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Abstract. The collective processing of multiple queries in a database system has recently received renewed
attention due to its capability of improving the overall performance of a database system and its applicability
to the design of knowledge-based expert systems and extensible database systems. A new multiple query
processing strategy is presented which utilizes semantic knowledge on data integrity and information on
predicate conditions of the access paths (plans) of queries. The processing of multiple queries is accomplished
by the utilization of subset relationships between intermediate results of query executions, which are inferred
employing both semantic and logical information. Given a set of fixed order access plans, the A* algorithm is
used to find the set of reformulated access plans which is optimal for a given collection of semantic
knowledge.
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1. Introduction

As knowledge-based systems are extended to more complex problems requiring large
volumes of information and knowledge, the need for efficient processing of multiple queries
and updates in a distributed environment becomes critical [7]. The handling of multiple
queries is also found in extensions to existing database languages for the support of CAE
applications such as VLSI design [9], and in deductive database systems [8].

An independent optimization of queries may overlook potential savings which can be
achieved when queries are optimized collectively. We address the collective optimization of a
set of queries such that, given a set of individual access plans of queries, a set of alternative
access plans of queries which exhibits minimum cost is found using semantic knowledge on
data objects.

The collective processing of batches of queries and update operations has been a popular
technique in conventional file systems of the sixties and early seventies [10, 34]. The majority
of the research in this area has focused on the processing of multiple queries in centralized
DBMSs [6, 8, 10, 14, 16, 28, 32]. We consider a new technique based on the concept of
subquery relationship for the efficient processing of multiple transactions which occur almost
simultanecously in both centralized and distributed computing environments. Both the
knowledge on the semantic data integrity constraints and the information of logical predicate
conditions of the access plans of queries are utilized in order to find a set of reformulated
distributed query execution plans that exhibit minimum cost. The task of processing multiple
queries is achieved by a rule-based expert system, Multiple Transaction Processor (MTP),
which employs a planning technique combined with a problem solving method. The plan step
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infers the necessary constraints as in Dendral [18], and the problem solving step searches the
state space to find an optimal solution using the A* algorithm [24].

Query processing can be categorized as individual or multiple. Individual query processing
implies that each query is processed independently with respect to other queries {13, 39].
Multiple query processing attempts to collectively optimize access plans of a set of queries
occurring either simultaneously or not, by utilizing the commonality which exists among the
set of queries in terms of accesses to relations, join/semi-join operations, and local physical
data access [5, 6, 8, 10, 14, 16, 26, 28, 32, 34, 36].

Multiple query processing may be further classified as semantic or nonsemantic. Semantic
query processing implies that semantic knowledge such as functional dependencies and
semantic data integrity constraints is utilized to achieve more efficient query processing [4,
11, 12, 18, 15, 25, 35].

Finally, queries can be specified as either concurrent or nonconcurrent. In the concurrent
case, a batch of transactions is assumed to occur almost simultaneously within a given time
unit. The nonconcurrent case corresponds to the conventional data allocation problem in
which frequencies of occurrences of transactions are given [2, 5, 6, 10, 14, 16, 28, 34, 36, 37].
The processing of nonconcurrent multiple queries attempts to improve the overall system
performance by storing or creating fast access paths via index or pointers for the inter-
mediate results of queries which do not necessarily occur concurrently.

The assumptions that we make are as follows. A precompiled individual optimal access
plan for each query is available. For example, the system R* query optimizer [21] generates
the global plan for a query which is a procedural sequence of operations such as the accesses
to relation, projection, join, inter-site transfers, and sorts whose estimated execution cost is
minimal. The global plan is in a high-level form that lacks internal representations such as i:s
parse tree structure or machine-executable code. Either joins or semi-joins or both are used
as query processing tactic [1, 17, 19]. We assume that the speed of the computer network is
relatively high such that the local processing cost cannot be negligible. The predicate
conditions of a query are in a conjunctive form as assumed by other relevant research [39].

The paper is organized as follows. In Section 2, the subquery relationship is defined along
with examples. In Section 3, the knowledge for efficient processing of multiple queries is
described, and we present an algorithm for the reformulation of access plans of queries. In
Section 4, the state space representation of the problem is formally presented, and the
admissibility of the heuristic cost estimates for both general and simple cases is proved. The
operation of MTP for a simple case is illustrated through an example in Section 5. Finally, a
discussion on performance and some conclusions follow in Sections 6 and 7, respectively.

2. View identification and subquery definition

We assume that the reader is familar with the basic concepts of relational database theory
[22]. Let DOM(A) be the domain of attribute A. Let ¢, u, v and w denote tuple variables.
Consider relation r on scheme R, and let A denote an empty predicate formula. The
standard relational operators will be denoted as follows: Projection, m,(r) with X CR;
selection, p(r), with P a 1st-order predicate formula; join (equi-join), Jo(r,, r,), with P a
conjunction of equality clauses; and Cartesian product, C(r,, r,) = J,(r,, 1,).

A relation in a database is referred to as a base relation. A view is the result of the
execution of a relational operator such as selection (), projection (1), join (J), Cartesian
product (C), union (U) and difference (D), on relations in a database. An access plan of a
query is a sequence of relational operators applied to relations to get its result. When a view

V is a subset of another view V', we say that there is a subset relationship between two views
Vand V'
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Processing multiple queries requires the identification of subset relationships between
intermediate results (views) of queries, since some can be used for the processing of others.
In a distributed environment, the recognition of these relationships among different access
plans of queries can reduce the overall processing cost substantially by eliminating many
expensive intersite joins. Such subset relationships can be inferred either from logical
information of queries such as predicate conditions of queries, or from semantic information
such as semantic data integrity constraints and functional dependencies existing among the
attributes of each relation.

Example 2.1. Consider relations r, and r, with schemes AB and CD respectively, and two
views V. =Jp (r,r;) and V, = Jp (ry, 1,), where P, =(A=C) and P,=(A=C) A (B = D).
Since P, is more restrictive, we know that V, is a subset of or equal to V;. In this case, the
relationship between the join predicates is represented by Vu , Vv, (P,(u, v) > P\(u, v)) in
a closed well-formed formula. For notational convenience, it is denoted as P,=> P,.

Example 2.1 illustrates that a subset relationship between views can be inferred from
logical information on predicates of queries. We now illustrate that a subset relationship can
also be inferred from the semantic krowledge on the database such as semantic data integrity
constraints and functional dependencies.

Example 2.2. Consider an automobile insurance company which maintains a distributed
database containing two relations OWNER and ISSUER at sites S, and S,, respectively, and
whose schemes are as follows: ISSUER (REPNAME, BRANCH) and OWNER (NAME,
ADDRESS, AGE, SEX, INCOME, INSURANCE), where underlined attributes denote
the primary key of the corresponding relation. REPNAME is the name of the insurance
representative at the given branch of the company, and the other attributes are self-
explanatory.

We assume that the following semantic knowledge is obtained from the analysis of the
user’s requirements: ““All representatives are living at cities at which they work, and, by
managerial policy of the company, they are insured as owners at the branch where they
work.”

Consider two queries QT, and QT, which occur at site S,; the first says “List the names of
the owners insured by the company who work for the company as representatives”; and the
second says “List the names of the owners insured by the company who live at cities where a
branch of the company is located.” From the knowledge, it is inferred that if the attribute
NAME of OWNER is equal to REPNAME of ISSUER, then OWNER.ADDRESS is equal
to ISSUER. BRANCH. Since the attributes NAME and REPNAME are keys of relations
OWNER and ISSUER, respectively, it is found that J,(r,,7,) is a subset or equal
to Jp(r;,r;) where r, is OWNER; r, is ISSUER; P,=(NAME =REPNAME) and
P, = (ADDRESS = BRANCH). The relationship between the join predicates P, and P,
associated with QT, and QT, is represented by the assertion, Vu,,Vv g,

(P,(u, v)=> Py(u, v)).

The access plan of a query can be represented by a query graph G [28] which is a tri}ele
(N, E, f,) where N is aset ci aodes; Z C N X N is a set of directed edges, and f,,: N— 2% is
called the decomposition mapping for G. Each node of G corresponds to a view, and it
contains information on both the view and the processing method to obtain that view. f,(n;)
denotes the set of all possible sets of nodes in N from which the view corresponding to n; can
be constructed using suitable relational operations. The situation described in Example 2.2 is
shown in Fig. 1a. It indicates that relation r, at site S; is transmitted to site S, to be joined



264 J.T. Park et al.

with r, at site S,, and the result of the join, either V| or V,, is available at site S,. If (V}, S,)
is replaced by (V;, §,) in Fig. la, r, is transferred from site §, to site S, to be joined, and V,
is available at site S,. In this way, the distributed access plan of a query can be represented
precisely.

Since Jp (ry, r;) C Jp(ry, 1), view V, can be obtained by accessing view V, as shown in
Fig. 1b. That is, two intersite joins (a) are replaced by one intersite join and one local
selection (b). This can significantly reduce the total processing cost due to /O, CPU and
data transmission across the network. In this case, query QT, is said to be a subquery of
query QT,, meaning that the (intermediate) result of the former can be obtained from that
of the latter. Alternatively, QT, is called a superquery of QT,.

“View identification” addresses this recognition of subset relationships between access
plans of two different queries to optimize collectively the processing of multiple queries.
Generally, these relationships depend on both logical and semantic information, as shown in
Examples 2.1 and 2.2. We will refer to such assertions as integrity constraints, denoted ICs.
Throughout this paper, we assume that integrity constraints of the form P, = P, are inferred
from either logical or semantic information. (More details on view identification can be
found in [25].)

it is assumed that a distributed query processing strategy processes all the (unary)
projection operations before any binary relational operations, as in [3]. All the attributes of
relations which are required for join conditions and target list of analyzed queries are
assumed to be projected before the intermediate result is transferred to the next site.

3. Multiple transaction processor: Reformulation algorithm

Multiple Transaction Processor (MTP) is a rule-based expert system for the collective
processing of multiple queries. Its operation is divided into two steps: a “plan step” and a
“search step”. The plan step infers integrity constraints which can be employed in the
following search step for the generation of superqueries. The search step uses the A*
heuristic search strategy [24]. In this paper, we shall only discuss the search step. The plan
step is described in detail in [25]. It uses several heuristic rules to generate a set of ICs. This
set is then pruned to retain only the “promising™ ICs, where an IC is said to be promising if
it can be used for the generation of a superquery.

We now describe the algorithm for the reformulation of access plans of queries during the
search step. For simplicty, we omit site information in this section. The generalization to the
case of a distributed database is straightforward (see next section). For the relational
operations selection, projection and join, there are corresponding construction rules for
reformulation.

D DOAD

X r
.-, €L
DD "

(a) (®)

Fig. 1. Two joins are replaced by one join and one selection.
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Since join is considered to be the most expensive operation in both centralized DBMSs
and distributed DBMSs, it is assumed that the access plan of a query is represented by a
sequence of join operations where local unary relational operations are considered aggre-
gately. Let uop, be a unary relational operator. A sequence of unary operations
uop; ., (uop; ,_, (-..(uop(V;)...))) applied to a view V, is represented by uop,(V;) for
notational convenience. The access plan of a query is then represented by the sequence
(Jp(Vius V), Jp(Vas Vi), ooy dp, (Vau_y, Va,))  where, for [=1,2,...,V, =uop,
p ( -1 V) and Vaio1 = uopy_(Jp(V;_,, V;)) for some even i, j,2</, j<21. Here, each
Jom operation, Jp(V,_,,V;) for i=2,4,...,2n in the access sequence, is defined as an
access step of the sequence (J, (V1. V2), Jp (V3, Vi) o oo s dp, (Va5 V2,)). In Theorem 1 of
Section 4.2, each individual query access plan will be assumed to be optimal. But until then,
this restriction is not enforced.

1. Construction rule for the selection operation.

Let us assume that there are two selection operations oo (Vi) and o, (V,) where V, is a
view, as shown in Fig. 2a. Suppose that there are two ICs, O, > Q, and Q, = Q,. The
construction rule allows for the query graph on the left-hand side to be transformed into that
on the right-hand side; two selection operations o, and o,, are replaced by one selection
operation oy, . It is noted that the views V| and V; can be derived from the view V; in the
reformulated query graph as follows; V| = o, (V3), V; = 0,,(V3).

2. Construction rule for the projection operatton

The projection operations ary, (V3) and (V) are replaced by the projection my, ,u,(V3)
as shown in Fig. 2b. The views V] and V; can be derived from the view V7 in the
reformulated query graph since V7=, (V3), and V3 = oy, (V7).

3. Construction rule for the join operation.

Let V,=J,(V', V") and V, = Jp (V’, V"). If there are two ICs, P, > P; and P, P;, one
join operatlon Jp, substitutes for two join operations J, and J,,.. The views V, and V, can also
be derived from the view V;;V, = =0p (V) and V = op, (V) Two join operations are
replaced by one join operation, as shown in Fig. 3.

Now, let us look at a more general case in which the length of the query access plan is
greater than one. For notational convenience, let us define V;, V,, V, and V; as follows:
Vi= JP ("x (AN ’"'xz(v)) V,= Jp.("x,(v) Tx, W), v,= Jm(’"'r,(v) Tw, (O'Q (Vi) and
Vs= J,,s(vrw (a-Q (V,))). Suppose that there are two queries whose access plans are described
below

oQ, Qs

Q3

Twy \, TWa W uwW;
(b)

Fig. 2. Construction rules for (a) selection and (b) projection operations.

(a)
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Fig. 3. Construction rule for the simple join operation.

® access-plan (QT,"): (Jp(my,(V)), 7y, (V). Jp(mry (V). Wy (g (Vi))), 7z (V,)--+)

® access-plan (Q7,7): (Jpz('"'x,(vi)» sz(V,-)), "P5(1TY2(V2)’ sz(a'gz(vk ). "zz(vs) e0)
(The superscripts r, and r,, denote the set of relations referenced by queries Q7, and QT,,,
respectively.)

The following ICs are assumed to be inferred from the knowledge base; P, > P, P,> P;,
0,2 0,, 0,> Q,, P,> P, and P;> P,. The rule for the simple join operation in Fig. 3,
using ICs P, = P, and P, = P;, allows to obtain the reformulated query graph shown in Fig.
4a. Here, it is said that a superquery QG """/ of QT} and QT’ is generated whose access
plan is JP,('"X,(V,')’ 7y (V).

The current access step, denoted CAS, of a query (superquery) is defined to be the most
recently reformulated access step of the access plan of the query. The current view of a query
is defined as the result of the execution of the current access step of the query. The CAS of
both QT}" and QT is Jp (mx (V;), 7x(V})) in Fig. 4a. Since the number of eliminated
intersite join operations tends to be proportional to the length of the access sequence of the
superquery, it may be a good strategy for the reduction of the total processing cost to stretch
out the superquery OG """} to QG"'i"*! such that the intermediate results V, and V; of
the executions of the queries QT and QT can be obtained from QG \"'i** Exploiting
the knowledge 0, > Q,, @, > Q;, P, P, and P;=> P, in the search step, the query graph
of Fig. 4a is transformed into that of 4b. It is noted that V, and V; can be obtained from V,
which is the result of the execution of QG """} In this case, QG Vivi is said to be
extended into QG """"¥', Here, two join operations are again replaced by one join
operation. This motivates the following heuristic in the search step:

Generate a superquery whose access plan is as long as possible.

In order to describe the above construction rule in more detail, we need to introduce some
definitions. Let V= o0,(r;). artr(P) is defined as the set of all attributes appearing in the
selection predicate P. For example, if V= Oa=Byr(C="vatue)(T;), attr((A=B)A(C=
“value’)) = ABC. Similarly, lattr(P) and rattr(P) are defined for the join predicate P. Let
V= Jp(r;, r;) with the schemes of r, and r; being R; and R; respectively. lattr(P) is defined as
the set of all attributes appearing in both P and R,; rattr(P) as the set of all attributes in both
P and R;. For example, lattr(P) = A and rattr(P) = B for Jr,.a- R,. s(ri» 1)).

We now describe the construction rule of the join operation in Fig. 4. First, the conditions
for the extensibility of superquery QG ("} are checked. This consists of the identification of
any ICs with respect to join predicates P, and P;. If this condition is satisfied, we then check
the feasibility of extending the superquery by verifying the conditions related to the local
selection and projection operations. Since these conditions are satisfied by P,=> P, and
P;= P, and Q, > Q, and Q, > Q,, we try to construct the intermediate result from which
both intermediate results of QT; and QT can be obtained. This construction of the
intermediate result of the superquery requires the projection operation 7, to be carried out,
in order to provide the necessary attributes and the corresponding data for the selection
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Fig. 4. Construction rule including unary and binary operations.

operations o, and op, to be executed at the next access step. It must also provide the
necessary attributes for the join operation J,. Here, R, =(U 2 Y)U(UZ aur(P))U
lattr(Py).

Second, the construction rules for the local selection and projection operations, o, and
og,» aTe applied to the view V. The join operation J,_also requires the attribute lattr(P) to
be projected. The selection operation o, and oy, are also deferred to the next stage, which
requires the attributes attr(Q,) and anr(Q,). Since all these projection operations can be
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performed simultaneously in a centralized DBMS, all the attributes involved in the projec-
tion operations can be combined. This composite attribute is represented by R, with
R, =W, UW, U rattr(P,) U attr(Q,) U attr(Q,).

Fmally, the local selection operations o, and o, and o, and o,,, are postponed to the
next access step where these are carried out together with the selection operations o, and
ap, respectively, to get V, and V; from V,.

When the above transformation occurs, it is said that a state transition occurs from the
current state represented by Fig. 4a to the state corresponding to Fig. 4b. This state
transition is defined as a one-step transition since only one intersite join operation is
accounted for the state transition. All the local selection and projection operations involved
in an intersite join operatnon are considered to be executed at the access step associated with
that join operation.' The CAS is also changed toJ, (wR Vi), wR,(an(vk ))) for both queries.
In the above one-step transition, one join, one selectnon and two projection operations are
saved. If Q3= Q,, 0p,,p ., is €quivalent to oy, , .. Furthermore, if P; = P, then Opnp, =
op.. All the views which are involved in the generation of a superquery up to the current
access step in Fig. 4 are marked by ///.

The above construction rules for the general case are summarized below.

Step 1. Check the feasibility of extending a superquery. There must be promising join and
selection conditions for the predicate formulas in the access plans of the subqueries.

Step 2. If it is feasible, then compose R, and R,.

Step 3. Apply the construction rules for the local selection and projection operations related
to V,.

Step 4. Extend the access plan of the superquery by replacing two join operations of a
subquery by one join operation, and postpone all the join, selection and projection
operations as shown in Fig. 4a and b.

Step 5. Update CAS and mark the views which are involved in the reformulated access
plans.

During the plan step, we can also identify the equivalence relationship P,<> P,. In this
case, we can further reduce the search space as follows. Let us assume that the attributes
appearing in g, and m, are R, when P, is replaced with P,, and R, when P, is replaced with
P;. We further assume that SIZE(R )> SIZE(R,). The heuristic is as follows

If P, Ps, then select P; as the predicate for the superquery, i.e. let P, play the role of P,
in Fig. 4. Since SIZE(R, )> SIZE(R;), VOL(V,) derived using J p, is always greater than or
equal to that derived using J, . This guarantees that we always select the smaller volume of
intermediate results in the process of superquery generation associated with P, and P;. Since
we do not generate the superquery associated with IC Ps=> P,, the subtree using P > P, can
be pruned off in the search space.

4. Multiple transaction processor: Search step

4.1 Formal representation of problem space

In this section, we present formal definitions for state, initial and goal states, heuristic cost
evaluation functions, and we describe the rules in the search step. These consist of
generation and test rules which together embody the A* search strategy.

' This aggregation of local unary operations and an intersite join operation is considered for the efficient
representation of a state transition.
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Let QT_COST, be the processing cost for the execution of the query QT, along its access
plan in a distributed environment. Let G be a query graph which is constructed by
integrating all the individual access plans of queries. The objective is to reformulate the
access plans in G using the available knowledge such that the total processing cost over n
queries, L;_, OT_COST,, is minimized.

A state is informally defined as a set of access plans which are represented by a query
graph with attached proper information required to estimate the total processing cost in a
distributed environment. A state transition occurs whenever a new query graph is con-
structed by adding or modifying relational operations, thereby reformulating the access plans
of the queries, using both logical (syntactic) and semantic knowledge under the constraint
that all the views in the current state can be obtained from the new state. This state
transition occurs by the activation of the generation rules described below. The generation
rules allow for two types of state transitions to occur; one is advancing an access step of a
query, and the other merges two current access steps of two different queries and generates a
superquery according to the construction rule of the previous section. Both types of state
transitions are subject to the following constraints: (i) any view at the current state should be
derivable from the newly generated one; (ii) the state transition is only possible using the
knowledge associated with the current access step (one-step transition).

A state o is formally defined as a 5-tuple (G, AP, CAS, g(w), h(w)). G is a query graph
which is constructed by integrating all the individual access plans (see e.g. Figs 10-13). AP is
the set of (reformulated) access plans of queries inferred from G:

AP = {access-plan(QT )| k=1,2,...,n}. (1)

When a query is using the (intermediate) results of another query or superquery, QG,, its
access plan should be reformulated as follows: {access-plan (QG,), V;, V.., ..., V,,). CAS
is the set of all the current access steps of queries:

CAS = {CAS of QT, |k=1,2,....n}. )

The value g(w) is the sum of all the processing costs of queries from their initial access steps
to their respective current access steps along their (reformulated) access sequence. The value
h(w) is the estimate of the total remaining cost for all the queries from the current state to
reach the goal state, using the strategy of mulitiple transaction processing.

4.2 Generation rules

We describe the cost functions g and /4, and the generation and test rules in more detail.
There are three generation rules: I-rule, M-rule, and F-rule. I-rule moves forward the access
step of the query along the access sequence to reflect the individual distributed query
processing strategy. M-rule tries to generate a profitable superquery by merging access plans
of queries, and F-rule is useful for the cost evaluation at the end of the superquery
generation steps. The firing of the generation rules is controlled by the specificity ordering of
the conflict resolution strategy. M-rule has more priority than /-rule and F-rule, and /-rule
has more priority than F-rule. These priorities reflect one of the inference-guiding heuristics
in the search step.

Let {V,,V,,...,V,) be the access sequence of query QT,. I-rule is described as follows:

I-rule: Move forward one-step further the current access step of the query filor!g the access
sequence (V|, V,...., V,). Initially, the CAS of QT is set to V,. The activation of /-rule
enables the CAS of QT, to become V,; the next firing to become V; and so on.
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When there are two current access steps for which promising integrity constraints exist,
M-rule reformulates the access plans of the queries to generate a superquery relationship by
invoking the construction rule described in Section 3.

M-rule: If there exist promising ICs which can be applied to views in the current access steps
of two different queries, then reformulate the access plans using the construction rule, and
make the newly generated access step to be the current access steps of the corresponding
queries.

The answer to a query can be represented by uop,(V,) for some “final” view V, of the
query. Since it cannot move forward any further, we introduce the final view V, such that V,
can be advanced to it without incurring any processing cost. This is actually a stopping rule.

F-rule: If the result of the current access step of the query QT, is view V, where the answer
to the query is equal to uop,(V,), then move forward the current access step to V.

I-rule, M-rule and F-rule are complete in the sense that all the possible ways of
reformulating the access plans of queries can be enumerated along the access sequences
within a given knowledge. They are also nonredundant since each rule is fired only once
using given ICs. Finally, the search step is informed by using the priority existing between
I-rule, M-rule and F-rule as well as being guided by the heuristic cost evaluation function A
which will be described subsequently. Note that the identification of the same views can be
facilitated by using ICs of the form P,=> P,.

For an access step Jp(uop;(V;), uop,(V;)), we want to allow for various access strategies
which take into account the different intersite communication costs and different local
processing costs. In order to do that, we describe the cost function associated with a query
graph where each node of the query graph contains site information. Let V, = J p (uop,(V)),
uop;(V;)). The access step J,, (uop,(V;), uop;(V,)) is represented by the query graph in Fig. 5.

Here, since the oval contams site information, we represent the node of the query graph
by the notation VS, where VS, is defined to be an ordered pair (V,, S,). denoting view V,
located at site S, .

We describe the processing cost evaluation functions. ¢’ (uop, V) is defined as the local
processing cost to carry out the relational operator uop to view V at site A\YH 1[/‘ 5 (V) as the
communlcatlon cost to transmit the volume of view V, VOL(V), from site S, to site S;, and
! (Up . V. V") as the local processing cost to carry ont the join operation J,, for the v:ews vV
and V" at site S,.” For a unary operation uop(V;), the corresponding query graph is shown in
Fig. 6, where V.— uop(V;).

IfS;=S§;in Flg 6, uop is performed at site S;. Otherwise, uop is performed at site S;, but
the result V of its execution is transmitted to site S;, and stored there for further processing.

DD

Fig. 5. The access step of Iy (uap,(V,). uop(V))). Fig. 6. The access step of uop(V,).

“ If necessary, other cost functions can be defined; for example, semi-join operations can be considered.
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The corresponding cost function, csi(VS, VS;) with VS = {VS§,} is defined as follows.

¥, (uop, V) for S, =S,

S8 VI 0! (wop, vy + e, (V) for 5,%5,. 4

Going back to the query graph in Fig. 5, we assume that all the unary operations are
carried out before any intersite data transmission occurs. However, the join operation J, can
be performed at different sites according to the following protocol. If S, = S,, it is assumed
that view V| at site §; is transmitted to site S,, and J, is carried out on V; and V; at site §,
where the result V, is stored. If S, # S, and S, # §;, both V| and V] are transmitted to site
S, and the join is performed at site S,. The result V, is also stored at site S,. According to
the above protocol, every distributed query access plan using the joins as processing tactic
can be represented precisely by the above modified query graph. We describe the cost
formula for each case below. Let VS = {V§,, VS§;} where VS, =(V,, §,) and VS, =(V}, §)).
Let VS, = (V,, S,). The corresponding cost formula, cst(VS, VS, ), is shown below.

local_cst + 55 (V) + U5 (Jp V3 V) for S, =S,

local_cst + 455 (V1) + U5 (Up Vi V) for S, =5

Iocall_cst + s (V) + n[;_‘s.lsk(V}'.)
+Y5 (Up . Vi V) otherwise ,

cst(VS, VS,) = (4)

where local_cst = W' (uop,, V,) + ol (uop;, V;) and where V= uop(V)), V| = uop;(V;). Note
that we do not assume any speciﬁc'cost model for the evaluation of the access step.

Let VS, be a view which is an intermediate result from the execution of a query along its
access plan. Let VS be the set of views such that VS € VS implies that VS is involved in the
part of the access plan yielding VS,. VS_COST(VS,) determines the processing cost to get
VS, along the access plan of the query, and it is defined as follows:

VS_COST(VS,) = cst(VS, VS, )+ > VS_COST(VS). (5)

VSevs

Assume that state o consists of m superqueries, QG, for [=1,2,...,m, and n original
queries’ QT for k=1,2,..,n where the current view of the query QT * is denoted as
VS, = (V,, S,). Let VS, be the result of executing QG,, and NQG, be the number of queries
QT which use the intermediate result VS; to get their current view VS,. Then,

m

g(w) = Z VS_COST(VS,) — >, (NQG, — 1)VS_COST(VS;) . (6)
k=1 1

=1
The second term in Equation 6 reflects the fact that the processing cost related to using the
intermediate result should be accounted for only once due to the strategy of multiple query
processing. VS_COST is evaluated by a backward recursion.
We now wish to develop the heuristic cost estimate h(w) and prove its admissibility. We
need to define new functions. For a given access planl (Jp(V\, V3),

Jp (Vas Vi) oo dp, (Vo V,,)) of a query QT let us define a function 8,(VS;) such that

* We mean by the original queries those supplied as input to MTP.
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8.(VS,) returns the remaining cost starting from the view VS, along the individual access
plan of QT}* to get the result of QT;*. Here,

8/(VS,) = VS_COST(VIEW(QT'*)) — VS_COST(VS,) , (7

where the superscript / of &, indicates that the processing cost is evaluated along the access
plan which is determined by an individual distributed query processing strategy. We define
the function I' as follows:

rvs,,vs,)={(V,, Sk)IBJ,,k((Vk =Jp (V. VL)) A (V,, §)) EVS,
A (Vy, S,)EVS,)}. (8)

Let x = (V, S) indicate a view V stored at site S. Let 8'(x) denote the remaining processing
cost of an individual query access plan starting from the view V. Let §(VS,) denote the
estimate of the remaining processing cost associated with a current view V§,. Then,

dvsy= S | min Aest((VS, y).(V.5)

vEVS' xEl'(VSk. y)AaS'E

1 € .
+ xer(vsr?.ay’s/\y'es{a (x) wss”(v)}} ’ (9)
where S is the set of all sites in the given computer network; VS§'=
(Vi $)137,(J, (Vi V) = V) A(V,. S)ET(V,, V) A S,, S, ES)}.
Let CVS be the set of all the current views in state w. Then,

hw)= 2, §VS). (10)

VSeEcvS

We prove the admissibility of / below.

Theorem 1 Suppose that the individual access plan of each query is optimal. Then h(w) = h(w)
where h(w) is the minimal cost to reach the goal state w, from the current state .

Proof. Without loss of generality, let

fw= 3 { min {e({VS,. ) (V.5

vevs: LXEN(VS, yIns"es

/ <
* .xer(v.g?.%/\s"es {87x) - dlss"(v)}} ) (1
We make the assumption that there exists only one current VS, and only one y. The situation
is shown in Fig. 7. In Fig. 7, I'(VS,, y) = {(V,, §))|i=1,2,... ,n},S = {$,.5,.....8,}and
VS'={y}.

Suppose that we generate a superquery QG starting from (Vi S;) such that all the results
of queries QT}* for k=1,2,...,n can be obtained by accessing the result of OG.
Furthermore, let us assume that the access plan of QG is optimal among all the feasible
access plans of superqueries. As shown in Fig. 7, let us assume that (V', §') is the view in the
access plan of QG from which the views (V,, S,) for i=1,2,...,n can be obtained. Let
8°((V', 8")) be the remaining processing cost of QG starting from (V', §'). Since each
inldividual access plan of queries is assumed to be optimal, we know that Ui (V) +
8'((V,, 8"))>8! (V.. 8)) forall i=1,2,....n. Otherwise, it leads to a contradiction since
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Fig. 7. A state with only one current view.

8/((V;, S;)) does not become minimal in such a case. Since VOL(V')=VOL(V)),
s'(v', $) =8'((V,, §")) > 81((V,, S;)) — ¥§s-(V;) for any site S'ES and i=1.2,....n.
Thus, 5'((‘/'» $')) >maX,epvs,. y)asves {Bl(x) - ¥ (VD)

Now, let us consider all the possible ways of constructing V, for i=1,2, ..., n from the
views VS, and y. For each V,, we have s ways of constructing it where s is the number of
sites. Let the view (V”, $") be the view such that (V", $") € {(V,, SHli=1,2,...,n} and
cst({VS,. y}, (V", ")) is minimal. Since VOL(V') =VOL(V"), we know that cst({VS;. y}.
V', §") = cst({VS,, y}, (V" S")=cst({VS,, y}V",§")). In other words, cst({VS,. y}.
(V', §") =min,c s, vyasmes {cst({VS,. y}. (V,S")}. where x=(V.S). Thus, the lower
bound of A(VS,) where A(VS,) is the remaining processing cost associated with the current
view VS, when an optimal superquery is generated, is

ivs)={ _ min _(et({VS,. »).(V.5N}

XEI(VS;. ¥)AS"E

+  omax {6’(x)—¢§s~(V)} O

XEIVS;. y)AS"ES
It is easily shown that 5(Vvs,) is simplified to 81(VS,) when VS, is the current view of
QT which is marked by the activation of generation rule I-rule. This is summarized below:

A _[8(Vvs,) if CARD(I'(VS,, y)) =1
o(VS,) = {Ea (9’; otherwise ,

where CARD denotes the cardinality of a set. .

Finally, we wish to describe the test rule. For each search step, we evaluate f(w)=
g(w) + h(w). Among all the states which are generated at previous search steps, but are not
expanded, or which are generated at the current search step, we select the state which has
the minimal cost estimate f(w), and we test that state whether it is a goal state or not. If that
state is found to be a goal state, then the search process is stopped. Otherwise, we expand
that state, and the search process resumes.
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4.3 A special case

In this section we present heuristic cost evaluation functions for a simple case in which the
access plans of the given queries comply with the following assumption, called the assump-
tion of fixed access order: (i) for an access step Jp(V;, V>), the join is performed at the site
where V, is located by moving V, there; (ii) the order of the access step in the access
sequence of a newly generated superquery precisely follows those of the original queries
which use the (intermediate) result of that new superquery . Due to this assumption, the site
information is implicitly ignored throughout this section.

Here, we do not assume that each individual access plan is optimal. Under the assumption
of fixed access order, it is generally not feasible to infer subquery relationships in the middle
of the access sequences of two different queries.” Hence, we can assume that all the
superquery relationships which would be profitable can be inferred from the query graph
shown in Fig. 8. The function g is defined as in Equation 6.

For A, we need to define the two functions p and I'. Let V, and V, be sets of views. I' is
defined as follows:

[(V,,V,) ={V[3], (V= T, (V,, V))) A (V,EV)) A (V EVL))} (12)

For a set V of views, the function p(V) optimistically estimates the sum of the remaining
costs of queries which use the intermediate results in V.
Let x, y and z denote views (see Fig. 8). Then,

p07= 3 | max fese ). 2} + 600 ). (13)

vey' LxEV)IAzEN (x. ¥

where V' = {V'|3J, ((J, (V. V') =V") A(V EV) A(V'ET(V,V))}. H(V) is evaluated by

Fig. 8. A fr  Ule query graph.

4 . . . . . - . . . -
This assumption is more likely to be valid in a centralized environment, but it may also be applicable to local
area networks.

* Refer to [25].
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a forward recursion. The boundary conditions are as follows:

Case 1. When V, = J(V,,V,), p(V,) ='cst((V;, V), Vs).
Case 2. When V, = uop(V,), p(V,) = cst(V,, V,).
Case 3. When p(V) = csy(V, V), p(V) =0.

Now, let CV be the set of all the current views in state @. The heuristic cost evaluation
function 4 is defined as follows:

h(w)= 2 p(V). (14)
vecvy
The initial state w, is (G, AP, CAS, 0, i(w,)) where AP is the set of access plans which are
not reformulated, and CAS is the empty set. The goal state w, is (G, AP, CAS, g(w,), 0)
where G and AP are the reformulated query graph and the set of reformulated access plans
respectively; CAS is {V}.
We prove the admxssnbnhty of 4 below.

Theorem 2. h(w) = h(w) where h(w) is the minimal cost from the current state  to the goal
state w, .
8

Proof. Let V, for i =1, 2,3, 4 denote views. Let Jp (V1. V) be an access step chosen for the
evaluation of some p(V') defined in Equation 13 where V is a current view of a query at state
w. Let p(V') be an optimal remaining processing cost, at state w, for the current view V using
the multiple query processing strategy. (Equation (13) is clearly true if the individual access
plan are used.) For the access step Jp, (Vl , V,) of the query, let the corresponding access step
of the superquery be J, (V;,V,) which is involved in the construction of an optimal access
plan. Let V{=J, (V,, V) and V3= Jp(V;, V,). Since J, (V3, V,) is an access step of the
superquery, the processmg cost of performmg this access step is greater than or equal to any
corresponding access step of the query which uses the result of execution of J, (V;,V,).
Hence, cst((V;, V,), V3) = cst((Vy, V), V). Since cst((Vs, V,), Vi) = es((V,, V,), V) for any
access step Jp (V;, V,) which comes behind the current view V, p(V)= (V). Therefore,
h(@)=Lyeey A(V). O

5. An example

This example illustrates the operation of Multiple Transaction Processor. For simplicity,
attention is restricted to the special case described in Section 4.3. The example shows how
multiple queries occurring concurrently in a distributed database system can be processed
optimally by utilizing jointly both database semantics and logical information of predicate
conditions of queries.

The distributed database r contains three relations r,, r, and r, at site 1, site 2, and site 3,
respectively, as shown in Fig. 9. Let V, = J, ,p (my (r}), 1;) and V, = Jp (74, (r,)), ry). Two
queries QT, and QT occur at site 1 with the followmg access plans:

access_plan(QT,): ‘JP4AP5("Y,(’1)v r3)s Jp,ap (T, (Vo). ry)), and
access_plan(QT5): (Jp (75 (r,), 1) J,,q(qrzz(Vb), r)),

where Y,, Z,CR,, Y,CR,UR,, and Z,C R, UR,. The access plan of QT, implies that
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Iy r I3
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Computer S3
Network

Fig. 9. Example of a distributed database with two queries.

my(r,) is performed at site S15 Ty, (Jp,n PS(V’, ry)) with V' = le(r,) being transferred from
S, is performed at site S,; Jp ,p (V" r3) is performed at §; with V" =y, (Jp_.p (7y (1), 1,).
The access plan of OT, can be interpreted similarly.

During the planning step, a set of integrity constraints is inferred from logical and
semantic information using inference-guiding heuristics.” The plan step infers only relevant
ICs for the efficient identification of subquery relationships and systematic generation of
superqueries in the subsequent search step. The following is the list of all the relevant ICs
associated with relations r, and r,, and r, and r,.

ICs related to r, and r, ICs related to r, and r,
P AP, > P AP, P, > P,
P,AP, => P AP, P,AnP, = P, ¢
P AP, > P, P, > P,
P.AP, > P, P,AP, > Py

P, > P, P,AP, > P,
P AP, > P, P,AP, > P,AP,
P,AP, > P, P, > P,

Py = P P, > P
P,AP, = P, AP P, > P,

P, > Py PAPy Py,

P, > P, P, > Py

p, = P Py > Py

The initial state for this example is shown in Fig. 10 where the access plans of QT, and
QT, are integrated. '

The processing costs for QT, and QT, are described below when individual distributed
query processing strategies are used.

QT_COST, = '(my, 1) + ¥ (my, (1)) + ' (Jp ps Ty, (1)), 12)
+ ¢y, V,) + O (7 (V) + &' Up p Ty (V) 15) (15)
QT_COST, =o', 1) + ¥ (m, (r))) + 00, 7, (r). 1)

+ ‘!’l(’"'zzs Vo) + 'l’c("’zz(vh)) + frff{(Jn,» 72 (Vs), 13) .

“ The planning technique is described in detail in [25].
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Fig. 10. A graphical representation of the initial state.

All site information is ignored here since we assume that ali the sites have the same
processing capability and that the commumcatlon cost does not depend on sites. In
Equation 15,  csty(my.(r,), 12), V) = 9y 1)) + W (g () + ' Up sy, (1), 72)
which is associated with the intersite join operation Jp ,p, and cst,((y, (V ) 73),
JP,APH(ﬂ-Y-.(V) r3)) = "’(WY, P4Ap.-.(7"y (r), ) + ¢ (WY,("P‘APq("TYI(r ). ) + ‘II(JP-,/\PB
Ty Jp,ap(Ty, (1), 12))s 73), ‘which is related to the intersite join operation J PynPy-

We first discuss the search process. For example, by employmg the two promising ICs
P,> P, and P, A P;> P,, state 1, which is shown in Fig. 11, is generated from the initial
state. In Fig. 11, the current access step of the query QG, is Jp (y,z,(r,), r2), and the
current view of the query is V,. We make the assumption that the attributes involved in the
join operation J,, are contaired in Y, U Z,.

The construction rule for the join operation permits two intersite join operations Jp ,p.
and J,,_to be replaced by one intersite join J, . Here, the superquery QG, of both QT, and
QOT, is generated with respect to (r,, r,). The view V, which is the result of the superquery
execution allows for the production of intermediate results V, and V, of QT, and QT since

V.= TrYlUR:((rP.‘APS(V )) and V, = T"z,uRz("'P,(V ).

Fig. 11. A graphical representation of state 1.
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State 1 is generated by the activation of M-rule, and state 4 which is shown in Fig. 12 is
generated by the activation of I-rule. All the views which are utilized in the search step are
marked by /// in both Figs 11 and 12. Note that state 1 is generated following the access
sequence of execution plans of both QT, and QT,.

g(w) is the processing cost incurred at the current state w. Let us define 4,(w) as the
heuristic cost evaluation function which estimates the sum of the incremental remaining
processing cost for each query, from the current access step to the final access step, when the
individual distributed query processing strategies are used. h(w) is the minimal incremental
cost from the current state  which can occur by reformulating access plans in the context of
multiple query processing. As before, let h(w) be an optimistic estimate of h(w).

Let V| = my(op,.p, (Vi )),and V| = wzz((rp3(V )) as shown in Fig. 11. Also, let  be state 1.

g(w) = QG_COST(r,, ;)
= Cs‘((“y|uz,(r1)’ r:), V1)
= (l’l('”y,uz,’ r)+ l/’r(”'y,uzi(rl)) + 'l’l(-lp,s Ty,uz,(r)s 2)
hy(w) = esty((V 1, 73), Tpnp (Vi 73))
+est;(VY r3), Jp (Vi 13)) -

est((my,uz,(r1), 12), V;) denotes the processing cost of the current access step of the
superquery OG,. The access step Jp (my, 7 (1), r,) is the current access step for all the
queries QT,, OT, and QG, at the state shown in Fig. 11. cst, denotes the incremental cost
incurred using the intermediate result V| to get the answer of the query QT,. Similarly, cst,
denotes that for the query QT,, using the same intermediate result V,. Here,

sty (Vis 13), oo np (Vi 13)) = 00, aps Vi) + 0'(ary, 0, (V1))
V) + ' app Vi rs)
esty (V3 1), Jo (VD) 1)) = ¥'(0,, V) + &'z, 0 (V)
+P VD + ' Jp, Virs).

Now, we attempt to extend the superquery relationship since it may reduce the total
processing cost further. Since we do not know the existence of ICs at state 1, we do an
optimistic conjecture that either Py= P, A P; or P, A Py=> P, or both might be true. This

Fig. 12. A graphical representation of state 4.
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optimistic conjecture allows us to estimate the remaining cost estimate /(w) at state 1. Using
the construction rule for the join operation, the feasible state generated from state 1 which is
based on the optimistic conjecture is depicted in Fig. 13.

In the process of extending the superquery with respect to (r,, r,) in Fig. 11 to that with
respect to (r,, r,, r,) in Fig. 13, the local selection operations o, and o}, are postponed
to the next stage in the access sequence, and a new projection operatlon @, is added.
Z=Z,U Y, U X where X denotes the attributes involved in the selection operations o, and
Op, p,- Here, we can define two cost estimates for the remaining cost; one is h,(w) based on
the optlmlstlc conjecture P; A Py J, , and the other h,(w) based on Ip,> P A P,. These
estimates are evaluated as follows:

’21(“’) = cst((w,(V)rs), V) + 6l("’)
hy(w) = cst((m,(V,)r). V3) + 8 (w) ,

where Vi=1J, ,p(7,(V,),13); 8, and & account for the local processing cost at the final
access step to get the result of each query from those of superqueries. Here,

est((m,(V))rs), V) = ¢'(m,, V) + 6 (m (V) + ', (V). 73)
s(m,(V,)rs), V3) = ¥'(ar,, V) + 6 (m(V)) + 8 Uy apy 72V, 15)
8(0) = 4'(0p, Vo) + ¥ (40, op (V) +
0 (Op,nponpyare V2) + Ty iir Tponpar,nr(V2))
8(@) = ¥'(dp,np,> Vi) + W' (T2 0k, Opan, (VD) +
0'(Op,npyr V) + W' (y,00, Opap (V3)) -
As described before, we take i(w) = min{h,(0), k,(0), h,(®)}.

Now, we illustrate the search process with the actual input data given in Table 1. We
assume that the local processing costs due to projection and selection operations are

Fig. 13. A query graph based on an optimistic conjecture at state 1.
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Table 1.
The input data.
¢(-) oL )

my(ry) 5 Upgnpe my (1)) 13) 5
wzl(") 5 ("Pg' ”2,(’|)~ ry) 5
Tyuz, (1) 5 Upps Tyyuzy (). 12) 6
- - (Jl'y Ty0z,(F1)s T2) 9
- - (C. 7y,u2,(11)a 12) 12
my(V.) 2 Up,npyr T (Vo) 1) 3
72 V) 2 Urp w2 V), 13) 3
(V) 3 (Jl'm m(V,).15) 4

negligible in comparison with intersite data transmission and join operations.

The search tree generated by MTP is shown in Fig. 14. The costs are listed in Table 2 for
states G to 6.

In Fig. 14, the value of f for each state is circled on the upper-right corner of the box
representing the state, and the uncircled number on the upper-left corner is the state
number; in this example, the state numbers also indicate the order in which states are
expanded, except for states 4, 5, 6, and 7 which are never expanded. The darkened line
shows the search path leading to the optimal solution. State 3 is generated by employing ICs
P, A Py P, and P,=> P, to state 1; state 2 by utilizing the individual distributed query
processing strategies at state 1. State 5 corresponds to the application of individual
distributed processing to the initial state without employing the knowledge available. State 6
is generated by using P, A P;=> P, and P;= P,; state 4 by using P, A P;=> A and P, A.
These states are never expanded since the heuristic evaluation function always underesti-
mates the total remaining cost. In this way, many subtrees can be pruned off in more
complex examples. State 5 is not expanded into states using any ICs associated with the
access steps Jp ,p (my,(V,), r;) and J, (7, (V,),r;), even though there are several ICs
available like P, A P;=> P,, and P,= P,,. This is because, once a join operation is carried
out, it is generally not possible to infer any superquery relationships on the following access
step.

Among the nodes expanded from the initial state, state 1 has the minimal processing cost
of 17. It is expanded, generating states 2 and 3. Among states 2, 3, 4, 5, and 6, state 3 has
the minimal cost. Since state 3 cannot be expanded further, we conclude that state 3 is the
goal state with the total processing cost of 19. States 4, 5 and 6 are never expanded. If state 5
were expanded, we would have state 7 as shown by the dotted line in Fig. 14. This state
corresponds to the state when individual distributed query processing strategies are em-
ployed. It is easily found that the total processing cost of state 7 is equal to that of state 5;
T_COST = QT_COST, + QT_COST, = f(ws) = 30. The savings in the total processing cost
due to multiple query processing strategy amounts to 11 (30 —19=11) (neglecting the
overhead due to MTP).

Table 2
The cost estimates

@, W, W, W, W, Ws W,

8 0 12 2 19 18 20 15
h 15 5 0 0 5 10 5




Fig. 14. The search tree generated by MTP.
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6. Discussion

Suppose that we have two queries QT, and QT, where QT, is a superquery of QT, as
shown in Fig. 13. The total processing costs T_COST,, using individual query processing
strategies, and T_COST,,, using MTP, are

T_COST, = cost of executing QT, + cost of executing QT
T_COST,, = cost of executing QT, + ¢'(uop, VIEW(QT,)) + 4,

where ¢'(uop, VIEW(QT,)) is the local processing cost to obtain VIEW(QT,) from the
result of OT,, and where A is the overhead of executing MTP. The main factor in 4 is CPU
time associated with running MTP. The I/0O cost is assumed to be small since the size of the
knowledge base containing the semantic knowledge is unlikely to be large in our problem.
On the other hand, the cost of executing QT usually involves intersite data communication
costs in addition to CPU and I/O costs. Thus one can conjecture that using a multiple query
processing strategy such as MTP will be beneficial in environments where communication
costs are significant and where the queries and ICs are such that some commonality can be
found between the given access plans. This conjecture is strengthened by the promising
empirical results recently reported in [33], where multiple query optimization produced a
decrease of 20-50% in both CPU and I/0O time in a series of experiments on a centralized
database, and by the seminal work of King [15] on semantic query optimization.

The central issue for the cost of running MTP lies in the performance of the heuristic
search. First, we claim that the number of feasible states in the search space is O(s - k* - m"),
where s is the number of sites, k the number of queries, / the length of common access plans,
and m is the average number of superqueries which subsume a subset QT of the set of k
queries but do not subsume any superset of QT. This result is proved in [25]. In brief, assumc
that there is at least one superquery which subsumes any subset of the k queries (worst case
analysis). The question is then how many collective query execution plans can be generated.
This problem is equivalent to the problem of partitioning a set of k elements where each
collective query execution plan corresponds to a partition. It is known that the total number
of partitions of a set with cardinality k is B, where B, is the kth Bell number,

k-1 )
k-1
Bk=2( l. )B,.,

i=0

where B, = 1. B, is almost of order k* for large k; for k = 15, it is almost 10°, Therefore, for
k queries, the number of partitions on the set QT of queries = O(k*). For each partition,
there are m' possible state transitions. Thus, the total number of state transitions =
O(k* - m'). If in addition joins can be performed at any site, i.e. if we relax the first
condition in the assumption of fixed access order, then the total number of state transitions is
O(s - k* - m").

A straightforward enumeration of all the possible collective execution plans, without using
any inference-guiding heuristics, is thus computationally intractable either for the case where
the number of queries is not small, or for a reai-time environment in which the overhead due
to enforcing the multiple query processing strategy cannot be overlooked.

On the other hand, it is difficult to formally evaluate the performance of the heuristic
search of MTP, especially due to its dependence on the knowledge base and thus on the
predicate conditions of individual queries. As argued in [27], a worst case analysis assumes
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that A* exhibits its poorest performance; the average performance of A* is often significantly
better. To quantify this statement, one needs to develop a probabilistic model of MTP and
to apply the results in [27], Chap. 6. This is beyond the scope of this paper. However, we
point out that since there are only a few types of rules which can activate state transitions,
the search should be efficient if proper semantic knowledge is available.

7. Conclusion

We have introduced a new multiple query processing strategy that makes use of functional
dependencies and semantic integrity constraints to determine subset relationships between
intermediate results of different queries. The concept of the conventional query graph is
extended to represent distributed query processing strategies by including site information.
Given some semantic knowledge, the least cost solution is found by a rule-based expert
system, Multiple Transaction Processor (MTP), in which the planning technique is combined
with a search method. We define the cost function ( g) and the estimated cost function (k) for
the case of distributed query processing. We also provide a proof that the estimated function
(h) is always underestimating to ensure that an optimal solution will be produced by the A*
algorithm.
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