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Abstract

The expressive power of pure deductive database lan-
gnages, such as DATALOG and stratified DATALOG",
15 limted 1 a sense that some usetul queries such as
functions involving aggregation are not definable 1n these
languages Our concern 1n this paper 1s to provide a uni-
form logic framework for deductive databases with greater
It has been shown that with a linear
ordering on the domain of the database, the expressive

expressive powel

power of some database languages can be enhanced so
that some tanctions mvolving aggregation can be defined
Yet, a duect immplementation of the hnear ordering 1n de-
ductive database languages may seem ummntwitive, and
may not be very efficient to use in practice We pro-
pose a logic for deductive databases which employs the
notion of “identifying each tuple m a relation” Through
the use of these tuple-identifications, dafferent hnear or-
derings are defined as a result This mtuitively explams
the reason why our logic has greater expressive power
The proposed logic language 1s non-determinustic in na-
ture However, non-deterrmnism 1s not the real reason for
the enhanced expressive power A determumstic subset of
the programs 1n this language 15 computational complete
i the sense that 1t defines all the computable determinas-
tic queries Although the problem of deciding whether a
program 1s n this subset 1s 1n general undecaidable, we do
provide a rather general sufficient test for 1dentifying such
programs Also discussed 1n this paper 1s an extended no-
tion of queries which allows both the input and the output
of a query to contan interpreted constants of an mnfinite
domain We show that extended queries involving aggre-
gation can also be defined in the language
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The expressive power of pure deductive database
languages, such as DATALOG and stratified
DATALOG™, 1s hmited 1n a sense that some useful
quernies such as functions mmvolving aggregation are
not definable in these languages It has been shown
that the class of DATALOG queries 1s equivalent to
the class YET of quenes definable by a fizpoint oper-
ator applied to a positwe emstential query [CH82],
and the class of stratified DATALOG™ quenes 1s
a strict subset of the class FP of fizpoint queries
[Dah87, KP88] The class FP 1s a subset of the
class RQ of while queries [CH80] However, there are
many reasonable quenes which are not in RQ As
a typical example, consider the query EVEN which
returns TRUE 1if the size of the input database do-
man 1s even, and returns FALSE otherwise (the input
database contains no relations) The query EVEN
1s not 1n RQ [CH80] Other query classes defined by
procedural database languages have also been consid-
ered One example 1s the class of bounded loop queries
which although subsumes EVEN, but the bounded
loop construct still lacks the ability to define the
query EQUAL which checks the equahity of the sizes
of two relations {Cha88] Chandra [Cha81] has shown
that even by adding counters (natural number van-
ables) to RQL, 1 ¢ the language defiming RQ, RQ still
does not subsume the query EVEN Although RQL
can be expanded by adding generic variables [Cha8l],
the notion of urde relations employed 1n the extended
language makes the query language potentially 1in-
efficient, and often umntwmtive! for use in practice
[Cha88] On the other hand, a quck remedy for
the expressive power of FP 1s to add a linear order-
ing on the domain of the database With the linear
ordering, FP 1s 1dentical to the class of polynomzal-

! Abiteboul and Vianu [AV87, AV88] have shown that the
requirement for wide relations can be dispensed with by adding
wmvented values which are new elements that do not appearin
the database or in the computation until the time they are
created The languages considered in this paper do not involve
this concept



tume queries [Saz80, Var82, Imm86] and RQ 1s the
same as the class of polynomial-space queries [Var82]
Therefore, both of them subsume the query EVEN
(EVEN 1s a polynomal-time query) Yet, as argued
in [Cha88], the hnear ordering may seem umntuitive
for the programmer, and may not be very efficient to
use 1n practice Accordingly, a direct unplementation
of the hinear ordenng 1n deductive databases may not
be favorable

As for complex-object languages, COL with un-
typed sets under both stratified semantics and n-
flationary semantics has been shown to be compu-
tational complete in [HS89] There are also some
algebra-based and calculus-based complex-object lan-
guages which are computational complete as shown
in [HS89] In this paper, however, we consider lan-
guages with only atomic objects We propose a logic,
IDLOG (LOGic with tuple-IDentifications), for de-
ductive databases which employs the notion of “iden-
tifying each tuple 1n a relation” Our logic 15 non-
determimstac? 1 a sense that we may get different
answers for the same query according to different as-
signinents of tuple-identifications (t1d’s for short) m
each relation However, non-determinism 1s not the
real reason for the enhanced expressive power The
class of computable deterministic queries1s subsumed
by the class of deterministic queries defined by a sub-
set of IDLOG programs Although the problem of
deading whether a program 1s in this subset 1s 1n
general undecidable, we do present a rather general
sufficient test for identifying such programs The re-
sulting class of queries defined by programs recog-
nized by this test still subsumes the queries EVEN
and EQUAL Furthermore, 1f we allow both the in-
put and the output of a query to contain interpreted
constants, such as natural numbers, we can define
more general queries 1nvolving aggregation Aggre-
gate functions are useful 1n database systems, espe-
aally 1n statistical databases In [Klu82), relational
algebra and relational calculus are extended to in-
clude aggregate functions, which are then extended
in [OOMB87] to relations with set-valued attmbutes
Aggregate functions in deductive databases have also
been considered 1n languages with complex objects
in [AB88] and [Che88] In these languages, aggregate
functions are used as built-in functions In this pa-
per, our concern, however, 1s to provide a umform
logic frameworh for deductive databases with greater
expressive power, so that, as a consequence, general
aggregate functions can be defined IDLOG queres
can be evaluated by a shght modification of some ex-
1sting strategies for evaluating logic program quernes

2The non-deternunistic properties of our logic 1s discussed
more thoroughlv in [She90}
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For determinmistic IDLOG queries, the evaluation can
be 1n general more efficient

The rest of this paper 1s organized as follows In
Section 2 IDLOG 1s presented, the expressive power
of IDLOG 1s explored in Section 3, Section 4 shows
how IDLOG defines general queries involving aggre-
gation 1n IDLOG, the evaluation of IDLOG quenes
15 briefly discussed 1n Section 5, Section 6 concludes
the paper

2 IDLOG

In this section, we first define the notion of ID-
relations, and the syntax and semantics of IDLOG
Then the intended semantics of IDLOG programs
1s given which 1s a natural extension of the perfect-
model semantics of logic programs [Prz88h, Prz88a)

2.1 ID-relations

In this paper, we only consider flat 1elations, 1 ¢ 1e-
lations contaiming no complex objects such as sets
and hists Function symbols are excluded as well®
Consider a countably infinite set U, called the un:-
versal domain An umnterpreted domain (u-domain
for short) 1s a finite subset of U, and the wnterpreted
domawn 1s the set N of natural numbers 0, 1, 2,
Suppose m, n > 0 The types defined 1n the following
are 0, 1 sequences An extended 1elation (1elation for
short) of type s; 8y with u-domain D 1s a (pos-
sibly infinite) subset of Dy X X D,, such that for
1=1,m D, =Difs, =0,and D, = Nifs, =1
Suppose for 3 = 1, n, 7, 1s a finite relation of type
a, with u-domain D An extended database (database
for short) of type (ay,
the form (D, r1, , )
Now we define the notion of ID-relations Intu-
itively, an ID-relation of a relation r 1s obtained from
r by appending each tuple in 7 with 1ts tid which
1s determined according to the way tuples in r are
grouped Let r be an n-ary relation of type a, and
r. denote a selection of tuples in » which satisfy the
condition ¢ Let also v be a tuple of distinct attribute
numbers 1n {1, , n} An ID-relation of » on v 1s
an (n + 1)-ary relation of type a 1 with the same
u-domain as 7, and each of 1ts tuples 1s composed of a
tuple in 7 and a tid which 1s assigned wrt the cor-
responding sub-relation grouped by attributes in v
Suppose f¢ r.— {0,1, ,|r/|—1} 15 a one-to-one
and onto function for each relation » and each condi-
tion ¢ Then an ID-relation of » on v 1s an (n+1)-ary

, @y ) with u-domain D 1s of

3 Although we are primarily imnterested in programs with no
general function symbols, the IDLOG programs we define here
can be naturally extended to allow them



relation defined by
{t'd ' ert') =t =) = d}

Note that when v1s an empty tuple, the above reduces

to
{tld ' c T,f:me(t’) — d},
1 e, each tuple of » 1s assigned a umque t1d

Example 1 Let 7 = {(a,c),(a,d),(b,c)}, then the
[D-relations of » on the attnbute tuple (1) are
{(a,¢,1), (a,d,0),(b,c,0)}, and
{(a,¢,0),(a,d,1),(b,c,0)}

2 2 Languages and Interpretations

Consider a two-sorted first-order logic language with
sorts u and + Constants of sort u are elements of U
and constants of sort 1 are 0, 1, FEach mierpreta-
tion I of this langnage contains two universes, namely
u-umverse and i-universe, where the latter 1s intended
to be the set N Equahty symbols (for both sorts) are
assumed 1n this language We also assume the exis-
tence of standard arithmetic predicates, such as +,
—, %, / (of sort (3,1,1), and < (of sort (1,1)) Sorts of
predicates are also wntten as 0, 1 sequences denoting
attributes of sort u and sort 1 respectively For conve-
nience, we will not mention the sorts of variables and
predicates if they can be inferred from the context
An IDLOG language L 1s a such language with ad-
ditional ID-predicates Let v be a (possibly empty)
tuple of distinct attmibutes in {1, , n} For each
ordinary n-ary predicate symbol p of sort a, an ID-
version of p on v 1s a predicate symbol of sort a 1,
denoted by pjv] The set of ali ID-predicates i an
IDLOG language L 1s the set of all ID-versions of or-
dinary predicatesin I Heremnafter, unless stated oth-
erwise, we will ignore anthmetic predicates for they
have respective intended meanings

IDLOG nterpretations are extensions of first-order
logic interpretations An IDLOG interpretation I, 1n
addition to the usual assignment of a relation to each
ordinary predicate, assigns to each ID-predicate p[v]
an ID-relation of p! on v, where pf 1s the relation
assigned by I to the predicate p An atom (resp a
literal) 1s called an ID-atom (resp an ID-literal) if 1t
contains an ID-predicate, and a non-ID-atom (resp
a non-ID-hieral) otherwise The predicate symbol of
a non-ID-literal A 1s the ordinary predicate in A,
while the predicate symbol of an ID-literal B 1s the
ID-predicate in B An IDLOG clause 1s a sentence
of the (Skolem) form (V**X, VXA — By
A A B,), where B,’s are any hterals, and 4 1s
a non-ID-atom contamning no equality or anthmetic
predicates And an IDLOG program 1s a fimte set of
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IDLOG clauses Throughout this paper, we assume
each use of an anthmetic predicates 1s safe [Zan86]
which 1s guaranteed through a sufficient condition
for each literal ! containing an anthmetic predicate
in the body of a clause r, a “sufficient” number of ar-
guments of [ must be bound in the body of the same
clause, 1 e, each of them either 1s a constant or ap-
pears 1 a posttive hteral contaiming no anthmetic
predicates 1n the body of r For example, 1n the fol-
lowing program,

q(a, 1)

p1(X, N} « ¢(X, N), +(N, L, M)

p2(X, N) « ¢(X, N), +(L, M, N)
the first occurrence of + 1s not allowed, since there are
infimitely many solutions for the equation 1 + L = M,
the second occurrence of + 1s allowed since there are
only finite number of solutions for the equation L +
M =1 Thus, for the anthmetic predicate +, allowed
combinations of bound (b) and unbound (n) argu-
ments are “bbb”, “bbn”, “bnb”, “nbb”, and “nnb”
{(note that this 1s only a sufficient condition for en-
sunng safety) Sinularly, we can define the sufficient
numbers for all other anithmetic predicates

A unwversal inter pretation U of an IDLOG program
P 1s an IDLOG 1nterpretation of P which assigns to
each ordinary predicate in P of sort s; sy the
set U; x x U, such that for each 2, U, = the u-
unmiverse of i 1f 5, = 0, and U, = N otherwise Note
that there 1s no other restriction on the assignment
for ID-predicates 11 a universal interpretation Every
universal mterpretation of an IDLOG program P 1s
also a model of P

Consider an IDLOG program P The Herbrand
universe of P, 1s the union of N and the set of all con-
stants of sort u in P (if there 1s no constant of sort u
in P then a new constant will be added) Henceforth,
when mentioning formulae, we will assume they are
of the nght sorts Let Hp be the set of all predi-
cates in P and their corresponding ID-versions or or-
dinary predicates The Herbrand base of P consists of
ground atoms constructed from all predicates in Hp,
and constants in the Herbrand universe of P A Her-
brand interpretation of P 1s a subset of the Herbrand
base of P which satisfies the requirement of being an
IDLOG mterpretation, 1 e relations assigned to ordi-
nary predicates and their ID-versions stand in night
relationship

2.3 Perfect-Model Semantics of

IDLOG Programs

Recently, finding an appropriate declarative seman-
tics for logic programs (DATALOG™ with function
symbols) has attracted much attention [ABWSS8,



GL88, Prz88b, Prz88a, VG88, VGRS88] In the fol-
lowing, we will give an intended semantics for IDLOG
programs which 1s a natural extension of the perfect-
model semantics for logic programs [Prz88b, P1288a]

We first discuss the inappropnateness of minimal-
model semantics for definite programsin IDLOG, 1 e,
positive IDLOG programs containing no ID-hterals
Consider the definite program P given by

The following are both minimal models of P

My = {p(a), pll(a, 0), p[1](a, 0}, a(b), 4[J(b, 0),

q[1](b, 0)}
M = {p(a), p(b), p[](b, 0)7 pﬂ(a, 1)’ p[l](a., O)v
pl11(b, 0), a(b), ali(b, 0), a[t}(b, 0)}

Apparently, M, contains p(b) which 1s not what we
really want The problem comes from the require-
ment that tid’s are continuous and begin with zero,
which can force some unnecessary non-ID-atoms to
be in the mimimal models Thus, the mimimal-model
semantics 1s not appropriate for even definite pro-
grams 1n IDLOG However, as shown below, 1f we
regard each ordinary predicate as having a “higher
priority” than all of 1ts ID-versions, perfect-model se-
mantics can be switably defined for defimte programs
In fact, as shown in Theorem 1, the perfect-model se-
mantics for definite programs in IDLOG 1s a natural
extension of the one for definite programs in standard
(first-order) logic

Before defining perfect models of IDLOG pro-
grams, we first extend the priomnty relations < and
< for logic programs to IDLOG programs as follows
Let P be an IDLOG program Suppose p, q, s, and t
are predicates in Hp The priority relation < and the
auxihary relation < for P are defined by the following
rules

e p < q,1f p 1s an ID-version of q,

e p < q, if p1sin the head and q 1s the predicate
of a negative hiteral in the body of a clause in P,

e p<aq,if p=gq,orifpisin the head and q 1s
the predicate of a positive literal in the body of
a clause 1n P

We also assume that < 1s transitive and < 1s related
to < 1n the expected way

e if p<qandq<s, then p <s,

e ifp <qgandq <s(resp t< p)then p <s (resp
t < q),

e ifp<qgthenp<gq
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Notice that the priority relation < defined above 1s
transitive as well

Suppose that M and N are two distinct models
of an IDLOG program We say that N 1s preferable
to M (wntten N < M), if for every predicate p for
which the set p¥ — pM 1s not empty, there 1s a pred-
1cate q 1n P such that p < q and the set q¢™ — qV¥ 1s
not empty A model M of P 1s perfectif there are no
models preferable to1t We wnite M < N,if M = N
or M < N It s observed that for each IDLOG pro-
gram P, a perfect model of P 1s also a mimimal model
of P, but even for defimite programs, a mimimal model
1s not necessanly a perfect model As an example, the
model M, 1s preferable to M,, and, therefore, M, 1s
not a perfect model However, the set of all perfect
models of a definite program P (in IDLOG) can be
easily charactenzed by the unique minimal model of
P 1n standard logic

Theorem 1 Suppose P s a definite program An
IDLOG wnterpretation M 1s a perfect model of P
iff the sel of all non-ID-atoms wn M s the unique
manimal model of P in standard logic

Yet, as we hnow, a logic program may not have a
perfect model [Prz88Db], to avoid the same situation,
we naturally extend the definition of stratification for
logic programs to IDLOG programs

Definition 1 An IDLOG program P 1s stratified if
and only 1f we can decompose the set Hp nto
disjoint sets Hy, Hy, , H,, called strata, so
that

1 for each ID-version p[v] of an ordmary
predicate p wn P p[v] belongs to U {H,
p€ H &y >1}, and

2 for every clause ' — Ay, , A,, °B1,
—By mn P, where 4,’s and B, ’s are atoms,
we have

o for all 1, stratum(4,) < stratum(C),
and

o for all 3, stratum(B,) < stratum(C'),

where stratum(X) = k of the predicate symbol of
X belongs to Hy Any particular decomposition
{Ho, Hi, , Hp} of Hp satisfying the above
conditrons 1s called a stratification of P 1

Proposition 1 For each stratified IDLOG progiam
P, there exists a strattfication Hg, H;, ,
Hapny1 such that each stratum in {Hq, Ho, ,
H,,} contains only ordinary predicates, and for
1 =0, ,n, each stratum Hy, 11 contains all the
ID-versions of each ordinary predicate in Hy,



Now, we have the following main result about per-
fect models of IDLOG programs

Theorem 2 For every model N of a stratified
IDLOG program P, there exists a perfect model
M of P such that M < N Thus, every stratified
IDLOG program has at least one perfect model
1

The corresponding result 1n [Prz88b] for stratified
logic programs can be thought of as a special case of
the above theorem The perfect-model semantics for
IDLOG programs can therefore be similarly defined

To overcome the so called universal-guery problem
[P1z88a], the above result can be extended to general
interpretations along the lines of [Prz88al

3 The Expressive Power of
IDLOG

In this section, we first define IDLOG queries Then
we discuss the expressive power of IDLOG programs
A sub-class of stratified IDLOG programs defines the
class of all computable determimstic queries

3.1 IDLOG Queries

The following definition of quertes 1s an extension of
the one defined 1n [CH80, Cha81] Some termnolo-
gies are borrowed from [HS89] and [AV88]

An elementary relation type 1s a relation type con-
taining no 1’s Suppose for + > 0, a, 1s an elementary
relation type A (non-deterministic) query f of type
@ = (a1, ,aq)—ag s a partial function giving, for
each database of type @, an output (if any) whichis a
non-empty set of fimte relations of type ag such that
the u-domain of each relation i1n the output 1s the
same as the u-domain of the input database When
an input database r contains only one relation » and
the u-domain of 1 1s immatenal to the context, we
will write » instead of r Each relation 1 the output
of a query £ with input 1 15 called a maybe-answer of
f(r) A query 1s said to be determenistic if for each
appropriate mput, the output (1if any) contains only
one maybe-answer Let C be a fimte subset of U A
query f of type a—agq 15 C-genericif for each database
r of type @ and for each relation r of type aq, » € £(1)
it o(r) € £(o(x)) for each permutation o over U with
Ve € C, o(z) = 2 {0 1s naturally extended to rela-
tions and databases) A query f 1s computable 1ft 1t
15 C-genernic (for some C) and the mput-output rela-
tion {(r,7) 7 € f(r)}1s a recursively enumerable set
Note that in particular, when f 1s determinmistic, £ 1s
computable 1ff 1t 15 C-genenc and partial recursive
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In this paper, we will mainly focus on computable
determimstic queries A more thorough discussion
of computable non-deterministic quenes defined by
IDLOG programs appears in [She90]

Suppose P 1s a stratified IDLOG program An n-
put predicate of an IDLOG program P 1s an ordinary
predicate ¢ such that g does not appear 1n the head of
any clause in P, and q appears in P or an ID-version
of ¢ appears 1n P, an ordinary predicate pis an output
predicate of P 1f p appears in the head of some clause
m P Note that the sort of each input predicate and
output predicate 1s required to be elementary, and the
anthmetic predicates are not counted either as input
predicates or as output predicates Now, assume D =
{d1, ,dm}, and p1 (ofsort a1), , p, (of sort a,)
are nput predicates of P Let v = (D, r1, , 7p) be
a database of type @ = (a1, , a,) Let also udom
be a predicate symbol which represents the u-domain
of the input database The program P U {p,(t) 1 <
7<n&ter}U{udom(d,) =1, m}is called
a database program denoted by (P,1) Throughout
this paper, we assume, 1n addition to the usual ax-
1oms of standard logic, the following axioms [Re183]
for database programs

e Equalily Azioms,
e Unique Name Azioms for each 1 # 3,d, # d,,

e Doman Closure Aziom VYX (X = dy Vv \Y;
X =dy)

Let PERFg be the set of all perfect (Herbrand) mod-
els of the database program @ = (P,r) Then for each
output predicate ¢ of sort ag, P defines an IDLOG
query q of type a—ag as follows

_ [ {¢' I€PERFo}, if UPERFq s finute
afr) = undefined, o/w

Example 2 The following IDLOG program P de-
fines the same queries man and woman that are
defined by the disjunctive program man(X) v
woman(X) — person(X) (based on the perfect-
model semantics of disyunctive programs defined
in [Prz88b])

sez(X, 0)

sex(X, 1)

man{X) « person(X), sex[1}(X, 0, 0)

woman(X) « person(X), sez[1](X, 1, 0)
The queries man and woman defined by P are
as follows Suppose r = {(a), ()}, and the mnput
database 1s ({a,b}, ») Now, the interpretation
for man and woman 1n each perfect model of the
corresponding database program 1s either one of
the following



{man{a), man(b)},
{man(a), woman(b)},
{woman(a), man(b)},
{woman(a), woman(b)}
Therefore, man(r) =

{0, {(a)},{(®)}, {(a), (B)}}

woman(r) =

3.2 Expressive Power

An IDLOG program P 1s said to be [D-independent
w1t an output predicate ¢ in P if and only if the
query ¢ defined by P 1s determimistic The set of all
ID-independent programs is not restrictive in terms
of expressive power In fact,

Theorem 3 The class of IDLOG queries defined
by stratified ID-independent IDLOG programs 1s
equivalent to the class of computable determanis-
tic queries 1

We show 1n the following how the quenes EVEN
and EQUAL are defined in IDLOG Let 1 = (D), a
database containing no relations The query EVEN
of type () — 0 can be represented as?

[0, of |D|is even

EVEN(x) = { D o
The following ID-independent program defines EVEN
(there may be some more efficient programs defining
EVEN)

t0(M) « udom[}(N, M)

count_udom(M) « t0(M), ~t0(N), +(M, 1, N)

#(0, 0) — t0(0)

(L1, 1) « ¢(L, 0), t0(L1) +(L, 1, L1)

#(L1, 0) « (L, 1), t0(L1), +(L, 1, L1)

EVEN(X) « t(L, 0), count.udom(L), udom(X)

Now consider the query EQUAL of type (0,0) — 0

of Irl =

ofw

(r=s)uls—7) s

EQUAL((D,r,s)) = { 0,

Let count_pr and count.ps be the predicates which
compute (one less than) the size of pr and the size of
ps respectively The following ID-independent pro-
gram defines EQUAL

EQUAL(X) « pr(X), ~ps(X), count_pr(M),
count_ps(M)

EQUAL(X) « ps(X), —pr(X), count_pr(M),
count_ps(M)

We venfy here that however, mn IDLOG, the mfi-
nite mnterpreted domain 1s not the main cause for the

4The same query 1s called ODD m [CH8",
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enhanced expressive power Theorem 4 below shows
the hmtation of stratified DATALOG™ 1n the two-
sorted first-order logic defined before

Theorem 4 EVEN cannot be defined by any strate-
fied DATALOG"™ program in the two-sorted fir st-
order logic 1

Theorem 5 further shows that the non-determinism
provided by disjunctive programs does not contribute
much to the expressive power either

Theorem 5 EVEN cannot be defined by any stral-
ified disjunctwe DATALOG™ program wn the
two-sorted first-order logic ¥

Therefore, adding ID-predicates m
deductive databases has its own value 1n enhancing
the expressive power Yet, the enhanced expressive
power has its own price

Theorem 6 In general, the problem of deciding
whether an IDLOG program 1s ID-independent
wril aquery s undecidable ¥

However, in the next section, we give a general suffi-
cient test for 1dentifying ID-independent IDLOG pro-
grams All the ID-independent programs in this pa-
per can be recogmzed by this test

3.3 A Sufficient Test for

ID-independent Programs

As shown before, the problem of deciding whether an
IDLOG program 1s ID-independent wrt a query 1s
m general undecidable Fortunately, a rather general
sufficient test exists for identifying ID-independent
IDLOG programs Theidea1s to first adorn the given
program Our algonthm 1s basically an extension of
the one in [RBK88] used for adorming ezwstential ar-
guments The mput of the algonthm is a stratified
IDLOG program (actually, a portion of the program
related to the query predicate), and the output 1s
an adorned version of the input For each ID-hiteral
I contaiming an ID-predicate p[v], the last argument
(contaiming the tid) of [ 1s called the ID-argument of
I, and the other arguments not 1 v are called tar-
get arguments of I The purpose of this adornment
process 1s to test whether there exists an ID-literal [
1 the input program whose ID-argument 1s somehow
related to any of 1ts target arguments If there 1s no
such ID-hteral, then the program 1s ID-independent
wrt the query predicate (Theorem 7)

For each predicate p and each string a of d’s and
n’s, p® 1s called an adorned version of p Inan adorned

version p® “n(Xy, , Xn) (resp —p™ (X,



X)) of a literal p(Xy, , X,) (resp —-p(X1, ,
X,)), each argument X, 1s said to be adorned as a,
(which 1s either d or n) Note that each argument
adorned as d by this algorithm 1s not necessanly an
existential argument A clause r1s related to an out-
put predicate ¢ 1 the same program P if the head
predicate of r appears either 1n a clause defining g or
1n a clause related to g (a recursive defimtion) The
program portion related to ¢ mn P, denoted by P/q,
1s the set of all clauses in P which are related to ¢
A pwot s an adorned version of a predicate prefixed
with a positive sign (+) or a negative sign (—) Sup-
pose P 1s a stratified IDLOG program, and ¢ 1s one of
P’s output predicates The algorithm 1s as follows

Algorithm 1
(Tnput] P/q
[Output] Q

1 Imtlally, S Ollly contains an unmarked prvot
P
qn n

For each unmarhed prvot m = ep®1n S (¢ 18
etther + or —),

(2)

e 1f p 15 an ordinary predicate, then for each
clause that has p 1n 1ts head, generate an
adorned version of that clause with the head
predicate p® as described mn (%) below and
add 1t to @, then we mark the pivot #1n S,

{x} In choosing an adornment for a hiteral
mm the body, an argument of a posi-
tive literal or a negative ID-literal 1s
adorned as d if the vanable in 1t does
not occur anywhere else 1n the clause,
except possibly in an argument in the
head adorned as d All other arguments
are adorned as n The adorned version
of a clause may generate additional un-
marked pivots After the adorned ver-
ston of each clause 1s created, for each
adorned predicate t¢ in the body of an
adorned clause, § = S U {+t°}1f t¢ ap-
pears 1n a positive hteral, and S = S U
{—t¢}1f t° appears in a negative hiteral
(both +t¢ and —t° are unmarked)

o 1f p 15 an ID-predicate, say p[v], then for
each clause that has p 1n its head, generate
an adorned version of that clause with the
head predicate p® as described mn (%) and
add it to Q, where b 1s obtained from a by
dropping the last character mn a 1f € 15 +,
and b 1s an adornment of all d’s if € 15 —,
then we mark the pivot @ 1n §
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The algonthm always termuinates since the number
The following the-
orem provides a sufficient test for identifying ID-
mdependent IDLOG programs

of adorned predicates 15 finite

Theorem T Suppose P 1s a stratified IDLOG pro-
gram and q 1s an output predicate of P Assume
for each ID-literall in any clause in Q, either
the ID-argument of | 1s adorned as d or all the
target arguments of | are adoyned as d Then P
15 ID-independent w1t g A

Note that the algonithm will adorn as d the only tar-
get argument (the first argument) of the ID-hteral
udom[|(N, M) in the program defining EVEN 1n the
previous subsection Therefore, the programis an ID-
independent program recognized by this test, and so
1s the program defining EQUAL However, there may
exist some programs which define EVEN (or EQUAL)
but cannot be recognized by this test

4 Extended IDLOG Queries

So far, we have seen some functions involving aggre-
gation such as EVEN and EQUAL The imnput and
output of these functions are required not to con-
tain interpreted constants In practical database sys-
tems, more general queries involving aggregation are
usually used as buwilt-in functions In the following,
we show that aggregate opesators, a general notion of
quernes mvolving aggregation, can also be efficiently

defined 1n IDLOG

4.1 Extended Quernies

As discussed i [CH80], to answer queries mvolving
aggregation such as “suin up the salaries of all em-
ployees” or “how many students are there in a certain
class”, we need to consider a potentially infinite do-
main with some intended meaming This 1s one of
our motivations for defining an extended notion of
quertes Without loss of generality, we assume N to
be the interpreted domain An extended query s a
query which allows the input and output to contain
numbers Now the defimition of C-generic extended
queries 1s an extension of the one for queries such that
the mapping o 1s also an 1dentity on N A determims-
tic extended query f 1s computable iff 1t 1s C-generic
(for some C) and partial recursive

Theorem 8 Fach deterministic extended query de-
fined by a stratified ID-independent IDLOG p1o-
gram 1s computable ¥



4.2 Aggregate Operators

A multiset, denoted by {* *}, 15 a collection of
objects that are not nccessanly distinct We define
aggregate functions on multisets so that duphcates
can be counted 1n evaluation {multisets occur natu-
rally as a result of applying projection operators) An
aggregate function takes a finite multiset as an argu-
ment and produces a single simple value as a result

Considered 1s this paper are the following aggregate
functions sum, count, mimmum, maximum, even, and
odd (the aggregate function average can be simulated
through encodings) Suppose u 1s a tuple of numbers
m {1, ,n} Then »[u] (resp t[u]) denotes the pro-
jection of the n-ary relation » (resp the n-ary tuple
t) on attnbutes in v Assume f 1s an aggregate func-
sp1s a0, 1 sequence, b€ {1, ,n},
, Um) 15 a tuple of attribute numbers

tion, a = 53
and v = (v1,
m {1, , n} An aggregate operator <f,v,b>% 15 a
query of type (a)—s,, 5y,. 1 (the superscnipt a
will be omitted 1f1t 1s immatenal to the context) For
each fimte relation v, <f,v,b> (7} 15 defined by the
following SQL [Ce76, Ull82] query

SELECT v, f(b)
FROM
GROUP BY v

That 1s, 1if 7 1s non-empty, then for each aggregate
function f,
<f,v,b> (r) = {tc ¢ = f(s), where s =
{*¢'[] Herp Vst Vvj=t"}}

When v 1s an empty tuple, the above definition re-
duces to
<f,0),b> (r) ={c c= f(s), where s =

{*a Ferst tbl=a*}}
In the above defimtions, the grouping operation 1s
performed only on existing tuples in the argument re-
the aggregate function f in the defimtion
gets no empty-set arguments We extend the defim-
tion to empty sets by assuming that <f,v,b> (0) =
0

lation, 1 e

Example 3 Let r = {(a, d, 200), (a, e, 300), (b,
f, 500), (c, d, 200}, (¢, f, 200)} Then <
sum, (2),3> (r) = {(d, sum({* 200, 200 *})),
(e, sum({ 300 *1)), (f, sum({* 500, 200 *}))} =
{(d 400), (¢, 300), (£, T00)} »

4 3 Defining Aggregate Operators in
IDLOG

Before discussing how IDLOG defines these aggre-
gate operators, we first look at the hardness of aggre-
gate operators Let COUNT (resp SUM, etc) de-
note the class of all aggregate operators of the form
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<count,v,b> (resp <sum,v,b>, etc) Among the
aggregate operator classes defined before COUNT and
SUM are the hardest in a sense that if we can de-
fine (each aggregate operator 1n) one of them 1n a
language which 1s at least as powerful as stratified
DATALOG™ programs (in a two sorted logic), then
1n this language we can also define all classes of aggre-
gate operators considered in this paper On the other
hand, if a language cannot define the class EVEN (or
ODD) then, usually, 1t cannot define either COUNT
or SUM Thus, EVEN can serve as an imitial test of
whether a language can define all classes of aggregate
operators Tlis somehow explains the reason why
the queries EVEN and EQUAL defined before have
been commonly used for the purpose of explornng the
expressive power of vartous database languages

We say that a class F of aggregate operators sub-
sumes another class G of aggregate operators (wrt
stratified DATALOG™ programs), wrtten as G C
F, if assuming each aggregate operator in F can be
defined by a stratified DATALOG™ program, then
we can define all aggregate operators 1n G by strat-
ified DATALOG™ programs as well It 1s easy to
see that MAX and MIN can be defined by stratified
DATALOG™ programs, EVEN C COUNT , and EVEN
and ODD subsumes each other Moreover,

Theorem 9

1 COUNT C SUM
2 SUM C COUNT
3 COUNT [ EVEN

Therefore, COUNT and SUM are the hardest aggre-
gate operator classes

Now let p be a ternary predicate The f{ol-
lowing program defines the aggregate operator <
count, (1), 2>

r(X, A) — p{1](X, Y, Z, A)
<count, (1), 2>(X, N) « (X, M), - »(X, N),
+(M, 1, N)

Accordingly, each aggregate operator can be defined
m IDLOG

5 Evaluation of IDLOG

queries

There 1s a number of strategies for evaluating logic
queries bottom up (see [BR86] for a survey) Some of
these strategies, such as System Graphs [KL85, KL86]
can be extended to evaluate IDLOG queries The
basic 1dea 1s to add some mechanism for generating
mstances of ID-predicates based on the generated 1n-
stances of their corresponding ordinary predicates ac-



cording to different assignments of tid’s For deter-
mnistic IDLOG quenes, the evaluation process can
be in general more efficient Indeed, they are de-
fined by stratified ID-independent IDLOG programs
The ID-independence allows us to efficiently evalu-
ate these queries Since each ordinary predicate in a
stratified IDLOG program has a prionty higher than
all 1ts ID-versions and different assignments of tid’s
do not affect the output, we need to consider only one
particular assignment function We can thus choose
the one which assigns t1d’s to tuples of pin accordance
with the order they were “created” when p was being
evaluated

To answer queries such as “does some tuple satisfy
certain properties” or “retrieve a tuple which sat-
1sfies certain properties”, top-down evaluation (see
also [BR86] for a survey) seems more appropnate
Besides, in IDLOG, one can also ask maybe queries
(queries which only ask for a maybe-answer)

Example 4 Suppose thete are two binary relations
dept and manager (D, E) € dept 1ff E 15 an
employee 1n the department D, and (D, M) €
manager 1ff M 1s the manager of the department
D The following can be thought of as a program
defiming the maybe query “give the set contain-
ing the manager and (any) one employee of each
department”

dept_manager(M, E) — dept(D, E),
manager(D, M)
ans(M, E) — dept_.manager[1](M, E, 0)
1

For queries defined by ID-independent IDLOG pro-
grams (wrt the query predicate), maybe queries
comncide with usual queries Although not presented
i this paper, we note that a resolution-based proof
procedure (which 1s an extension of SLS-resolution
[Prz88a]) for evaluating maybe queries has been de-
veloped [She90]

6 Conclusion

We presented a non-determimistic deductive database
language, a deterministic subset of this language de-
fines all the computable queries More complexity
1ssues and optimizations on the evaluation of queries
are to be explored 1n the future
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