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ABSTRACT

This paper concerns estimating the user reference
clusters of a database which can be used in partitioning
a relational database horizontally during a distributed
database design Using the knowledge about the data,
the user queries are converted to equivalent quenes by a
proposed inference procedure The user reference clus-
ters estimated from these revised queries are more pre-
cise than those which can be estimated from the ongnal
user queries An extension of the language of first-order
calculus 1s developed for the representation of the user
queries and the knowledge-base The types of knowledge
to be stored are discussed An example illustrates the
way inference 1s carried out, and the soundness of the
nference 18 also discussed

1. Introduction

A suggested practice for distributed database design
15 to first partition relations horizontally and then distri-
bute the fragments over a given network [RoGo77,
TeFr82] The methodology of implementmng such an
approach has been addressed mn only a handful of pub-
lished works [WoKa83, CeNWS83] A major difficulty 1s
that there are no known sigmficant criteria which can be
used to partition relations One proposed approach
[WoKa83] 1s to analyze the expressions for the user
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queries at each site These expressions reveal the user
reference clusters (URC’'s) to the database and these
URC'’s can be used as a means to partition the relations
horizontally However, the informauion contamed i the

user queries 15 not sufficient to estimate URC's precisely

In this paper we suggest an approach for better
estimating URC's by utihzing not only the user query
expressions but also certain knowledge about the data
itself The whole approach 18 formalized by construct-
mg, what we call a Knowledge-Based System (KBS)
The KBS consists mainly of two parts (Figure 1),
namely, the knowledge base comstituting some specific
knowledge about the data, and the inference mechanism
The
imnference mechanism applies the knowledge i the

which 15 a rule-based inference system [Nilsg0]

knowledge base to the user queries and generates new
equivalent quenies The URC’s derived from these new
queries are more precise than those which can be denived
from the oniginal queries Determining horizontal parti-
tions of relations from these estimated URC’s 1s straight-
forward Therefore, we address the following three ques-
tions
(1) How should the user queries and the knowledge be
expressed so that the knowledge can be apphed to
the user queries 1n a deductive way?

What types of knowledge should be utihzed for this
purpose?

()
(3) How should the nference be carned out?

In Section 2, we first formalze a database as a
many-sorted structure Then we mtroduce a first order
language called -gort:

variables (Lj) associated with that structure In this
section we also discuss how Ly 18 different from the
ordinary many-sorted language (L,) In Section 3 and



Section 4, we show how the user queries to the database
and the useful knowledge for KBS are expressed n Ly
We provide the former mn terms of some specific form of
formulas of Ly and the latter in terms of five axiom
schemas In Section 5, we mtroduce the inference pro-
cedure of KBS and illustrate by an example how the
inference 1s made from the axioms and the query expres-
sions We also discuss the soundness of such nference
Finally n Section 6, we show how the partitions of each
relation are determined from the estimated URC’s

2. Many-sorted Language with aggregate vari-
ables iy

2.1. Modelling a Database

We first formahze a database as a many-sorted
structure Our mtention s then to define a first order
language associated with the structure so that knowledge
about the database and the user demands for the data-
base can be described i this language The way we
model the database 1s similar to what has been described
in [GaMi78] where the elementary facts of a real world
are viewed as a logical structure and the general facts as

a theory whose model 18 the logical structure

Suppose I and J are a domam mndex set and a
relation index set respectively A database DB 1s an
ordered structure DB= < {D,},e1, {R, },es, {Ci }ier >
with associated function A J—N7 such that for each

User queries
at each site _1

+ €I , D, 15 the set of +"* sort objects and each D,
constitutes the +** universe of DB, for each y € J , R,
15 Ny)ary {D,},er such that
R, € D, X XD,,,, and for each ¢+ €7, an ele-

ment ¢ € C, 1s an element of D,

relation on

Let the relations shown 1n Figure 2 be a fraction of
an auto corporation database Here let the relation
DEALERS store the nformation about the dealers with
whom the corporation has transactions, let the relation
SALES be the sales transactions between the divisions
of the corporation and the dealers (the divisions of the
corporation supply 1tems to the dealers), and let the rela-
tion ITEMS be the information about the transactions
between the corporations and the dealers (the corpora-
tion buys resources from some dealers) Let d# , stem# |
and dw# stand for a dealer number, an item number,
and a division number, respectively Then the many-
sorted structure defined for the auto corporation data-

base, say DB(Auto), 18 DB(Auto) =
<{stem# ,d# , Y,{ITEMS ,DEALERS ,SALES, b
{B41,V 02, }> where stem# , d# , designate sort

domains and B47, V02,
are the members of stem# sort domain, and so on

are constant symbols which

Associated with a logical structure as above, we
introduce a first-order language Ly without function
symbols Ly 13 unusual in that the syntactic objects

called aggregate vanables are additionally featured n
its alphabet

Knowlege about L inference revised query Determination URC’s Determnation
the data mechanism eXpressions of T of
URC'’s Horizontal partitions
KBS
Figure}  Horizontal Partitioning System

96



DEALERS ITEMS SALES
d# address d_type wem# name 1_type div# | d# | item#
01A | Ann Arbor 51 B47 Eland bus O1AP | O1A vol
03A | Dearborn 30 Co6 white 7 pamt 01AP | O7TA | WO9
07A | Flint 50 N11 squ 11 nut 01PP | 55L So1
26M | Cleveland 20 P02 distribu | engin 01PP | 07A P02
33B | Cleveland 30 P03 radiator | engmn 02AP | 01A B47
48B | Rockford 31 So1 In 8080 | elect 02PP | 03A P02
55L | Fhnt 51 S02 battery elect 03PP | 01A Po3
65B | Detroit 20 Vo1 Astre sedan 03PP | 03A S02
66L | Nile 23 Vo3 Camaro | sedan 04AP | 01A Vo3
70A | Lansing 70 W08 | Brat van 05AP | 55L vo3
X89 wron 9” | plate o5PP | 55L $02

Figure 2 A fraction of an auto corporation database

2.2, Syntax of Ly

In Ly, we mmtroduce two types of vanables, called
simple variables and aggregate variables The simple
variables of Ly are the same as the sort vanables of
which
The aggregate vanables

L, , for instance, the variables gz}, 2%
range over the sort domam D,
are syntactically ordinary sort varnables, but semanti-
cally they are variables whose ranges of interpretation
are restricted to unary relations nstead of sort domains
Formally stated, if an aggregate variable of sort s+ 13 of
the form z,ZF, then 2,”F ranges over the unary relation
mdicated by P which 1s a subset of the sort domam D,

Defimition 21

variables Ly associated with a database structure DB

A many-sorted language with aggregate

then consists of the following (1) parentheses (, ), and a
symbol T , (2) constant symbols e¢,’, , et for

each s+ € , (3) simple variables z,!, ,z™0) and

P,

aggregate variables z,~ *, , z,zp“" for each s €1,

where P, » Py(,) are predicate symbols , (4) a
A(s)-ary predicate symbol R, for each 5 € J , (5) logi-
cal connectives -, and - , and (6) umversal quantifier

v

Based on this language, the ferms of Ly are the
constant symbols, the simple variables, and the aggre-
The
Ly, Atom(Ly) , 1 the collection of all the expressions of
the ytay)s where j€J
Jtx,) are the terms of Ly The set of well-
Jormed formulas of Ly , Form(Ly), 18 defined recursively

gate variables set of atome formulas of

form R,(t,, and

'l)
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as (1) if o € Atom(Ly), then o € Form{(Ly) , (n) if
a,B € Form(Lg), then so are - a, (@ — f§), and W/ a
(m1) nothing else, except those obtamned by fimite applhica-
tions of (1) and (n), 18 10 Form(Ls) The definable syn-

tactic objects U, N, S, and 3, and the standard
notions such as sentences are also introduced as usual

As an exanuple, let Ly associated with the database
structure DB(Auto) be Ly (DB(Auto) Assuming that
we wil be provided all the symbols needed for
Ly (DB(Auto)), Ly(DB(Auto))= < { It,De, Sa, },
{ B47, V01, }, ¢ > where It,De, and Sa are the
predicate symbols 1ndicating the relations ITEMS,
DEALERS, and SALES, respectively, and B47 and V01
are the constant symbols which belong to the stem#
sort domain, and p 1s the anty function associated with
the predicate symbols

2.3. Interpretation of Lj;

Given a formula m Ly, its interpretation i the

structure DB requires the defimtion of a vanable

assignment function s as follows

Defimtion 22 For the set V of variables of Ly and

the umwverse {D,},¢; of structure DB, s 1s an assign-

ment function, s+ V — D, , such that for a simple
)

variable z7 , s(z/) = a, where a € D, , and for an
aggregate vanable z,ZF, »(2,5F) = a , where if PP
(PP% C D,) 15 the unary relation mtended by P m
DB , then 4 € PD?



The validity of each formula 1s then determined by
the following interpretation rules

Defimtion 23 For a formula ¢ € Form(Ly), the satis-

faction of ¢ with respect to s 1m DB 1s defined as

follows

(1) g Ry(vo, o) (ol ot
<a(ve), )8 (vX()))> € RJ

2 s ~vle] A By )

(3) g 1= dale] Mf f S wile] then
H)g ¥ [‘]

(4) For simple vanable z/, =, ¥/ ¢ [s] ff for

any a €D,, b5, ¢ls(s/]a)
(5) For aggregate vanable 2,5°, |=_ w5 ¢ [s] ff
s € PP, =, v[0(257|a)],
where for variables v, and v,

’(vk) if Um 7£ Ui
(om LaXo) = {.

for any

f v, =

As a corollary to the definition, the interpretation of U,

N, and 3 can be also easily defined

2.4. Significance of Ly

Previously m [Shlr84], we discussed the correctness
of Ly, 1e, the theoretical basis for introducing aggre-
gate variables as a part of a first-order language Here
we only discuss the sigmficance of Ly m our

knowledge-based approach

The significance of Ly 18 two fold (1) It permits
the mtroduction of a type of variable, namely, the aggre-
gate varniable whose range 13 restricted to a subset of a
sort domam, something which cannot be done m L,
The structure, however, needs to be augmented by the
unary predicate which represents the range of the aggre-
gate vanable (2) Ly provides more compact expressive
power than provided by L, , and consequently, to a
certain extent, it becomes possible to develop a simple
syntactic matching process with which the knowledge
about the data expressed n Ly can be applied to the
user queries expressed in Ly 1n an inferencing manner

t If A 15 aformula having free vanables v, ,
, Uy) for A

1o distinguish R, as an element of DB from that of Ly, ,

b v. ’
then we sometimes write A (v, ,

usually a superscript 18 used, as 1n R,”, but 1t 18 omitted m our con-
text as long as the distinction remains clear
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The compactness of Ly over L, can be illustrated
Suppose L, (DB(Auto)) 1s the L,
assoctated with DB(Auto), and Ly(DB(Auto)) 1s the
Ly associated with DB(Auto) Consider the two logi-
cally equivalent sentences, (21) m L, (DB(Auto)) and
(22)1n Ly (DB(Auto)), namely,

by an example

Ve Vg V2 (Sa(z,y,2)Nz=6,N Nz=a,), (21)

vz Wy Ve Sa(z,y,:%F), (22)

respectively It 18 clear that (2 2) 1s expressed in a more
compact way than (21) To make (21) meanmgful,
however, DB(Aute) 1s augmented by PP?
Vz (P(z) S (z=a, N
expressive power of Ly leads to developing a syntactic

where
N z=a,)) How the compact

matching process useful for our purpose will be described

1 Section 5

Finally, 1 order to avoid possible misinterpretation
of an aggregate vanable 1n an expression usmng a
bounded quantifier, we show the following example

VZEP (z) (23)

vzZP  (zZF) (24)

Let D, be the sort doman to which z belongs and
PPP C D, such that [PP?| << |D,| Though the
mterpretations of both are identical, the difference 1s
that the validity of (2 4) 1s determined after substituting
zZP only for the values of PP?, whereas the vahdity of
(2 3) 1s determmned after substitutng 2z for all the

values of D,

3. Query Representation in Ly

The 1ssue of how the user queries should be
expressed 13 whether the user queries can be expressed 1n
an efficient and modular way so that the knowledge
about the data can be appled to the user queries mn a
deductive way With this in mind, we define a class of

formulas of Ly as follows

Defimtion 24 For a € Form(Ly), @ 18 1n  I-normal

for n>0, a 18 of the form

3”1,, w("l H
, ¥n } , such that

form 1o, some

, v}, where {v, , ' 0}

v,
C {v,
(1) v, 1< <n,1sasmple or an aggregate vari-
able, and
vy,

las

, v,) 18 a conjunction of atomic formu-

(2)



Let ¢ € Form(Ly) have n free variables Let
DEF(DB ) stand for the following n-ary relation
defined n DB

DEF (DB ) = {<a,, 10> g v18])}

where s 1s a vanable assignment function defined in
Definition 22 We can here prove that with ¢ bemg a
£-normal form, the mmnimal capability of a query
representation formalism m the sense of [Codd72] 1s
achieved by the expression DEF({DB )

[8hin85]

For details see

As an example, suppose a user query to DB(Auto)
15 ‘“What are the addresses of the dealers which were
supplied item# = B47, V01, or V03" Without usng
aggregate varables, one way to express the query 1s
DEF (DB(Auto ),y U ¥, U ¥3) where

¥, =3z Jy v (Sa(z,y,B47) N De(y,u,v)),
¢, =z Jy v (Sa(z,y,V01) N De(y,u,v)), and

Y3 =3z Jy 3v (Sa(z,y,V03) N De(y,u,v))

Using an aggregate variable, however, the disjunctively
¥, Uy, Uy; collapses mto a Z-
normal form formula ¢, as follows If J 1s defined to
be Vz (J(z) S (z2=B47U z=V01 U 2=V 03)), then

conjomned formula

q, = Jz By 312} Jdv (Sﬂ(l,v,lm) n D‘(yy“y”)) (3 l)

As long as the role of DEF(DB, ) becomes clear,
from here on we consider the formulas in I-normal form
as the appropriate representations for the user queries

4. Axiomatic knowledge identification

In a knowledge-based the types of
knowledge to be mncluded 1n 1ts knowledge base generally
depend on the domain of the knowledge to be utihzed
We postulate that the types of knowledge which are use-
ful for the purpose of KBS fall mto the following five

types of axiom schemas We first briefly explamn what 1s

system,

meant by each axiom schema, and then show the schema
representation m Ly Examples of each schema are also
given later in this section These examples are mdicated
at each schema deseription To simphfy the expressions,
we adopt some abbreviations If A 1s an index set
A ={a,, ,8,), then X, and QX, are the abbrevi-

ations of the sequences z,, ,2,, and Qz,, Qz,

respectively, where @ 1s exther Vv or 3
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(i) Functional Dependency Axiom (FDA) : Func-
tional dependency (FD) mn a relation 1s a well known
concept Any type of FD can be expressed m the form

of schema discussed below and also any axiom of this
schema describes a FD (eg (4 4))

FDA schema  Given an n-ary relation R whose attn-
bute mndex set s {1, , n },f there 1s a FD from
X, to X; where A and B are the subsets of
{1, ,n}, and A NB 18 not necessarlly the
empty set, then the FD 1s expressed as
VX, VXg' VX, VI VI; (R(X,,Xp',X;) N

R(X,,Yp ,Yc)— (zy=y, N Nz, =y, )) where
all the vanables of X, ,Xp ,X;,Yp , and Yo are
simple varables, B =B -A ={1, ,mw }, and
c ={i, , n}-(4UB)

(ii) Relationship Axiom (RA) : The knowledge
embedded in this schema 1s that the values of some attn-
butes of a relation are restncted to only the values of the
corresponding attributes of some other relation Axioms
m this schema describe whether any two relations are
jomnable, and if they are, then via which attribute(s) they
are jomable (e g, (4 5))

sch Given an n-ary relation R, and an
m-ary relation R, whose attribute index sets are
{1, , o} and {1, , m } respectively, if the

values of X, of R, are restricted to the values of ¥,
of R, where A C {1, , 8}, BC{1, , m},
and | A | <m, then such relationship between these two
R, and R, B

relations expressed as

VX, (3Xa’ R(X,,Xa’) = 3Ys’ R(X,,Vs")) where all
the variables of X, ,Xa’, and Y&’ are simple vari
and At={1, ,n}-A

,m}-B We say that R,

ables,
B'={1,
related to R,

and
18 RA-

(ii1) Inherency Axiom (IA) : This 1s the type of

knowledge which plays the key role in KBS, since
URC'’s can be more precisely estimated by knowing the
The
type of knowledge i this schema consists of the nher-

relationships between the {ractions of relations

ited facts specifying how the fractions of relations are
mterrelated with each other (e g, (4 3))

IA_schema Let an n-ary relation R, and an m-ary
relation R,, whose attribute index sets are
{1, ,n} and {1, ,m } respectively, be



related by an axiom of RA on the attributes X, ,

where A C {1, , 0} Then a  relationship
between some fractions of these two relations R,
and R, 1S expresssd m the form of

\&A (34?,4' EYA"/’()?A ::Y_A’ XA‘)"’ 3)75 Rz()?m?s))

where possibly some variables of Xy , X4+, and Yp are

aggregate  varsables , A" = {1, ,n} - A,
B =1{1, ,m}- A, A’issome attribute index set of
relations RA-related with R,, and

WX, , Xy ,Xa+) € Form(Ly) 15 a conjunction of atomic
formulas of Ly mcluding R (X, , Xy )

Here we notice that any axiom in this schema 1s a
T-Horn formula ( £-Horn formula 1s a vanation of Horn
formula 1in which variables 1n the formula may be aggre-
gate variables)

(iv) Ground Defining Axiom (GDA) : As stated pre-
viously whenever a new aggregate vanable, say 2,5 1s
mtroduced, the database structure DB 1s augmented by
the set designated by P, 1e  PPP 5o that
s P(z,)[e] f o(s,) € PPP where PPE C D,
In order to have such an expansion of DB, the members
of PPP are expheitly defined in GDA schema n terms of
the constants of Ly (eg, (41))

GDA schema

mtroduced, the GDA schema 1s represented in the form,
Ve (P(z) 5 (z=c'U
1<+ <n,1s a constant symbol of a sort domain to

Given a unary predicate P to be
Uz=c")), where ¢',
which the aggregate varable accompanying P belongs

(v) Virtual Defining Axiom (VDA) : When defining
the set designated by a unary predicate, a formula con-
sisting of already existing relation predicates may be
used nstead of the constant symbols of Ly (eg, (46))

VDA _schema

introduced, the VDA schema 1s represented mn the form,
Vz (P(2) S afz)), where o(z) € Form(Ly) and z 18
the only free vanable in a(z)

Given a unary predicate P to be

In the rest of this section, we show how the
knowledge base of KBS 13 constructed The knowledge
base of KBS consists of two levels, which we denote by
KB and KByy KB 18 the knowledge base consti-
tuting the five types of axioms which have been intro-
duced so far, and KBgy 13 a subset of the logical conse-
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quences of KB In fact, KB 1s a proper subset of the
complete theory KB(DB) defined on the database
structure DB, 1e, KB C KB(DB)
that KB 1s a collection of knowledge selected from
KB(DB) which 1s of mterest to the DB designer of a
specific apphcation domain In our case, the knowledge

By this we mean

needed to estimate the URC's 1s contamned m the five
types of axioms

KBgy 13 mndeed the collection of the axioms which
actually take part in the syntactic inference procedure of
KByy
consists of two types of axioms (1) the IA axioms
KB each of which has a corresponding FDA axiom 1n

KBS (which we will introduce mn Section 5 )

KB , and (n} a class of axioms equivalent to the IA
axioms 1 KB each of which 1s derived from the IA
The
equivalent axioms are also IA axioms Because both the

axioms in KB by using the relevant RA axioms

types of the axioms in KBgyy are IA axioms and the IA
axioms are L-Horn formulas, KBy, 1s called a £-Horn
knowledge base In the following it will be shown by an
example how KBgy 18 constructed from KB In this
example 1t will also be clanfied why the FDA, RA, GDA,
and VDA axioms are included 1n KB

Let the knowledge provided by a DB designer be
“All the dealers who are supplied car items are the car
Let B47,V01, V03, and W09 be the only
car items, and let 50 and 51 be the only car dealer
types If P and @ are defined by

dealers”

V2 (P(z)S(z=B47Uz=V01Uz=V03U z=W(()9)))
41
Vz (Q(2) = (2=50 U z=51)),
then a direct recapitulation of the above knowledge in an
ordinary many-sorted language 1s

W (32 3:(Sa(z,y,2)N P(z)) —
(42)

Ju v (Dc(y’“!") n Q(")))

By introducing the aggregate variables :Z¥ and vZ9
(4 2) 1s equivalently expressed as

W (Jz 3:EF Sa(z,y,:EF) —
(43)

Ju Fv=9 De(y,u,vE9))

Clearly (43) 1s an IA axiom So (43) 13 an element of
KB In the process of generating (4 3), 1t 18 required to
add the axioms of (41) m KB as GDA axioms m order
to make P and Q@ meaningful predicate symbols



At this time 1t 15 not certain whether (4 3), included
This
requires the presence of a corresponding FDA axiom 1n
KB  Suppose the following FDA axiom from d# to
d_type 1n DEALERS 18 mcluded m KB

m KB, 18 a useful IA axiom for our purpose

Ve Vy Ve W' Ve'(De(z,y,2) N De(z,y',2") = z2=2") (44)

Then (4 3) 1 conjunction with (4 4) assures us that using
(4 3) 0 the mference procedure of KBS will not lead to
an mcorrect 1dentification of URC's We illustrate this
by an example later mn Section 5 For this reason we
mclude 1n KByy only the IA axioms which have therr
corresponding FDA axioms in KB Thus (4 3) 1s an ele-
ment of KBgy

We now show how KBy, 18 expanded by adding
new IA axioms to enlarge the class of user queries that
can be handled by the KBS These new axioms are
equivalent to the oniginal IA axioms mcluded m KByy ,
and they are generated in conjunction with some
relevant RA axioms in KB Suppose there 1s a relation-
ship between SALES and ITEMS via stemi# , which 1s
expressed by a RA axiom such as

Vz (32 3y Sa(z,y,z) —» TJw 3t ft(z,w,t)) (45)

If the aggregate vanable shown in the antecedent of (4 3)

15 unraveled, (43) 13 equivalently expressed as

W(3Jz Jz(Sa(z,y,z) N P(2)) = Ju v De(y,u,059))
The unary predicate P which was once defined 1n terms
of constants can now be defined in terms of the predi-
cate It Let R be a unary predicate whose mterpreta-
tion 1 the structure DB 18 RPZ = {sedan, bus, van}
Then the fact that poB

from
DEF (DB, 3w =R It(z,0,t%%)), the meaning of P 13
mtroduced by a VDA axiom

e (P(z) S 3w IR (2,0 ,t57)) (46)

where the meaning of the predicate R 13 defined by the
GDA Vz (R(z) S (z=sedan U z=bus U
z=van)) Now by using (4 6), (4 3) can be equivalently

axiom

expressed as

W (3z 3z w tZR (Sa(z,y,2) N It(z,w t™R))
(47)

— Ju Fv"9 De(y,u,v™9))

Here, (47) 13 again an IA axiom, and so, (4 7) 13 included

in KBgy In Section 5, we show by an example why
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addition to (4 3), 1ts equivalent axiom (4 7) 1s also needed
to be included m KByy;  We notice that though
KBzy contains only IA axioms (which are all £-Horn
formulas), the other types of axioms have been indirectly
embedded mn the construction of KByy

5. Inference Procedure and Its Illustration

Here we describe how the knowledge about the
data, 1e, KByy , 18 apphed to the user queries, 1e,
query expressions 1n I-normal form, via the inference
procedure of KBS We abbreviate the inference pro-
cedure by the symbol ‘‘ |—" “|—>" requires two
prehminary steps to be taken for the formulas in KBgyy
and the query expressions in I-normal form Each for-
mula m KBgy 18 to be converted into an existential
quantifier free form, and each query expression mn Z-
normal form 1s to be existentially closed and assumed
valid m the structure DB  Once these steps are per-
formed, all the quantifiers can be omitted from the for-
mulas in KByy and the query expressions This 1s pos-
sible because the formulas n KBy are only universally
quantified and the query expressions are only existen-
tially quantified

The query expressions 1n T-normal form are existen-
tially closed as usual The formulas n KByy are con-
verted 1nto existential quantifier free forms by the usual
procedure called Skolemization The Skolemization for
the formulas of Ly differs from the ordinary Skolemiza-
tion only by the fact that here when a Skolem function
1s 1ntroduced, 1ts range needs to be restricted to a unary
relation which is the same as the range of the vanable to
be replaced by the function

The Skolemization step needs no justification as
long as the Skolemized formulas are equivalent to the
formulas prior to Skolemization The other step, how-
ever, needs justification because when the query expres-
sions are existentially closed, the resulting formula may
no longer be vahd n the structure if the solution to the
query 1s empty This step 13 justified, however, by the
fact that the existentially closed formula 1s used only to
determine the fractions of the database referred to by

the query Whether a query has an empty solution 1s
irrelevant for determining the fractions of the database
referred to by the query

Once the prehminary steps are made, *‘ "’ mani-
pulates the matrices of the Skolemized formulas n



KBgyy with the matrices of the existentially closed
query expressions In order to describe ‘ =", we first
define two notions, namely ‘‘match’’ and ‘‘restrictable’
Let KB¥y be the collection of all the matrices of the
Let @™ be the collec-
tion of all the existential closed query expressions which

Skolemized formulas n KBy

we are concerned with, for example, the user provided
quertes from which we are trymg to derive the URC’s
For ¢ € @™, let SUB(g) stand for the collection of all
Each formula n SUB(q) 18
again a conjunction of atomic formulas Since any for-

the subformulas of ¢

mula in KBy 18 of IA schema, 1t follows that any for-
» )
where ¢ 13 a conjunction of atomic formulas and
R(ty,
relation predicate and some of the terms among
ty,
mahty 1 defining the following notions

We say that for ¢ € Q" and K, € KBfy with

mula m KBPy 18 of the form ¢ — R(t,,
, ty) 18 an atomic formula with R bemng a

, t, bemng Skolem functions We use this for-

K, of the form ¢, - R(t,, ,ta), some
g, € SUB(q) matches K, if
DEF (DB ,q,) € DEF(DB ¢,) q 18 restrictable by
K, i the following two conditions are satisfied

(1) Theres g, € SUB(q) which matches K, , and

,ty) of K, , there
, &) m ¢ such

{2) for the consequent R(t,,
15 an atomic formula R, (¢f ,
that (1) R and R, are 1dentical relation predi-
cates, and (1) there 13 a vanable tf and a Skolem

function ¢, such that Ran(t,) C Ran(tf), where

by Ran(t) we mean the range of the term ¢

We call (R ,R;) a restriction pasr If g 1s restrictable
by K, ,werestrict ¢ by K, using the followng pro-
cess For each restriction pair (R , R,), if the varnable
t! m R, and the Skolem function ¢, m R satisfy
the relationship Ran(t,) C Ren(tf), then substitute ¢!
by a variable v whose range Ran(v) = Ran(t,) We
denote the restricted ¢ by ¢ |K, “|—>" apples
KBZy g €Q" to produce ¢° which 18
equivalent to ¢ ¢° shows more precise URC's than
what ¢ does The nference procedure ““ }—" 13 the

to a

following

“ Hn

Inference Procedure

Stepl Letg’ =gq, W = SUB(q), and go to Step 2

Step 2 Let g, be an element of W, and go to Step 3
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Step3 Let MATCH(q,) be all the formulas m KBJy
If MATCH(g) B
empty, go to Step 5, otherwise go to Step 4

Do while MATCH (q,) 18 not empty,

which match with g,

Step 4
1 let K, bean element of MATCH(q,),
2 MATCH(q) = MATCH(q,)- K, , and
3 let ¢°'=¢q°|K, onlyif ¢° 15 res
tnctable by K, ,
and go to Step 5

Let W =W -y,
otherwise go to Step 2

Step 5 If W 18 empty, stop ,

The above procedure always stops at Step 5 with ¢*
being a revised version of ¢ € Q™ When 1t 1s con-
the whole

In the following we 1llustrate

venient, abbreviate procedure by

KBy Ugq +—> ¢’

“f—»"" by an example

we

Suppose the query we are concerned with 15 ¢, m
(31) The existential closure ¢° of ¢, 1s then

q‘=32 Ey 322] Ju Hv(Sa(z,y,zE")nDc(y,u,v)) (5 l)

We now show how the IA axiom (43) m KBgy 18
apphed to ¢¢ of (51) to derve ¢’ 1n a purely syntac-
tic way by “ —"" First, (4 3)1s converted to a prenex
normal form such as

Vy Ve VzZP Ju JvZ9 (Sa(z,y,:5F) — De(y,u,vZ?))
The above formula 1s Skolemized to
W Ve ;5P (Sa(z,y,:5F) —
De(y,g(y,2,25F )10 (y,2,27F)) '(

where g(y,z,z5F) and f9(y,z,2%F) are the Skolem
functions which replace v and vZ9 , respectively We
notice that the range of f9(y,z,:EF) 13 denoted by the
superseript Q@ which 1s the range of ¢®9  Here, (5 2)
clearly shows how the relations SALES and DEALERS
are related fragment by fragment, namely CAR_SALES
of SALES and CAR_DEALERS of DEALERS Now
let the matrices of (51) and (52) be ¢ and K, ,
respectively The followmngs hold Sa(z,y,2%’) m ¢
matches with the antecedent Sa(z,y,257)of K, ,1e,

52)

DEF (DB(Auto),Sa(z ,y,257)) €

DEF(DB(Auto),Sa(z ,y,2%7))



Also, ¢ 1s restrictable by K, since there 1s a restric-
tion parr ( De(y,g(y,z,2%F),f%(y,2,2"7)), Dely,u,v))
Ran(f%(y,z,25F)) C Ran(v) Therefore, by
mn De(y,u,v) by the vamable »*9

where
substituting v

.

whose range 1s 1dentical to that of 7 9(y,z,zE7)), ¢
18 concluded to be
¢’ =Sa(z,y,2%’) N De(y,u,09) (53)

The URC’s ndicated by ¢° 1n (53) are the defined

relations DEF(DB(Auto),Sa(z,y,2%7)), and
DEF (DB(Auto),De (y,u,w™%)), whereas those mndi-
cated by q are the defined relations

DEF (DB(Auto ),5a(z,y,:%7)), and
DEF (DB(Auto ),De(y,u,v))

more precise URC'’s than what ¢ does

It 15 clear that ¢° shows

In general, for any symbolic manipulation procedure
designed to carry out inference, 1t needs to be justified
that whether the result obtamed syntactically 1s indeed

vahd semantically What matters 1s the soundness 1ssue

of & HY!

and ¢° are equivalent These two 1ssues are formahzed

In addition, it needs to be justified that ¢

by the following two theorems

Theorem 51  The Soundness of ‘‘ "

For g €Q™,let KBfyUq > q¢° If ¢q. and
g 18 the existential closures of ¢ and ¢°, respec-

tively, then KBTy Uq. 55 4.

Theorem 52 Equvalenceof ¢ and ¢°

For ¢q€eQ™, let KBFfyUq = ¢’ Then
DEF(DB,q) = DEF(DB,q")
Proofs m full details can be found 1n [Shin85] Here we

simply argue their correctness with respect to the previ-

ous example

As far as the soundness of “ }—>" 13 concerned, 1t
can be easily argued as follows as long as we know that
all the dealers who are supplied the cars are the car

dealers and that there are some dealers who have been
supplied items B47, V01, or V03 which are the cars, 1t 1s
valid to conclude that there are some dealers who are car
dealers

The equivalence of ¢ an g¢° can be proved
conjunction with a FDA axiom 1n KB which corresponds

103

to the IA axiom used m ‘' }—»"
the nclusion of the IA axiom (43) n KBygy has been

In our example, since

accompanied by the FDA axiom (44) mm KB, 1t can be
easily shown that

DEF(DB(Auto ), 3u Jv=? De(y,u,059)) N
DEF(DB(Auto),3u 3079 De(y,u,v=9) = ¢

where Vz(Q'(z) - Q(z))

means that we can safely mterpret (53) more restric-

-
-

In other words this

tively as ““All the dealers who are suppled items B47,
V01, or V03 are car dealers”

Finally we illustrate the reason why KByy 18
needed to be expanded by the axioms equivalent to 1its
IA axioms Suppose the user query ¢, 1 (3 1) had been
equivalently given as ¢, ,

g =3z Jw %% 3z Jy Jv (It (2,w,¢TF)
N Sa(z,y,2)N De(y,u,v))

where Vz (R(2) S (z=¢edan U z2=bus U z2=van)) Let

¢ be the matrix of the existential closure of ¢, ,
g =1t(z,wt"F)N Sa(z,y,2) N De(y,u,v) (54)

matches (52) although
semantically matches (5 2)

Then no subformulas of ¢
It(z,w,tZR )N Sa(z,y,2)
However, we can still derive the revised version ¢° of
g m (54) by using the IA axiom (47) which has been
previously shown equivalent to (52) After converting

(47) to the prenex normal form, similar procedure can
be apphed to (5 4) and (4 7), as had been done for (51)
and (5 2), to conclude ¢° ,

¢’ =It(z,wt*F) N Sa(z,9,2) N De(y,u,w™?) (55)

We see that (5 5) shows more precise URC'’s than what
(5 4) does, and the argument similar to the previous one
can be provided to show that (54) and (55) are
equivalent queries

6. Horizontal Partitioning

In this section we discuss the following two 1ssues
first, how do we use the estimated URC's for partition-
mg the relations?, and second. how should we interpret
the partitions of the relations obtamned by our approach?
The first 1ssue 1s straightforward We view each revised
version of a query, say ¢’ , as a way of obtamming a

bipartition of each relation referred to by ¢° That 1s,



a relation being referred to by ¢° s divided mto two
fragments, one part needed to answer ¢° and the other
not needed For instance, in our example, we obtamn
from the revised query expression (53) a bipartition of
DEALERS , namely, CAR_DEALERS and
NON_CAR_DEALERS , and a bipartition of SALES ,
namely, CAR_SALES and NON_CAR_SALES (see Fig-
ure 3) We notice that the bipartition of DEALERS 1s
not derivable from the onginal query expression (3 1)

In fact, more than one query possibly refer to each
specific relation 1 the database Let Q‘(R) be the col-
lection of the restricted versions of queries referring to
the relation R  One way to obtamn a partition of the
relation R is to mtersect all the possible bipartitions,
each of which 15 obtamned from each restricted query

expressionn Q@ ‘(R)

Various data allocation algorithms such as [MoLe77,
IrKh79, Aper8l, CeNW83] can be used to determine an
optimal or suboptimal dispersion of the data by treating
the fragments as the umt objects of distrbution The
fragments can be flexibly distributed over a network

7. Conclusion

We have described a knowledge-based approach in
which URC's 1s derived from the user queries to the
database and the knowledge about the data In order to
describe the user queries and the knowledge, the

CAR_DEALERS

d# r address d_type

01A | Ann Arbor 51

07A | Flmt 50
Ve 55L | Fhnt 51

DEALERS
NON_CAR_DFALERS
\ d# address d_type
03A | Dearborn 30
26M | Cleveland 20
33B | Cleveland 30
48B | Rockford 31
65B | Detroit 20
66L | Nile 23
70A | Lansing 70

In this
extended language, the user queries are expressed mn a

ordinary many-sorted language 13 extended

specific form, and the knowledge useful for our purpose
15 1dentified by five types of axiom schemas The
knowledge 1s apphed to each query expression via an
inference mechanism to derive a revised query expres-
sion From the revised query expressions, URC'’s are
estimated Horizontal partitioning 18 based on the
estimated URC's
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CAR_SALES
div# | d# | item#
01AP | O1A Vo1
01AP | 07A Wo9
/l 02AP | 01A B47
04AP | 01A | VO3
05AP | 55L Vo3

SALES

NON_CAR_SALES

div# | d# | item#
01PP | 55L so1
01PP | 07A P02
02PP | 03A P02
03PP | 01A P03
03PP | 03A S02
05PP | 55L S02

Figure 3 Bipartitions of DEALERS and SALES
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