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1. Introduction

In this paper, we define the multi-layer 1ogic for
relational databases, an extended many-sorted 1ogic, ahd discuss
implementation of a relational database system baséd on this
logic. Thé system is termed SBDS-F3 (§tfucture gﬂsed42édué£ion
§ystem—£prtfan version é}.‘ |

Query languages based on the predicate calculus have séveral
advantages ,e.g.
(1) permit a user to request the data by its values ;
(2) provide a useful way to derive the faéts deri&able by using
general axioms together with the facts stored explicitly in

a database ; |
(3) allow the database system to optimize execution of quefies

However, 1t 1is pointed out that this class of languages
suffer from 1lack of expressive power. Query features for
relational databases are categorized as follows.

(1) mapping : data values of a specified attribute associated
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with a known data value for other attribute ;

(2) selection : entire record values associated with a specif-

"ied key value ;

(3) projection : data values of a specified attribute, domain
or relation ;

(4) restriction : data values that satisfy given conditions ;
(5) univefsal quantification : data values that corresponding
to all the values of a specified attribute or domain ;

(6) arithmetic function : e.g. +, -, ¥, %k;

(7) aggregation function : e.g. average, minimum, maximum ;

(8) group by : grouping of data values with a common domain
value ;

(9) composition : composition of (1) to (8).

In the first order predicate logic ( whether one-sorted or
many-sorted ), domain(s) of variable(s) and/or constants are
fixed during the interpretation of formulas. This means that
only domain-element relations can be described in this logic.
Thus, queries classified into (7), (8) and (9) are difficult to
be described by languages based upon the first order predicate
logic. So far , various approaches have been proposed for
extending the expressive power of query languages based on the
predicate 1logic. For example, E.F.Codd [5] wused built-in
functions to manipulate functional operations. C.L.Chang [6]
proposed to 1introduce numerical quantifiers , special symbols
with the ad hoc meanings and procedural elements. S.Kuni-
huji [7] proposes the second-order m-sorted logic ( m>0), and
formulate the systax and the semantics of his logic by model

theofetic approach.
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But, as far as the authors are aware, they do not provide
systematic solution for the problem. The multi-layer logic
discussed here 1s a 1logic obtained by introducing a meﬁhod of
structuring types, i.e set, into the many-sorted logic. As the
result, this logic has enough descriptive power to express
practical queries which contain functions whose arguments are
grouped by some other variables and/or which involve nested
aggregation functions. This extension has some analogy to the
introduction of methods of combining types in a general-purpose
programming language.

In section 2, we define the multi-layer logic for the
relational database and prove some properties of this 1logic.
Section 3 discusses how to describe a query against the

relational database with a formula in the multi-layer logic.

Section 4 concerns with virtual relations and inference
algorithm for a query involving them. Implementation of the
algorithm is also referred. In section 5, we discuss the

algorithm which reduces a formula in the multi-layer logic into

a sequence of database access procedure.

2. Definition of the multi-layer logic

2.1. Syntax of the multi-layer logic

Definition. 1. The alphabet of the multi-layer logic for a

relational database query language is composed of the following
(1) variable symbols : x,y,...,X,Y,...;

(2)  function symbols : f, g ,...
(3) predicate symbols : P, Q ,...;

(4) 1logical connectives and quantifiers : ~ ,& ,V ,—> ,Z |3 ,¥% ;
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(5) punctuations : /, [, 1, ", ( ,), comma ;
(6) ﬁruth symbols : T, F,
(7) domain symbols : I, S ,... ;
(8) set operator symbol : ¥

In the multi-layer logic , as is the case of the many-sorted
logic, it 1is assumed that there 1is a non-empty set I whose
elements are called base sorts. For each base sort i, there is a

non-empty set D .

Definition 2. A set J(I) of sort having a base sort set I, is

~defined recursively as follows.
(1) If 11 ,then 1i&J(1).

(2) If i J(I) , then 2% - (g} € J(1).

Definition 3. The sort of powerset ¥3 of a domain S of sort

J ‘excluding the empty-set is 21 - ;.

Example. 1. If S = {A, B}, then %S = { {A}, {B}, {A,B} } and
#%s = { {{A}}, {{B}}, {{A,B}}, {{A},{B}}, 1{A},{A,B}},
{{B},{A,B}}, {{a},{B},{A,B}} }. If S is a domain of sort j,

. j_
then *S and **S are domains of sorts 29 - {#} and 02 {8} _ {Z}.

Definition. b, Base elements of a domain are elements whose

internal structure is ignored except for the purpose of

identifying them.

Definition. 5. Level of a base element 1is defined as O , and
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level of a set of base elements as 1. If a level of a set S is

i, then a level of a set *S is i+1.

Example 2. {{-3,4},{0,8,2}} is a set of level 2, and base el-

ements are -3, 4, 0, 8, 2.

Definition. 6. A term is defined inductively as follows

(1) a constant of sort j& J(I) is a term of sort j ;
(2) a variable defined over a domain of sort j &€ J(I) 1is a

term of sort j ;

(3) if tl,...,tn denote terms of sorts jl,...,jn and f is a n-
place function symbol from sorts jl,...,jn to jf, then
f(t.,...,t ) is a term of sort j_, where n 2> 0.

1 n £ -
Definition. 7. If XgoXqseeer Xy (n > 0) are variables defined
* * % ; * *
over S, *3, ..., ¥ ...¥.5, respectively, then (ann/ nee lS)
(Qn_lxn_l/xn)...(Qoxo/xl) is a prefix in the multi-layer logic,

where Qi (0Li&n) 1is either ¥ or 3 . When n=0 , a prefix is

(QOXO/S), which is the prefix in the many-sorted logic.

Definition. 8. A formula 1in the multi-layer logic is defined

recursively as follows

(1) if tl,...tn are terms and P denotes a n-place predicate
symbol, then P(tl,...,tn) is a (atomic) formula, where n>O0.

(2) if A and B are formulas, then so are (~A), (A & B),
(AvVvB), (A —B), (A=B),;

(3) if P(xl,...,xn) is a formula containing Xy X, @S free

variables and x,,...,x_ are defined over domains S3,,...,S ,
1’ n 1 n
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respectively, then (Q; xj /S; )...(Q; xj /Si JP(xX1,..-5%Xp)
171 1 n n n
is a formula, where n > 0 and il,...,in€{1,...n}.
) formulas are generated only by a finite number of applica-

tion of (1),(2),(3).

Example. 3. The formulas given below are formulas in the multi-

layer logic.
( JX/*N (¥ x/X ) (PCX, a/*M ) &Q( x ) ) ;
( ¥ m/M)YCJJI/*N DHCH 373 H)C ((Fk/K ) QC a/I, £(JI) ) &

P(m, j, k) = R(m J) ).

2.2. Semantics of the multi-layer logic

Definition 9. A structure ¢~ is as follows.

(1) a non-empty set I of base sorts ;
(2) domains Sj of each sort j, where j &€ J(I) ;

(3) distinguished elements of Sy ;

(4) a set of n-place functions from X Sj to 3¢ , where i =
i

1,...,n0 ,ji(—_‘_J(I),fEJ(I) ;
(5) a set of n-place predicates over the domains X Sj
i

Definition. 10. An assignment % from a formula G to the

structure is a mapping that satisfies the following conditions

(1) to each free variable in a formula G, we assign an element
of‘Sj , jeJ(I) ;

(25 to, each domain symbol in a formula G , we assign a domain
SJ y J € J(I) ;

(3) to each constant in a formula G is assigned to some par-

ticular element of Sj , J&E J(I)
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(4) to each n-place function symbol f 1in a formula G, we assign

a n-place function from X Sj to S where 1 = 1,...,n ,

f 9
1
j; €9(I), f€J(I) ( if n = 0, then we assign some par-

ticular element of S. ) ;
(5) to each n-place predicate symbol P in a formula G, we assign

a n-place predicate defined over the domain X S, ( if n = O

J
i
then we assign either T or F. ).

to ¥

Definition. 11. An assignment ¥ is similar mod Xqpeeer Xy

if the assignments 1is same except for the elements assigned to

eeo e X
Xl, n

Definition. 12. An interpretation of a formula G is an ordered

pair ( o, ¥ ), where o~ 1is a structure for a given formula G

and ¥ is an assignment from G to o .

Definition 13. The valuation of a formula G over the inter-

pretation ( o=, ¥ ) , i.e. val( G, 6=, ¥ ), is inductively

defined as follows.

(1) If G is a propositional letter , then val( G, o=, ¥ ) = T
iff $P(G) =T |

(2) If G is a n-place atom P( t t, ), then val( G, o, Y)

170
=T iff (P (e, ., () ) EVP(Plty,...,t ) )

(3) Let A and B are formulas. If G is of form ~A, (A & B),
(A VB), (A= B) and (A = B), then val( G, o, ¥ ) = T iff
the truth table ( same as classical logic ) for ¥ (A) and
Y (B) yield T

(4) If G is of form (3 x/S ) H(x), then val( G, o=, ¥ ) = T iff
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there exists an assignment ¥Y' which is similar mod x to ¥

and val( H, o—, ¥ ) = T. That is, (3 x/3 ) H(x) T iff

1]

there is at least one element e € S such that H(e) T.

(5) If G is of form (¥ x/S ) H(x), then val( G, o=, ¥ ) = T iff
for all assignments ¥ which is similar mod x to % and val
(H, 6, ¥) =T. That is, (¥ x/S ) H(x) = T iff for all
elements e @ S , H(e) = T.

(6) If val( G, 6=, ¥ ) # T , then val( G, o=, ¥ ) = F.

Definition 14. EQ(X,Y) : This predicate 1is defined over two

sets of level m (m>0) X and Y, whose base elements are ordered.

T iff X = Y.

For m = 0, EQ( X, Y )

For m > 0, EQ( X, Y )

T iff for pairs of < x, y >, which are
level m-1 sets of < X , Y >, EQ(C x, vy ) = T.

In the same manner NE(X,Y), GT(X,Y), etc. are defined.

Definition 15. LET(X,C) : LET(X,C) is semantically equivalent

to ( 3 X/*¥D ) EQ(X,C), where D 1is a set of level m ( m>0 ) and

its sort includes that of C.

Example. 4. The interpretation of the formula (3 X/*N)(¥ x/X)

( P( X, a/*M ) & Q( x ) ) over the ¢~ and ¥ below is as follows.

cc = ({m n}l,
{{‘17‘1’ 21 3}m’ {"29 "1101 1: 27 3}1'1} 9
{{"1, 1, B}m}y
{1,

{ Asht.scC t , As.s>0 } )



w = ( {},

{M>{-1,1,2 3} ,N>{-2,-1,0, 1,2, 31} 1},

{ a-{-1, 1,»3}m},

{1,

{ P >Asht.sC t , Q »As.s>0 } )
val( ( J X/*N Y ¥ x/X ) ( P( X, a/*¥M ) &Q( x ) ) , o~ , ¥)
= val( ( I X/*{ -2, -1, 0, 1, 2, 3} )C¥ x/X ) ( \X.XC

{ -1, 1,3}m&)\x.x>0),6",$0)

- val( x/1-2}  ( {=2}, < { -1, 1, 3} & x>0)

M m

¥ x/{-1} ({1}, c{ -1, 1, 3} &x0)
VEx/{0} ({0} ct-1, 1,31} &=x0)

*L

x/1 1} {1}

in
—~—
]
—
—_—
w

}m&x>0)
vy x/{1, 33 41,3 el -1, 1, 31 &x>0)

V¥ x/{ -2, -1, 0, 1, 2, 3 }n ({ -2, -1, 0, 1, 2, 3 }n
g{—1,1,3}m&x>0),o“',$0)

=T

Because the formulas ¥ x/{ 1}n ( { 1}n ci{-1,1,3 }m & x>0 )

and ¥ x/{ 1, 3 }n c {1, 3 }n c{ -1, 1,3 }m & x>0 ) are true.

2.3, Some properties of the multi-layer logic

- (A) Two theorems on the multi-layer logic are proved. These
state that the multi-layer logic defined in Section 2.1 and 2.2
is a proper extension of the many-sorted logic. For proofs, [ 1]
can be referred.

Theorem. 1. Let G( XgoeoesXp ) 1s a formula and variables

Xm+1""’xn are not contained in G¢( Xgseerr Xp ), then
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( ann/*n"’*1D )... ( mem/xm+1 Yoo ( Qux /%, ) G( XgreeerXp )

( mem/*m"'*1D ). ( QOXO/X1 ) G( Xgor oo X ) , where Qj: ¥

( 0<m<jsn ).

Corollary. 1.

Putting m = 0, we have ( ¥ Xn/*n"'*1D Yoo (¥ xo/x1 ) G( Xg )
= (¥ xO/D ) G( Xo ).
Lemma. 1.

Let G is a formula and Xn is a free variable in G. If X is

defined over the domain E and E gﬁ*n..,*(? ; then the formula
below is a valid formula.

( 3 x,/E Y Q /X, Yoo ( Qux g/ X4 ) G( Xgreoor Xy ) =

n-1xn-1 n

(3 yn/*n...*1D ) ( Qn_1yn_1/yn Y. ( Qoyo/y1 ) G( Yogre=1¥y ).

Theorem. 2. Let G( Xgre-on Xp ) 1is a formula and variables
Xp,17+++1%X, are not contained in G( Xgreor Xp ), then

* *
(,ann/ qee ¥4 ) I Q X /X ) IR QOXO/X1 ) G( Xgreeos X )

( mem/*m"'*TD I ¢ Qoxo/x1 ) G( Xgo oo Xp ) , where Qj: 3

~~

0<m<j<n ).

Corollary. 2.

Putting m = 0, we have ( 3J xn/*n"‘*1D )>...( 3 X0/ X4 ) G( X )

= (3 Xg/D ) G( Xg ).

Corollary 1 together with corollary 2, it is proved that the
many-sorted logic is a proper subset of the multi-layer logic de-

fined here. In other words, the former is a special case of the

latter.

10
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(B) We provide the implication conditions of literals of the
multi-layer logic. They play an essential role in ¢transforming

queries. For proofs and examples, [ 1] can be referred.

Theorem. 3. ( Implication conditions of the multi-layer logic )

Let Dx.’ Dy denote the domains of variables x, y respectively

and L( ceoa Xy ) stands for a literal which contains x and may

k
contain some other variables. The formula below is valid

, if
every corresponding variable pair x and y satisfies the set the-
oretical conditions given Table 1.

# %
(v, *,--- 1Dy)...( QY /Vipq o0 Q4ye/yy ) LE wvyyy )

- mem/*m'°'*1Dx)"'( Qkxk/xk+1 DI ¢ QOXO/X1 ) L( e Xy ),

where min( m, n ) > k > 0.

Q& Qk Condition
¥ Dy ;?DX

DA D, # 8
3 3 D, D,

Table 1. Implication condition.

~(C) We establish the unification rule in the multi-layer logic
defined in Section 2.1 and 2.2. Note that Unification Algorithm
and Unification Theorem by J.A. Robinson [9] are not directly
applic- able to the expressions in the multi-layer logic since
the domain of a term is indicated explicitly.

Unification Algorithm in the multi-layer logic

Let A be any finite nonempty set of expressions that satisfy the

Theorem 3.

11
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Step 1. Set k = 0, P = ¢ and Ak = A,

Step 2. If Ak is a singleton, terminate : Pr is a unifier of A.

Otherwise find the disagreement set D, of Ak'

k

Ko yk in Dk which are defined

over domains Xk’ Yk , then

Step 3. If there are variables x

(1) Prs1 = Pk{ X /Yy s X /Y } for ( Qs Qy ) = (¥, ¥ )

(2) Pra1® Pk{ Xk/yk’ {Xk/ Yk}/Xk } for ( Qx’ Qy) (3 ,%)

(3) Pra1 = fk{ Vi % 0 Y 7%, } for ( Q. Qy > = (3, 3

where Qx and Qy are quantifier of variables X and Yy -
If there exist a variable Xy and a term tk in Dk’ Lhen
) Prer = et Be/xe 1

Next let A = Ak{ r

K } , where { r, /z, 1} is

K’ %k K’ %k

{ xk/yk , Xk/Yk b, | Xk/yk R {Xk/ Yk}/Xk b, o yk/xk ,

Y /X

K } and { tk/xk } for (1), (2), (3) and (4) respec-

k
ively. Go to Step 2.

Otherwise terminate, A is not unifiable.

The unification rule in the multi-layer 1logic 1is justified 1in
the following theorem, which corresponds to the Unification
Theorem proved by J.A. Robinson [9].

Theorem. 4, ( Unification Theorem in the multi-layer logic )

Let A be any finite nonempty set of expressions in the multi-
layer logic. If A is unifiable, then the Unification Algorithm

terminates with most general unifier‘fA of A.

Proof.
The proof is by induction on k. Let & be any unifier for A.

It suffices to prove that under the hypothesis of the theorem

12
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the underlined Unification Algorithm terminates at Step 2, and
until the underlined Unification Algorithm terminates , there
is some substitution V% such that the equation 6—=.Pk¢k holds
atStépz (k> 0).

For k =0, & = p ¥ holds with %b = & bacause),lO = £ .

Suppose & = ykﬁk holds for k>0 at Step 2. 1If %Pk is a sin-
gleton, then the Unification Algorithm terminates at Step 2 with
Fa = Py the most general unifier of A and ¥ = %& the required
substitution. If %Pk is not a singleton, then the underlined
Unification Algorithm finds the disagreement set Dk' Since A is
unifiable by hypothesis, there must be a variable and perhaps

more in Dk“ Because, in the multi-layer logic defined here,

domain of a> term 1is expressed explicitly, set theoretical

relations between domains have to be considered.
Case 1. ( Dk contains more than two variables.)

Let Xpo Yy be variables in Dk which are defined over domains

X Y, and preceded by quantifiers Qx’ Qy‘ There are three

k?’ "k
possible cases according to the combination of quantifiers. In

the later, let ...( Qxxk/xk Yoo G( cee s Xy ) and ... ( nyk/Yk )
G( ...,yk‘) be formulas involving x, and y, as their argu-

ments. ... denotes they may involve some other variables.

Case 1-a. ( Q,, Qy ) = (¥, ¥ )

According to Theorem 3

N 2 Vi /Yy Yoo GO vvnyy, ) = N X, /X, )... G( Cee Xy )

is a valid formula iff Xk is a subset of Yk' However, the con-

13
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verse 1s not always the case. Because if Yk(: Xk then there may

exist a element e~ such that e" @ X and e” é:Y and satisfies
G( ...,e" ). Thus, to conserve the validity of formulas concern

ed, Xy and Xk have to replace Vi and Yk'

Case 1-b. (Q,, Q )= (3, ¥)

X' Ty
According to Theorem 3

PR ¥y /Y, Yoo G cees ¥y ) = ...( 3 Xk/Xk Y.o.. G( )

cr Xy

is a valid formula iff X, AY ¢ @. Since X, AY, < X and X, AY

k k

C:Yk’ to conserve the validity of formulas concerned, Xk/\Yk

have to replace Xk°

Case 1-c. ( Qx’ Qy ) = (3, 3)

Lecording to Theorem 3

.. 3 Vi /Yy Y... G( cees Yy ) = ...( 3 Xk/Xk Yooo GO Louyx, )

k

is a valid formula iff Yk is a subset of Xk’ However, the con-

verse is not always the case. Because if XkCZ Yk then there may

exist a element e~ such that e” E:Yk and e” thk and satisfies
G( ...,e" ). Thus, to conserve the validity of formulas concern-

and X, .

ed, Yy and Yk have to replace Xy "

Case 2. ( Dk involves only one variable. )
Let X tk be a variable and a term other than a variable
in Dk’ Note that X, can not be occurred 1in tk since, by the

hypothesis of the theorem, A satisfies the Theorem 3. Hence this
case never happen. ( For details, [1] can be referred.) 1In

other words, Theorem 3 guarantees that the set A is unifiable.

14
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Thus, in both cases, we can select from Dk a term ry and a

variable Zy that does not occur in T Since %& unifies %Pk’ %&

has to unify the disagreement set Dk of 5Pk° Hence 2y and i

satisfy the equation

2 ¥, = ¥ omes (A).

Because gz, does not occur in s the underlined Unification Algo-

k
rithm does not terminate in Step 3, but return to Step 2 with
Prs1 © Pk{ r/ 7, b

Let ¢%+1 = %& - { Zk¢%/zk }. Then we have rkgk = rk¥&+1 as ry

does not contain z . Thus we have

fkyk = Pk{ 2k¥@/zk U ¥&+1 ————— by definition of %i+1,
= Pk{ rk¢&/zk 1} U ¥&+1 ————— by equation (A),
= Pk{ rk¥%+1/zk } U ¥k+1 ----- Zy does not occur in L
= { r /z } UW . eeee- by definition of composi-
fk k" 7k k+1 tion of substitution,
:,Pk+1%&+1 ————— by definition Of‘fk;1'

Hence & = yk¥& holds at Step 2 for all k > O’until the underlined
Unification Algorithm terminates. This completes the proof.

Table 2 summarizes the unification rule in the multi-layer

logic.

Theorem. 5. ( Soundness of the query transformation )

If the formulas
[A11  ( Qé,x'/X' Yy L (3 y/Y ) G(Cx', v ) 1,

[A2] ( Qi,x‘/X' Y L (3 y/Yy YG(x', y )y =P(x") 1,

15
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Qpy,7Y,) (Qx, /X, ) Qpz,/Z,)

¥y, 7Y) ¥ x, /X)) (¥ z, /%)

(¥ yk/Yk) (3 Xk/xk) 3 Zk/{Xkﬁ\Yk})
(3 yk/Yk) (3 Xk/xk) (3 Zk/Yk)
constant ¥ x, /X, ) 2
constant (3 xk/Xk) 2

F oy /YY) constant J]
(a-yk/Yk) constant 2

Table. 2. Unification rule in the multi-layer logic.

[Qul ( Qxx/X ) ( sz/Z ) [ HC x,z ) # P( x ) 1,
[Ic] ( Q.x'/X' ) PC x! ) = ( Q x/X ) P( x )

are true over the interpretation ( ¢~ , ¥ ), then the formula
[Tql € QPux"/X" )( Qz/Z )T HC x",z ) # ( F y/Y ) GO x" , vy ) ]
is also true over the interpretation ( ¢ , ¥ ). Where #
denotes either & or V, and Q;", x" and X" obey the unification

rule given in Table 2.

Proof.

Because [A1] and [A2] are true over the interpretation (¢~ , ¥),
(Q;,x'/X') P( x' ) is true by the definition of —. Thus (Qxx/X)
P( x) is true, since ( Qr x' /X" ) P( x' ) and [Ic] are true over
the interpretation ( ¢~ , Y ). According to Theorem 4, the uni-
fication rule given in Table 2 guarantees to find the most

general unifier of ( Q;,x'/X' ) P( x' ) and ( Qxx/X ) PC x ),

16
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nence if [A1] and [Ic] are true over the interpretation ( ¢ ,

W ), then ( Q;"x"/X" ) G( x', vy ) is true. Thus [Tq] is true
over the interpretation ( ¢ , ¥ ). This completes the proof.

Hypothesis of Theorem 5 are reasonable in the environment of

the relational database, which are the subjects of later

chapters. For details, [ 1] can be referred.

3. Describing queries in the multi-layer 1logic

The application of the multi-layer logic to a relational
database query 1language will be introduced by a series of
example queries. The examples of this section are drawn from a
database which describes lands. The database contains the
following relations

LYP( LAND, YEAR, PRIC ) ;
LU ( LAND, USAG ) ;
LDA( LAND, DIST, AREA).

The relation LYP has a row which gives the price for each land's

identifier and year. The relation LU gives the usage of each
land. The relation LDA gives, for each land, its area and the
distance from the center of a city in which it is located. In

the following formulation, the variable marked by the '™
symbol tells the system to output the value of it. The numerals
following the '#' symbol indicate a number. The characters

quoted by.the symbol "'" denote character constants.

A query against more than one relation with Boolean conditions
Query 1. List the lands of usage a and their areas, which are

less than 35 kilometer aprat from the center of a city and

17
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whose prices are less than 600,000 YEN/m2 in the year 1981.
Q1. (3 17/LAND)(3 a"/AREA)(3 p/PRIC)(3 d/DIST)

[ LYPC 1,#1981/YEAR,p ) & LU( 1,'a'/USAG )

& LDA(C 1,d,a )

& LT( p,#60/PRIC ) & LT( d,#35/DIST ) 1.
The predicate LT( p,#60/PRIC ) restricts values of the column
PRIC in the relation LYP to less than 60, i.e., the price of a
land is less than 600,000 YEN/mZ. Similarly, the predicate
LT (d, #35/DIST) restricts values of the column DIST in the
relation LDA to less than 35, i.e., the distance of a land from
the center of a city 1is less than 35 kilometer. These

predicates play the role of Codd's "restriction" operator.

A query against more than one relation with a universal
quantification
Query 2. List the lands which are inquired in all the years,
their usage and distance from the center of a city.
Q2. (3 17°/LAND)(3 u”/USAG)(3 d"/DIST)(¥ y/YEAR)

(3 p/PRIC)(3 a/AREA)

[ LYP(C 1,y,p ) & LU(C 1,u ) & LDA( 1,d,a ) ].
Hereafter, we use an abbreviation in which variables that are
not referred 1in the query description are replaced by "@"
symbol. For example, Q2 'is abbreviated like Q2'.
Q2'.  (3J1°/LAND)(3 u”~/USAG)(3 d"/DIST)(¥ y/YEAR)

[ LYP(C 1,y,@ ) & LU(C 1,u ) & LDA(C 1,d,@ ) 1.

A query using built-in arithmetic and aggregation fuctions

Query 3. List, for each land of usage a and inquired in the

18
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year 1981, 1its identifire, its price and the difference of the
price with the average price computed on all lands inquired in
the year 1981.
Q3. (3 Q/*¥PRIC)(3 17°/LAND)(3 p~/PRIC)(3d"/INTG) (¥ q/Q)

[ LYP( 1,#1981/YEAR,p ) & LU( 1,'a'/USAG )

& LYP( €,#1981/YEAR,q )

& LET( d,sub(p,avg(Q)) ) 1]J.
pApart from the predicate constant LET( d, sub(p,avg(Q) ), this
query 1is decomposed into the following two formulas. One is (3 ‘
1"/LAND)(3 p"/PRIC) [ LYP( 1,#1981/YEAR,p ) & LU(C 1,'a'/USAG )1.
The result of this formula is a set of values of pairs < 1l,p >
which satisfy the stipﬁlation, that is, a set of lands of usage
a and years corresponding to them. The other is (3 Q/¥PRIC) (¥
q/Q) [ LYP( e, #1981/YEAR,q ) 1. This férmula defines a
multiset Q of prices to which corresponds the multiset of lands
inquired in the year 1981. The result of Q4 vyields the lands
of wusage a and the corresponding prices together with the
difference of +the corresponding price with the average price

computed on Q.

A query with a nested aggregation function and a Boolean
condition
‘Query L, What is the average number of lands per usage, which
are inquired in the year 198ﬁ and whose areas are not less than
100 square meter. ‘
Q4. (3 LL/¥¥LAND)(3 g"/REAL)(¥ u/USAG)(3 L/LL)(¥ 1/L)(3 a/AREA)

L LUC 1,u ) & LYP( 1,#1981/YEAR,@ ) & LDA( 1,8,a )

& GE( a,#100/AREA ) \

19
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& LET( g,avg(ucount(LL)) ) 1J.
In the query 4, it is required to calculate "an average number
of lands". For this purpose, we have to introduce a variable LL
whose value is a powerset of lands. This fact is explicitly re-
presented by a prefix ( 3 LL/¥¥LAND ). By means of a variable
LL, the underlined specification 1is easily expressed by a
nested aggregation function, 1i.e., avg( ucount(LL) ). For
example, if the value of a variable LL is a powerset { {A1, A2,

A3}a, {A3, B2} , {D2}_ 1, where { } indicates a multiset

=,

ey

b
corresponding to the value x. Then, ucount(LL) yields a set {3,

2, 1 }. Consequently, the function avg( ucount(LL) ) yields 2.

4. Virtual relation and inference algorithm

In the multi-layer 1logic for the relational database,
virtual relations are defined through formulas which have the

following form

(¥ xl/Xl) coe (¥ xp/Xp) [ (3 xp+l/Xp+1) cee (3 x /X))
( Rl#"'# Rm S ) — T( xil,...,xiq ) 1,
where # is either & or V, each of R R is a formula con-

11t m

taining base or virtual relations connected by either & or V. T

( X, yeeenXy ), il,aﬁa,iq e{1,...,p } ), is an atomic for-
1 q

mula containfng only variables x,,...,xi~and denotes a virtual
relation to be defined. S is a firmula ?ree of both base and
virtual relations. S may contain ‘predicate constants such as
EQ, LT, GE, LET, etc.

A query including virtual relations could not be reduced

directly to the retrieval procedures or a sequence of operations

in the relational algebra. To evaluate such a query, it is
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necessary to transform a query into one that contains no
vyirtual relation.

The method for transforming a query is based on the idea of
replacing virtual relations (if any) in the guery by those
defining formulas. The substitutions are done repeatedly until a
given query contains no virtual relation.. Now, an overview of
the inference algorithm is given. Generally, the query

containing virtual relations is given as

(1) -, 4 o (lel/Xl)...(prp/Xp)... [ a..T(Xii...,Xi%.- ],

where T(xii .,,xi) is a g-place virtual relation, il,...,iqzz
q

{1,...,0 1}, Q's are quantifiers of either ¥ or 3, and

indicates that the query may contain other variables, constants

or functions.

The inference algorithm consists of the following steps.

Step 1. If the query (1) contains predicate constants which can
be evaluated at this point, then evaluate them. Otherwise,
simply go to next step.

Step 2. Find a virtual relation in a query. If there is, go to
next step, otherwise go to "reduction procedure" which is
discussed in section 5.

Step 3. Let a formula defining a virtual relation T(yi,...,yi)
be given as :
(2) ===

(¥ yl/Yl) ce. (¥ yp/Yp) [ (3 yp+l/Yp+l) e (Fyy/Yy,)
[« Rl#"°# R, # S ) = T( yil,.,.,yiq) 1.
Rename the variable names so that a guery and a formula

(2) share no variables in common.

Step 4. If a formula (¥ Yy /Y0 (¥ yp/Yp) T(yi e es ¥y ) -
1 q
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(lel/Xl)...(prp/Xp) T(xil,...,xiq)

is a valid formula, then substitute T(xi,...,xi) by
1 q
Gy /Y (Fy /YD [ (3 Y/ Ypyg) -oe (3 y/Y) [ Rk
& R &S 1. As the result, the query (1) 1is trans-
formed to the formula (3). The validity of the formula

(Qfy /¥)... (Qy /YY) T(yil,...,yiq)

— (lel/Xl)...(prp/XP) T(xil,...,xiq)

is testable by the "implication conditions" shown in

Table 1.
(3)---

(Qizl/zl)...(ngp/zp)...(a yp+l/Yp+l) coe (Fy,/Y,)

[ ... Ry #...# R # S7... 1,

h T A
where QJ ,zj, 3

obtained from Qj,Rl,...,Rm,S by unification rules shown

(1<3i<p), Ri,...,Ri,S” are respectively

in Table 2.

If a formula (¥ y./Y.)...(¥#y /Y ) T(y; ,...,y: ) =
1"71 PP i, lq ,
(lel/Xl)...(prp/Xp) T(xil,...,xiq)

is not a valid formula, then try for other formulas de-
fining T(y;,...,y5).
1 q
The general flow-chart of the inference algorithm for the SBDS-

F3 is shown in Figure 1.

5. Reducing a formula into database access procedure

The flowchart of the reduction algorithm is shown in Figure

2. The algorithm which reduces a formula in the first order
logic into a sequence of the operations on the relational
algebra is discussed by E.F.Codd[5], R.Reiter[8] and

C.L.Changl[6]. But their algorithm is not applicable to a
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formula in the multi-layer logic, because it may contain
variables whose values are sets. The reduction algorithm for the
first order predicate 1logic 1is extended to manipulate the
formula in the multi-layer logic by containing fhe "determine a
set" operation explicitly.

Overview of the algorithm is as follows. First, an atom
corresponding to a base relation is translated into the "load"
operation, an operation to access the base relation. If the atom
contain any constants and/or predicate constants evaluable, they
are translated into the "restriction" operation. This process is
repeated until all the atoms corresponding to base relations are
translated. Next, all the variables included by more than two
relations are translated into the "natural join" operation if
the relations are connected by &, the "or" operation if the
relations are connected by V. ( Note that "intersection"
operation is a special case of the "natural join" operation. )
If all the atoms 1in the formula are evaluated , then the
reduction process stops. Otherwise predicate constants are
evaluated and quantifiers of variables are translated.

Translation of quantifiers consists of the following
process. First retrieve the right-most variable in the prefix.
If its wvalue is a set, then it 1is translated into the
"determine a set" operation. Otherwise, 1if the domain of the
variable is a column of a base relation, then the ¥ quantifier
is translated into the "division" operation, the 3 quantifier - is
into the "projection" operation.

The notation of the operations generated from a formula are

summarized below.
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*¥*LOAD <relation name> [ <work file name>
<column identifier 1list> ]

*¥OR [ <work file name> ]

[ <work file name><column identifier 1list> 1,

[ <work file name><c§1umn identifier 1ist> ]
*AND [ <work file name> ]

[ <work file name><column identifier 1list> 1,

[ <work file name><column identifier 1list> ]
¥DIFF [ <work file name> ]

[ <work file name><column identifier 1list> 1,

[ <work file name><column identifier list> ]
¥PROJ [ <work file named><column identifier 1list> ]

$ <column identifier>
¥JOIN [ <work file name> ]
[ <work file name><column identifier listd> ]
< <column identifier list> >< <column identifier 1list> >
[ <work file name><column identifier 1list> ]
¥REST <work file name> : <column identifier>
{predicate constant> <constant>/<domain specification>
¥DIV [ <work file name><column identifier list> ]
/ <column identifier>

¥DETM [ <set name> ] = <variable>

{ <work file name> : <column identifier> FOR EACH

<work file name> : <column identifier 1list> }
¥DETM [ <set name> ] = <variable> = { [ <set name> ] }
¥LOAD means load the base relation indicated. ¥*OR ,*AND and
¥DIFF denote OR, AND and subtract operations, respectively.

¥PROJ, ¥JOIN, ¥REST and *DIV stand for projection, join,
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{ile name

Date &

i

DFad

75

Time 127 5-81~ 18:43

jyo.af lines = 38
c === Sitart of database definintion ===
c === Definition aof the skeleton structure ===
17 SR iLAaND. ¢
231 &0 sLA_SALE:LAND +5ALE
31 50 JLA_N_8A.LAND +SALE
43 50 iLA_PRIV.LAND sFO2E
53 SO iLA_NAT .LAND . POSS
&1 &8I JLA_P.S LLA_PRIU.LA_SALE
71 51 JLA_H_S LA_NAT .LA_SALE
83 &8s iB8LA_P_S.LA_P.5
33 &R JYERR. T
181 &R JPRIC.T
113 SR sU5AG.C
123 3SR iDIST.I
133 SR JAREA. T
C === The LYP relation has 3 row for esach land’
N identifier and wear. g9iving its Pric. ===
143 RO i LYP. LAND. YERR. PRIC J
1> Al, #1877, #58
22 Al #1373, #55
33 al. #1881, #53
B AZs #1373, #8548
52 AZs #1581, #5886
82 a3, #1373, #1485
e a3, #1931, #112
82 Bi. #15F3. #6563
k2] C1. #1577, 22
182 Cl1. #1979, #2535
113 C2. #1977, 23
122 C2. #1373, #2858
132 czs #1921. 27
147 Q1. #1881, #48
133 D2, #1981, #35
167 03. #1979, #13
172 03. #1931, #2408
187 ¥
c === The LU relation gives the usage of each land. ===
1533 RO i ¢ LUs, LAND, USAG )
1) Al a
223 N2 a
33 A3, 2
4 A3, b
g Bi: b
& B1. c
7Y ci. c
g8 £z, a
22 c2 c
183 01, d
11> D2, b
122 2 d
13> oz d
14) ey
Figure 3. Some results of the database system SBDS-F3.
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12
2)
37
42
3)
57
7
g)
32

7]

76

c === The LOA relation aives, for each land. Its area and
C distance from the center of a city in vhich it Is locsied.
RO ; ¢ LDAs LAND, DIST, AREA J

Ri, #48, #3049

AZ. #28, #1288

A3, #7a #1118

BR1. #27 4 #68

C1. #18. #5540

L2, #34., #3a

o1, #28. #55

D2, #38. #148

D3, #283, #38

¥
N === End ofhase definitn ===
C === Definition of virtual relations. ===
C === The easwy—+ip buw lands (EB_LAND) are the lands for
c sale whose prices are less than 258.888 YEN<m . ===
KD ;i ¢/ 1-LA_SALE. A <~YEARR. A rPsFRIC 23 '

L -¢ ¢LYP, 1, y9s P & (LT, P. #23<FPRIC) ) '
U CEB_LAND. 1. %, P} 1

c === The CU_LAND lands are lands of usage 'c’' which
c are possessed privatelw. ===
KO i 0 A 1-2LALRRIV 0> L ={LUs 1. coUSAGY U (CU_LAND,. 12 1
' === The ON_LAND lands are naticonal lands of usage 'd’.
Ko i U A 12LAHNRT > L -{LU, 1, d-USAGY ¥ (ON_LRND. 13 1
c === The TOWN_L lands are lands wvhich are less than 7 Knm
C arart fram the center of 3 city. ===
Ko i ¢ A 17LAND. A d-0IST 2 '

L -C L0A. 1.d:8) & (LT, d. #7-7DISTY ) '
U (TOWN.L, 1., d3 T

== The LANDS8! lands are lands insuired in the wear 1981.

i ¢ A 1<LAND:. A p~PRIC, 8 u-USAG, A a~AREA, A dvOIST )
L -¢ {LYP, 1., #189817YERR., PY & (LU, l.u) '

CLDA: 1. d. a) >y U CLANDRL, 1. Ps u. 3. d) 1

== The Large landB81 (LA_LARI1) lands are lands inguired
%hi wear 15981 and whose area is not less than 188 ssuar
meter, ===
i ¢ A 1-LANO. A P-FRIC., A usUSAG: A a-BRER. A d-DIST 3}
=C CLU: I, w) & (LYP. 1., #1381-YEQR., p) !
& (LDA. 1. d. a) & ~{LT, a3, #100-8REQ) '
Y CLALARIL, 1. F, ud 1

1

( Continued )
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C === Query 1 in Charter 2. ===

qu i ¢ E la~sLAND, E ar~~AREA, E Fr<PRIC. E di~DIST
L CLANDBT. la. pr. a-UsaG. ar. did !

' &CLT, pr. #68-°PRICY & (LT, di., #35-DISTY 3 7

gtopd LYP LW 1. 1. 2. 31

JREST W 1: 2 = #1381-YEAR

SREET W 1: I LT. #08-PRIC

ol LU L H 2, 1., 23

4REST MW 2: 2 = a~lUSAG

$LOAD LUR ruwa3 1. 2. 33

YFEST M 3¢ 2 LT, #35-D15T

«oIN LW 13 LW, 1. 2, 313

1N 1y CLW2 1, 213
yJoIN W13 CWI1., 1. 2. 3. %41

¢ 13 1> CLW3 1. 2. 31
sPROJ LW 1. 1, 2. 3. 4. 5. 61318% 5
sPROJ L W 1. 1. 2. 3. 4, 613 3
gPROJ L W 1. 1. 2, 4.0 6§73 &
¥PROJ L W 1.V 1. 2, 4.0 63§ 1
== ANSWER == ¢ la ar )
c2 9@

N === Query 4 in Charter 2. ==
243 RU i { E LLA%*¥LAND, E a~-RERAL. A
ELsLL, A 1L 2!
L {La_ LR8I, 1., B, ul '
& ¢ LET. 9, avalucountl{LL?») > 1 7
fLloanp LU CH 1, 1. 213
ESRT LYP cwa2 1, 2, 33
$REST MW 2: 2 = #1981~ ?EHR
$LopD LA L W3, 1. 2. 32
EREST W 3: 3 .-LT. #188-RARER

usUsAG, !

AQIN C W1 T LMW1, 1. 217
< 1 X 1 > DN 20 1 2, 31
CXJOIN C W1 3 EW 1.0 1. 2, 3. 941
‘ 1 2 1 > LW 3. 1 2. 37
*PROJ C W1, 1, 2, 3, 4, 3, & 3% 3
ROJ LN 1. 1. 2, 3. &4, 61 3% 4
¥FROJ L W L., 1, 2, 3. &1 % &
YOETM L 81 F=L={HW1: 1 FOR EACH W 1 2}
¥0OIy Lwi, 1., 2, 3731~ 1
Iy cwWwil, 2. 335 2
¥DETH L 5 23 =LL={L05313:}
¥EUAL = <= avsg
= ANSHER == { g )
8.280E 1
Figure 3. ( Continued )
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restriction and division operations, respectively. ¥DETM
indicétes "determine a set" operation, which determines the
value of the variable of level m (m > 1) and stores it in a set
indicated. Some results of application of +the reduction

algorithm are given in Figure 3.
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