a connection inQ. The follow-
ing rule is theconnection ruleof T :

ans(O(Q)) :- v̂1(A(v1)), . . . , v̂k(A(vk))
where the arguments in predicateans are the correspond-
ing attributes inO(Q). For each argument in̂vi, if the cor-
responding attribute in viewvi is an input attribute ofQ,
this argument is replaced by the initial value of the attribute
in Q. Otherwise, a variable corresponding to the attribute
name is used as an argument in predicatev̂i. For instance,
in Figure 2, rulesr1, r2, r3, andr4 are the connection rules
of the connectionsT1, T2, T3, andT4, respectively.

Decide the domains of all the attributes in the views, and
group the attributes into sets while the attributes in each set
share the same domain. Introduce a unarydomain predicate
for each domain to represent all its possible values that can
be deduced.2 In Figure 2, the predicatessong, cd, artist,
andprice represent the domains of song titles, CD titles,
artists, and prices, respectively.

Suppose that source viewvi has m attributes, say
A1, . . . , Am. Assume the adornment ofvi says that the
arguments in positions1, . . . , p need to be bound, and the
arguments in positionsp + 1, . . . ,m can be free. The fol-
lowing rule is theα-rule of vi:

v̂i(A1, . . . , Am) :- domA1(A1), . . . , domAp(Ap),
vi(A1, . . . , Am)

in which eachdomAj (j = 1, . . . , p) is the domain predi-
cate for attributeAj . For k = p + 1, . . . , l, the following
rule is adomain ruleof vi:

domAk(Ak) :- domA1(A1), . . . , domAp(Ap),
vi(A1, . . . , Am)

2The idea of domain predicates is borrowed from [7]. However, in our
framework, different domains have different domain predicates, while in
[7] only one domain predicate was used for all attributes.

For instance, ruler9 in Figure 2 is theα-rule ofv3; rules
r10 andr11 are its domain rules. Assume thatAi = ai is in
the assignment listI of Q, the following rule is afact rule
of attributeAi:

domAi(ai) :-

For instance, ruler15 in Figure 2 is a fact rule of attribute
Song, since we know from the query thatt1 is a song title.

The programΠ(Q,V) is constructed in three steps:

1. Write the connection rule for each connection inQ.
2. Write theα-rule and the domain rules for each source

view in V .
3. Write the fact rule for each input attribute inQ.

In Figure 2, rulesr1, r2, r3, andr4 are the connection
rules ofT1, T2, T3, andT4, respectively. Ruler5 is the
α-rule of v1, andr6 is the domain rule ofv1; rulesr7 to
r14 are theα-rules and the domain rules of the other three
source views. Finally,r15 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
on how programΠ(Q,V) is constructed, we have the fol-
lowing proposition:

Proposition 3.1 Given source descriptionsV and a query
Q, the Datalog programΠ(Q,V) is safe ([23]). 2

3.2. Binding assumptions

During the construction of the programΠ(Q,V), we
make the following important assumptions:

1. Each binding for an attribute must be from the domain
of this attribute;

2. If a source view requires a value, say, a string, as a
particular argument, we will not allow the strategy of
trying all the possible strings to “test” the source;

3. Rather we assume that any binding is either obtained
from the user query, or from a tuple returned by an-
other source query.

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 attributeSong. Notice that if two attributes
have the sametype, they can still be from two different do-
mains. For example, the attributesSong andCd share the
samestring type, but they have two different domains.

View v3(Cd,Artist, Price) requires that a query to
sources3 give a CD title. The second assumption says that
we wouldnot allow the following naive “strategy”: gener-
ate all possible strings to test whethers3 has CDs with these
strings as titles. This approach would not terminate, since
there will be an infinite number of strings that need to be
tested. The third assumption says that each bound value of



an attributeAmust either be derived from the user query, or
be a value ofA in a tuple returned by another source query.
For instance, ifc1 is a CD title returned from sources1, and
Cd = c2 is an initial binding in a query, then we know that
c1 andc2 are two CD titles, and they can be used to query
sources3. In Section 7 we will discuss other possibilities
for obtaining bindings.

3.3. Evaluating the programΠ(Q,V)

We evaluate the Datalog programΠ(Q,V) on the source
relations to compute the facts for predicateans. Note that
thevi’s are the only EDB predicates inΠ(Q,V). However,
in an integration system, we do not know the tuples at each
source before sending source queries. Now we show how
to evaluateΠ(Q,V) to answer the query.

To evaluate the domain rules and theα-rule of a source
view vi, predicatevi is “populated” by source queries tosi.
Suppose that the right-hand side of its domain rules and its
α-rule is:

domA1(A1), . . . , domAp(Ap), vi(A1, . . . , Am)

Once we know that(a1, . . . , ap) are the values of the
domAj ’s (j = 1, . . . , p), respectively, we can send a query
vi(a1, . . . , ap, Ap+1, . . . , Am) to sourcesi. This source
query is guaranteed to be executable, since it satisfies the
binding requirements ofvi. The results of this source query
add more tuples to the predicatev̂i (for theα-rule) and the
predicatesdomAj ’s (for the domain rules).

After the evaluation of the program terminates, the facts
for the domain predicates includeall the obtainable values
of these domains. Similarly, theα-predicate facts areall the
obtainable tuples at the sources. SinceΠ(Q,V) includes the
connection rules for the connections in queryQ, the facts
for the goal predicateans form the maximal obtainable an-
swer toQ. Thus, we have the following proposition:

Proposition 3.2 Given source descriptionsV and a query
Q, for any source relationsR of V , if we evaluateΠ(Q,V)
onR, the set of facts for the predicateans is the obtainable
answer toQ. 2

Table 2 shows how to evaluate the program in Figure 2
to compute the answer to the query in Example 2.1, and Ta-
ble 3 shows the results. As expected, the program computes
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 set ofans facts is the
answer to the query. Therefore, our approach returns two
more tuples,$13 and$10, than the approach in Section 2.
Note that we cannot retrieve the tuple<t1, c5> of v2 and
the tuple<c5, a5, $11> of v4, since we cannot retrieve the
valuea5 for attributeArtist, no matter what legal source
queries we execute.

Order Source Query Returned Tuple(s) New Bindings(s)

1 v1(t1, C) <t1, c1> Cd = c1
2 v3(c1, A, P ) <c1, a1, $15> Artist = a1
3 v4(C, a1, P ) <c1, a1, $13>, Cd = c2

<c2, a1, $12>

4 v2(S, c2) <t2, c2> Song = t2
5 v1(t2, C) <t2, c3> Cd = c3
6 v3(c3, A, P ) <c3, a3, $14> Artist = a3
7 v4(C, a3, P ) <c4, a3, $10> Cd = c4
8 v2(S, c4) <t1, c4>

Table 2. Evaluating the program in Figure 2

IDBs Results IDBs Results

v̂1 <t1, c1><t2, c3> song t1, t2
v̂2 <t1, c4><t2, c2> cd c1, c2, c3, c4
v̂3 <c1, a1, $15><c3, a3, $14> artist a1, a3
v̂4 <c1, a1, $13><c2, a1, $12> price $15, $14, $13,

<c4, a3, $10> $12, $10

ans $15, $13, $10

Table 3. Results of the program in Figure 2

The programΠ(Q,V) is constructed in a brute-force
way, and it needs to be optimized. In particular, for each
connectionT in the query, the program may access views
that are not inT . However, some of these off-connection ac-
cesses do not add anything to the query’s answer. In the next
two sections we discuss how to decide whether accessing
off-connection views is necessary, and if necessary, what
source views should be accessed.

4. Accessing off-connection views

In this section we discuss how to decide whether access-
ing off-connection views is necessary to compute the an-
swer for a connection. In the case where it is not necessary,
we prove that the complete answer for the connection can
be computed by using only the sources in the connection.

The following example shows that accessing all the
views not mentioned in a connection is not always neces-
sary to compute its maximal obtainable answer.

v3(C;D)
b f

v5(E;F )

b f
v1(A;C)

b f

A D

E F

B

C

v2(A;B;C)

v4(C;E)

f f b

f f

Figure 3. Source views in Example 4.1



EXAMPLE 4.1 Consider the five views in Figure 3. Sup-
pose that a user submits a query

Q = <{A = a0}, {D}, {T1, T2}>,
which has two connectionsT1 = {v1, v3}, T2 = {v2, v3}.
That is, the user knows that the value ofA is a0, and wants
to get the associatedD values usingv11v3 andv21v3. As-
sume that different attributes have different domains. The
corresponding Datalog programΠ(Q,V) is shown in Fig-
ure 4.

r1: ans(D) :- v̂1(a0, C), v̂3(C, D)
r2: ans(D) :- v̂2(a0, B, C), v̂3(C, D)
r3: v̂1(A, C) :- domA(A), v1(A, C)
r4: domC(C) :- domA(A), v1(A, C)
r5: v̂2(A, B, C) :- domC(C), v2(A, B, C)
r6: domA(A) :- domC(C), v2(A, B, C)
r7: domB(B) :- domC(C), v2(A, B, C)
r8: v̂3(C, D) :- domC(C), v3(C, D)
r9: domD(D) :- domC(C), v3(C, D)
r10: v̂4(C, E) :- v4(C, E)
r11: domC(C) :- v4(C, E)
r12: domE(E) :- v4(C, E)
r13: v̂5(E, F) :- domE(E), v5(E, F)
r14: domF(F) :- domE(E), v5(E, F)
r15: domA(a0) :-

Figure 4. Program Π(Q,V) in Example 4.1

Consider connectionT1. The programΠ(Q,V) accesses
the three views that are not inT1 during the evaluation of
the program. However, these off-connection accesses do not
contribute toT1’s results. The reason is that, supposet =
<d> is a tuple in the complete answer forT1, andt comes
from tuplet1 = <a0, c> of v1 and tuplet3 = <c, d> of v3.
By sending a queryv1(a0, C) to s1 we can retrieve tuplet1.
With the new bindingC = c we can send a queryv3(c,D)
to s3, and retrieve tuplet3. Therefore, by using only the
views inT1 we can compute its complete answer.

Consider connectionT2. Since we cannot get any bind-
ing for attributeC by using only the two views inT2, we
needv2 andv4 to contributeC bindings. Thus these two
off-connection views are useful toT2. On the other hand,
v5(E,F ) does not contribute toT2’s results, because theE
andF bindings froms5 do not help obtain more answers
for T2. 2

In general, given a connectionT in a queryQ, we need to
decide whether accessing the views outsideT is necessary.
Before giving the solution, we first introduce some notation.

4.1. Forward-closure

Definition 4.1 (forward-closure) Given a set of source
viewsW ⊆ V and a set of attributesX ⊆ A(V), the

forward-closure ofX givenW , denotedf-closure(X,W),
is a set of the source views inW such that, starting from the
attributes inX as the initial bindings, the binding require-
ments of these source views are satisfied by using only the
source views inW . 2

In other words,f-closure(X,W) can be computed as fol-
lows: At the beginning, only the attributes inX are bound,
andf-closure(X,W) is empty. At each step, for each source
view v ∈ W − f-closure(X,W), check whetherB(v), the
bound attributes ofv, is a subset of the bound attributes
so far. If so, addv to f-closure(X,W), and each attribute
in F(v), the free attributes ofv, becomes bound. Repeat
this process until no more source views can be added to
f-closure(X,W). Let A(f-closure(X,W)) denote all the
attributes of the source views inf-closure(X,W). There-
fore,A(f-closure(X,W)) includes all the attributes that can
be bound eventually by using the source views inW starting
from the initial bindings inX .

EXAMPLE 4.2 In Example 4.1:

f-closure({A}, {v1, v2, v3}) = {v1, v2, v3},
since we can use the bound attributeA to get tuples ofv1
and bindC, which is the only bound attribute ofv2 andv3.
In Example 2.1,f-closure({Song}, {v1, v4}) = {v1}, and
f-closure({Song}, {v1, v3}) = {v1, v3}. 2

4.2. Independent connections

A connectionT in a queryQ is independentif

f-closure(I(Q), T ) = T.
That is, the binding requirements of the source views in the
connection can be satisfied by using only these source views
starting from the initial bindings inI(Q). In other words,
if connectionT = {w1, . . . , wk} is independent, then there
exists anexecutable sequenceof all the source views in con-
nectionT : wi1 , . . . , wik , such thatB(wi1 ) ⊆ I(Q), and for
j = 2, . . . , k, B(wij ) ⊆ I(Q) ∪ A(wi1 ) ∪ · · · ∪ A(wij−1 ).
That is, the binding requirements of each source view in
the sequence can be satisfied by the initial bindings inQ
and the previous source views. For instance, the connec-
tion T1 = {v1, v3} in Example 4.1 is independent, since
it has an executable sequence:v1, v3. 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].)

Theorem 4.1 If connectionT is independent, then for any
source relations, we can compute the complete answer for
T by using only the source views inT . 2



Theorem 4.2 For a nonindependent connectionT , there
exists an instance of the source relations, such that some
tuples in the complete answer forT cannot be obtained.2

Many related studies (e.g., [8, 16]) consider the case
where a connection in a query is independent. If the connec-
tion is not independent, their algorithms give up attempting
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.

5. Finding relevant views of a connection

If a connectionT is not independent, we may get more
bindings by accessing views not inT . Some of the off-
connection accesses are actually essential, as they provide
bindings that let us query the sources in the connection,
which we could not do otherwise. However, some of these
off-connection accesses can be proven not to add anything
to the query’s results. In this section, we discuss how to
eliminate the unnecessary view accesses. We first give the
formal definition of relevant source views of a connection,
and then propose an algorithm for finding all the relevant
source views of a connection. To simplify the presentation,
in the rest of the paper we assume that different attributes
are from different domains.

5.1. Relevant source views of a connection

Given source descriptionsV, a queryQ, and a connec-
tionT inQ, a source viewv ∈ V is relevantto connectionT
if for some source relations, removingv fromV can change
the obtainable answer for connectionT ; otherwise,v is ir-
relevantto connectionT . In other words, a source viewv is
relevant to a connectionT if we can miss some answers for
T if we do not usev. Note that whether a source view is rel-
evant to a connection does not depend on other connections
in the query. In Example 4.1, the relevant source views of
connectionT1 are the two views inT1, while the relevant
source views of connectionT2 arev1, v2, v3, andv4.

Given source descriptionsV, a queryQ, and a connec-
tion T in Q, we need to solve the following problem: how
to find all the relevant source views ofT? The following
example shows the challenge of this problem: not all the
views that contribute bindings toT are relevant toT .

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 connectionT = {v1, v2, v3}. That is, the
user knows the value ofA is a, and wants to get the associ-
atedF andG values usingv11v21v3. ConnectionT is not

A

C G

B D

H J

FE

v3(C;D; E;G)
b b f f

v2(B;D;E; F )
b b b f

v1(A;B;C)
b f f

v4(H;D)
f f

v5(J;E)
f f

Figure 5. The source views in Example 5.1

independent, since we cannot bind attributesD andE by
using only the views inT starting from the initial binding
in Q. We need other views to bindD andE, so that we can
querys2 ands3 to retrieve tuples. Thus,v4 andv5 may be
useful.

However, although viewv5 can bind attributeE, it is
not relevantto connectionT . To illustrate the reason, we
prove that using onlyv1, v2, v3, andv4, we can compute
all the obtainable answer forT . Suppose tuplet = <f, g>
is in the obtainable answer, andt comes from tuplet1 =
<a, b, c> of v1, tuple t2 = <b, d, e, f> of v2, and tuple
t3 = <c, d, e, g> of v3. Since the initial value ofA in the
query isa, we can send a source queryv1(a,B,C) to re-
trieve tuplet1 from v1. Because attributeD is not inI(Q),
and onlyv4 (with binding patternff ) takesD as a free at-
tribute, the valued ofDmust be derived from the result of a
source query tos4, which includes a tuple whoseD value is
d. With C = c andD = d, we can retrieve tuplet3 from v3
by sending a source queryv3(c, d, E,G), and then retrieve
tuple t2 from v2 by sending a source queryv2(b, d, e, F ).
Thus, without usingv5, we can get tuplet in the obtainable
answer for connectionT . The proof also shows that without
usingv4, we cannot get any answer forT . 2

As there may be many views with different schemas and
binding patterns, it becomes challenging to decide what
views can really contribute to the results of a connection.
Before giving the algorithm for finding all the relevant
views of a connection, we require a series of definitions.

5.2. Queryable source views

A source view isqueryableif it is in f-closure(I(Q),V).
All the queryable source views are those that we may even-
tually query, starting from the initial bindings inI(Q), and
perhaps using several preliminary queries to other sources
in order to get the bindings we need for these source views.
Let Vq denote all the queryable source views inV , and
A(Vq) be all the attributes inVq.

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 connectionsin Q, i.e., the connections
that do not have any nonqueryable source view. Clearly an
independent connection is also a queryable connection, but
not vice versa. For instance, in Example 4.1, connection
T2 is queryable, since bothv2 andv3 are queryable source
views, butT2 is not independent.

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

Definition 5.1 (kernel) AssumeT is a queryable connec-
tion in queryQ. A set of attributesK ⊆ A(T ) is akernelof
T if

f-closure(K ∪ I(Q), T ) = T
and

f-closure((K − {A}) ∪ I(Q), T ) 6= T
for any attributeA ∈ K. 2

Intuitively, a kernelK of connectionT is a minimal
set of attributes inA(T ) such that, if the attributes in
K have been bound, together with the initial bindings in
I(Q), we can bind all the attributesA(T ) by using only
the source views inT . In Example 4.1,{C} is a kernel
of connectionT2, becausef-closure({C} ∪ I(Q), T2) =
f-closure({C,A}, T2) = T2. In Example 5.1,{D} is a
kernel of the connectionT , 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 connectionT by shrinking the
set of attributesX = A(T ) − I(Q) as much as possible
whileX satisfies:f-closure(X ∪ I(Q), T ) = T . WhenX
cannot be smaller, it will be a kernel ofT . An independent
connection has only one kernel: the empty set. A noninde-
pendent connection has only nonempty kernels. It may have
multiple kernels, as shown by the following example.

A

B

C D E

F

G

v1(A,B,C)
v3(E,F,A)

v4(E,G)v2(C,D,E)

 b  f  f
 b  f  f

 f  fb  f  f

Figure 6. Multiple kernels of a connection

EXAMPLE 5.2 Figure 6 shows a hypergraph of four
source views. The binding patterns forv1(A,B,C),
v2(C,D,E), and v3(E,F,A) are all bff , and the bind-
ing pattern forv4(E,G) is ff . Assume a user query is
Q = <{B = b0}, {A,C,E}, {T }>, in which the only
connection isT = {v1, v2, v3}. T has three kernels:{A},
{C}, and {E}. For instance,{A} is a kernel because

f-closure({A}∪I(Q), T ) = f-closure({A,B}, {v1, v2, v3})
= {v1, v2, v3} = T . 2

Definition 5.2 (BF-chain) A sequence of queryable source
viewsw1, . . . , wk (i.e., eachwi ∈ Vq) forms aBF-chain
(bound-free chain) if fori = 1, . . . , k−1,F(wi)∩B(wi+1)
is not empty. The source viewsw1 andwk are theheadand
thetail of the BF-chain, respectively. 2

In other words, for every two adjacent views in a BF-
chain, the free attributes of the first one overlap with the
bound attributes of the second, and thus the first view
contributes bindings to the second one. In Example 4.1,
(v4, v2, v1, v3) is a BF-chain, in whichv4 is the head andv3
is the tail.

Definition 5.3 (backward-closure) Suppose thatA is an
attribute inA(Vq). The backward-closure ofA, denoted
b-closure(A), is the set of queryable source views that can
be backtracked fromA by following some BF-chain in a
reverse order, in whichA is a free attribute of the tail in
each BF-chain. 2

More precisely,b-closure(A) can be computed as fol-
lows: Start by settingb-closure(A) to those source views in
Vq that takeA as a free attribute. For each viewv ∈ Vq −
b-closure(A), if there is a vieww ∈ b-closure(A) such that
F(v) andB(w) overlap, then addv to b-closure(A). Re-
peat this process until no more queryable source views can
be added tob-closure(A). In Example 4.1, the backward-
closure of attributeC is {v1, v2, v4}. The backward-closure
of a set of attributesX ⊆ A(Vq), denotedb-closure(X),
is the union of all the backward-closures of the attributes in
X , i.e.,b-closure(X) =

⋃
A∈X b-closure(A).

By the definitions of kernel, BF-chain, and backward-
closure, we have the following lemmas.

Lemma 5.1 If K is a kernel of a queryable connectionT
andA is an attribute inK, thenA is not inA(f-closure((K−
{A}) ∪ I(Q), T )). That is, starting from the attributes of
(K − {A}) ∪ I(Q) as the initial bindings, we cannot bind
attributeA by using only the source views inT . 2

Lemma 5.2 If A1 andA2 are two attributes, and there is
a BF-chain such thatA1 is a bound attribute of the head
andA2 is a free attribute of the tail, then b-closure(A1) ⊆
b-closure(A2). 2

Lemma 5.3 If connectionT has two different kernelsK1,
K2, then b-closure(K1) = b-closure(K2). 2

Lemma 5.3 shows that if a connection has multiple ker-
nels, then the backward-closures of all these kernels are
the same. For instance, in Example 5.2, the connection
T = {v1, v2, v3} has three kernels:{A}, {C}, and{E},
and they have the same backward-closure:{v1, v2, v3, 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 connectionT ,
then b-closure(K) ∪ T are all the relevant source views of
connectionT . 2

Proof: Refer to [15] for the detailed proof. The essential
idea is that we need to prove, for a kernelK of a queryable
connectionT : (i) All the source views inV−b-closure(K)∪
T are irrelevant toT ; (ii) Every source view inT is relevant
to T ; (iii) Every source view inb-closure(K) is relevant
to T . We prove (i) by showing that we can get all the tu-
ples in the obtainable answer forT by using only the source
views in b-closure(K) ∪ T . We prove (ii) by constructing
an instance of the source relations such that the obtainable
answer forT is not empty, while if we remove any source
view in T , the obtainable answer forT becomes empty. To
prove (iii), for every source viewvi in b-closure(K), we
prove thatvi is relevant toT by constructing an instance
of the source relations, such that without usingvi, we will
miss a tuple in the obtainable answer forT .

Using Theorem 5.1, for a queryable connectionT ,
we can find all its relevant source views by computing
b-closure(K) ∪ T . If T is independent, then it has only one
kernel, the empty set, whose backward-closure is empty.
Thus only the source views inT are relevant toT , and this
claim is consistent with Theorem 4.1. If the connection is
not independent, we find a kernelK of T , and compute the
backward-closureb-closure(K). Then we find the relevant
source views ofT by taking the union ofb-closure(K) and
T . Note that the backward-closures of different attributes
in the kernel may overlap, and they may also overlap with
the source views inT . We give an algorithm FINDREL, 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 connection.
Input: • V: Source views with binding restrictions;

• Q: A query;
• T : A queryable connection inQ.

Output: All the relevant views ofT .
Method:

(1) Compute all the queryable source views
Vq = f-closure(I(Q),V).

(2) Compute a kernelK of connectionT ;
(3) Compute the backward-closureb-closure(K);
(4) Returnb-closure(K) ∪ T .

Figure 7. The algorithm FIND REL

EXAMPLE 5.3 In Example 4.1, all the five source views
are queryable. ConnectionT1 = {v1, v3} is independent,

so the only relevant source views ofT1 arev1 andv3. Con-
nectionT2 = {v2, v3} is not independent, and it has only
one kernel:{C}. The backward-closure of the kernel is
{v1, v2, v4}, so onlyv1, v2, v3, andv4 are relevant toT2.

In Example 5.1, connectionT = {v1, v2, v3} has one
kernel{D}, whose backward-closure is{v4}. Thus the rel-
evant source views of the connection arev1, v2, v3, and
v4. The connection in Example 5.2 has three kernels:{A},
{C}, and{E}. We choose one of them, say{A}, and com-
pute its backward-closure, which is{v1, v2, v3, v4}. Thus
all the four views are relevant to the connection. 2

Let us analyze the complexity of the algorithm
FIND REL. Suppose that there aren source views inV .
Consider a queryable connectionT with m source views
and k attributes. Assume it takesO(1) time to check
whether a set of attributes is a subset of another set of at-
tributes. As described in Section 5.2, we can get all the
queryable source views by computingf-closure(I(Q),V).
Step 1 thus can be done inO(n2) time. Step 2 can be done
by following the approach described in Section 5.3, which
shrinks the attributes inA(T )− I(Q) as much as possible.
Since for each set of attributesX ⊆ A(T )− I(Q), it takes
O(m2) time to computef-closure(X ∪ I(Q), T ), step 2 can
be done inO(km2) time.

In step 3, for each attributeA in a kernelK of T ,
b-closure(A) can be computed inO(n2) time because dur-
ing the computation, we can keep a set of attributesAb as
the union of theB(wi)’s for eachwi in b-closure(A) that
has been computed so far. At each step, for each queryable
source viewv that is not in the currentb-closure(A), we
check whetherF(v) ∩ Ab is not empty. If so,v is added to
b-closure(A). Thus step 3 can be done inO(kn2) time.
Therefore, the total time complexity of finding the rele-
vant source views of the connection isO(n2) +O(km2) +
O(kn2) =O(k(m2 + n2)) = O(kn2).

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 descriptionsV and a queryQ, we first find
the relevant views of all the connections inQ as follows:

1. Compute all the queryable source viewsVq =
f-closure(I(Q),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 FINDREL;

4. Take the union of all these relevant source views.



We then use only these relevant source views (denoted
Vr) of queryQ to construct a Datalog programΠ(Q,Vr)
in the same way asΠ(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 viewsv1 and
v3 are relevant to connectionT1; viewsv1, v2, v3, andv4
are relevant to connectionT2. Therefore, the relevant views
for both connections arev1, v2, v3, andv4. We use these
four views to construct a more efficient program, which can
be obtained by dropping the rulesr13 andr14 in Figure 4.

In addition, some useless rules in the programΠ(Q,Vr)
can be removed, since they do not contribute to the answer.
For instance, in Example 4.1, the user is not interested in
theB andE values, so rulesr7 and r12 in Figure 4 can
be dropped. Rulesr9 andr10 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 the
same answer as before.

r1: ans(D) :- v̂1(a0, C), v̂3(C, D)
r2: ans(D) :- v̂2(a0, B, C), v̂3(C, D)
r3: v̂1(A, C) :- domA(A), v1(A, C)
r4: domC(C) :- domA(A), v1(A, C)
r5: v̂2(A, B, C) :- domC(C), v2(A, B, C)
r6: domA(A) :- domC(C), v2(A, B, C)
r8: v̂3(C, D) :- domC(C), v3(C, D)
r11: domC(C) :- v4(C, E)
r15: domA(a0) :-

Figure 8. Optimized program in Example 4.1

In general, the useless rules inΠ(Q,Vr) can be found
as follows: Scan through all the rules in the program
Π(Q,Vr), 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, ruler is useless and can
be removed from the program. Repeat this process until no
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
discuss how to answer a query when the user is interested
in a partial answer, not necessarily the maximal answer.

7.1. Obtaining bindings

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.
If cached data are available, they can be incorporated into
the programΠ(Q,V) for a queryQ and source descriptions

V . Suppose that we have a cached tupleti(a1, . . . , an) for
source viewvi(A1, . . . , An). The following rules are added
to the programΠ(Q,V):

v̂1(a1, . . . , an) :-
domAi(ai) :- (i = 1, . . . , n)

The predicatesdomA1, . . . , domAn are the domain
predicates for the attributesA1, . . . , An, respectively. The
first rule says that tupleti(a1, . . . , an) is an obtained tu-
ple of source viewvi. 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 Q 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 programΠ(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,GPA) with the binding
patternbbf . That is, 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 departments:{CS, EE, Physics,
Chemistry}. Then we can use these four departments as
bindings for attributedept to query the source, and we do
not need other sources to contributedept 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
answer can be computed by using only the views in the
query. If a connectionT is not independent, we can find
a kernelK of T . We access some sources inb-closure(K)
to obtain bindings for the attributes inK, and compute a par-
tial answer for the connection. Notice that we may access
only a subset of the backward-closure ofK, since we are
not interested in the maximal answer forT . In addition, we
need to consider the tradeoff between the number of results
and the number of source accesses. The more sources we
access, the more bindings we can retrieve, and the more an-
swers we can compute for the connection. We decide how
many source queries to send based on how many results the
user is interested in.

8. Conclusion

In information-integration systems, especially in the
context of the World Wide Web, sources may have restric-
tions on retrieving their information. We need to consider



the source restrictions while answering a user query, since
we may not be able to retrieve all the data from the sources.
In this paper we showed that sources not directly mentioned
in a query can contribute to the query result by providing
useful bindings to the query. In some cases we can access
sources repeatedly to compute more results to the query.
We proposed a framework of query planning in the pres-
ence of source restrictions. In the framework, a user query
and source descriptions are translated into a Datalog pro-
gram, and we evaluate the program on the source relations
to compute the maximal obtainable answer to the query.
Our framework supports recursive query planning because
of the expressive power of Datalog. In addition, we showed
that accessing off-query sources is not always necessary.
In the case where off-query accesses do not contribute to
the query results, we proved that the complete answer to
the query can be computed by using only the views in the
query. In the case where off-query accesses are necessary,
we gave an algorithm for finding all the relevant sources to
the query. Using this algorithm we can trim the unnecessary
view accesses and construct an efficient Datalog program to
compute the answer.
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