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Abstract

The ProQuel system, presented in this report, is an outgrowth of the LogiQuel
project [MWW89] which was started as a vehicle for research in logic based query
- languages. During the progress of the project the need to settle on a cleaned up
- version of a deductive database system kernel became clear and the ProQuel system.
was initiated. ProQuel has been implemented in Prolog, in contrast to its predeces-
sors, which were implemented in Modula-2. ‘The implementation language Prolog
was chosen because of its symbolic manipulation capabilities. As it turned out,
many of the used algorithms could be written much more easily and concisely in
Prolog. Moreover we believe that later on the use of Prolog w111 help in the faster

development of prototypes that explore new concepts.
The report starts with an informal presentation of the ProQuel query language.
It then documents an implementation that is strictly guided by the clear separation
between database target dependent and independent code. At the end, a brief

_description of the theoretical framework is given that was used as a basis for the
ProQuel language.
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Chapter 1
Introduction

A deductive database system consists of an inference engine and a knowledge base.
When a query is posed to the knowledge base, the inference engine has to deduce the
answer. The queries and the knowledge base are represented in a formal language.
The inference engine puts the syntactic objects queries and knowledge bases into
relation. The relation is defined as follows: If the answer to the closed query Q
posed to the knowledge base D is yes, then we wnte

DIFQ

In general an inference engine - ||~ may have some unexpected properties. For
example there might be a knowledge base D and a query @ such that D |} @ and
D || -Q. In deductive databases such a behaviour of the inference engine is not
desired because a consistent description of the problem space is assumed. Beneath
‘consistency one also wants to have completeness The desired properties of |- are
given in the following: :

e Consistency: There is no @ with D |- Q and D | —Q
e Completeness: For all Q tisD |- Qor D | -Q

On a first attempt one- mlght wish to use predicate calculus as a ba51s for the
inference engine. This is done in the proof thgoretic approach which means that
knowledge bases are first order theories and the predicate calculus | is used for the
inference relation |- . Unfortunately the proof theoretic approach has none of the
desired properties in general. The unrestricted use of first order theories may lead to
inconsistencies and incompleteness. Take for example the theory D = {p(a),~p(a)}, .
we have D - p(a) and D F —p(a). It follows that consistency is not guaranteed in
general. Or take for example the empty theory D = @, we have D V/ p(a) and
" DI —p(a). Hence completeness is not guaranteed either in general.

"We have seen that the proof theoretic approach is not suitable for deductive databases
because none of the desired properties holds in general. Therefore we have to look
for another approach to define a inference relation ||— for deductive databases.
“In ProQuel the model theoretic approach is taken which means that a first order
. structure Mp is assigned to every knowledge base D. The answer to a query Q is



then obtained by checking the satisflability in Mp:
MpEQ

By definition, the model theoretic semantic clearly assures .consistency and com-
pleteness. The problem that now arises is the choice of the appropriate model. In
ProQuel the standard model for stratified rules is used. Stratified rules allow a re-
stricted form of negation in the presence of recursion. The choice of the standard
model can be uniquely characterized by the choice of a minimal and preserving
model for the completion of the rules (see section 5.3). o

In general the standard model of stratified rules cannot be computed because the

“true sentences are neither decidable nor semi decidable. Therefore a fragment of the

rules and queries has to be considered to allow a feasible implementation. In ProQuel -
we have restricted ourselves to allowed rules and queries. ' Allowedness assures the

computational tractability of queries if a standard model with finite predicates exists ‘
(see section 5.4). ‘ . :

1.1 Report Organization

The report is organized as follows. In chapter 2, the syntax and behaviour of the
ProQuel language are informally presented. The chapter is intended to suit users
“of the ProQuel system that have a running system at-hand. Then chapter 3 and
4 present the implementation of the ProQuel language and demonstrate the use
. of Prolog.” The reader of these chapters should be familiar with Prolog and it is
recommended to have the source code of the ProQuel system at hand. Finally
in chapter 5 the theoretical background for the ProQuel implementation is given.
For this chapter it is advantageous to-have knowledge of deductive database theory
[CGT90], [L1o87, p. 142-171].

1.2 Ackno%vledgeinents

I would like to thank my supervisot, Robert Marti, for his steady support of this
work. I am in great debt to Mike Boehlen and Roman Gross for their valuable
discussions and their contributions to the code. I.would also like to.thank Renaud
Hirsch who had always time to listen to my ideas. Finally.am grateful to Angelika

- Dittrich, Duri Schmid and Mitch Wyle for their helpful comments and ‘corrections
on earlier draft. . v



Chapter 2

ProQuel Syntax

In the following, the ProQuel language is informally presented. There will be no
discussion of the concepts and methods involved. The emphasis is on the syntactic
nature of the commands and their intended meaning. The presentation starts with
the lexical units of the language in section 2.1. The ProQuel language is then divided
into the data retrieval, data definition and data manipulation commands which are
presented in sections 2.2, 2.3 and 2.4 respectively. Finally, in section 2.5, a small
example is given that illustrates the use of the ProQuel language.

The EBNF-notation is used in this chapter to define the lexical units and commands.
It consists of identifiers as non-terminals, strings in quotes (") as terminals and the
constructs A |B (alternative), [A] (optlon) and {A} (repetxtlon)

2.1 Lexical Units

The current ProQuel implementation consists of a primitive command line interface

which performs a read-execute loop. The incoming string is split into symbols.

Blanks and comments between /* and */ are skipped. The following symbols are
- distinguished: '

var = capital { letter | digit }.
ident = non-capital { letter | digit }
str = fn { char l wism } LR
int = digit { digit }.
float = int "." int. .

Examples: ’

Salary is a variable (var)

employee is an identifier (ident)

'Don’’t worry’ is-a character string (str)
123 is an integer number (int) -

'12.34 is a floating point number (ﬂoat)

‘Some combinations of special characters and some reserved words are a.lso recognized
as independent symbols. Reserved words cannot be used in the role of identifiers.
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The following character combinations and Teserved words are recognized:

<. = | & - e 2
= \= 4 <= > . >= L
+ * / « - , ), '
. assert clear create div _drop  float int
list - mod query retract str. true’  quit

The character combinations =>, |, &, =, @, #, <=, >=, \= are used for the mathematical
symbols.—, V; A, =, ¥, 3, <, > ;é respectlvely as these symbols are not found on
common keyboards Except for tlns cha.pter the mathematlca,l symbols are used in
the text.

2.2 Data Retrieval

The sorts of ProQuel are integers, floats and strings. Expressxons are used to denote
the application of predefined operations on constants and current values of variables.
There are constants for all the values of each sort. A variable is assumed to have a

current value of one sort. The predeﬁned operations are the zmthmetlc operations
on integers and floats. k

expr T = [n_ﬁ] tefm { (n4yn-m) term }.

term = factor { ("*"|"/"]|"mod"|"div") factor }.

factor = (" expr ")" | str | int | float | var.
Example:

3%(Salary+100) is an-expression (expr)

The ProQuel queries are simply formulas. A formula-combines user-defined and
built-in predicates by logical connectives. A formula may contain quantifiers and
negation. The built-in predicates are compansons which are allowed between ex-
pressions of the same sort. :

form = disj [ "->" disj ].

- disj - = conj { "I" conj }. T T,
cornj = quan { "&" quan }. .~ B
quan - = { n~n (et v#m) var }'simp
simp = n(» form’ " | “true" | comp | atom.
comp » = expr (u_uln<u|u>u|n<=nln>_n]u\_u) expr
atom = ident [ (" expr { ", expr } ") ]

Example:

em;ﬁloyee(Name,Sal) & Sal>=4000 is a formula (form)

A query is posed by the query command. A closed query is answered by yes or no.
. A. query with variables occurting free is answered by gwmg the set, of substitutions
.that sa.txsfy the query..



query .= "query" form

Before acceptlng a query, various checks and transformatxon are performed. Fxrst ,
the sorts of the query are deduced, then the query is normalized and finally the
allowedness of the query (see section 5.4) is checked. If one of these checks fails, the
query will not be accepted. Otherwise a plan is generated, the needed tables are
materialized and the query is evaluated. For more details on the implementation
see section 3.4, 3.5, 3.6, 3.8, 3.9.

2.3 Data Definition

The create, drop, clear and list commands are concerned with the definition of
predicates. Every predicate has to be declared by a create command before it can
be used in a rule or query. A rule has the form P «+ A where P is a predicate atom
and A is a formula. A rule is said to belong to the predicate that forms the head
of the rule. The drop command removes all the rules that belong to the specified ‘
.predicate and its predicate definition. The clear only removes the rules and leaves
the predicate definition intact. The list command displays the current predicate
definitions. '

create = "create" ident [ "(" sort { "," sort } ")" J].
drop = "drop" ident.

clear = "clear" ident.

list = "lisgt".

sort = "int" | “"float" | "str".

The create command specifies the number of arguments and the corresponding sorts

_of the arguments for a predicate name. It is not allowed to use the same predicate
name with different numbers of arguments or to redefine a predicate name. If you
want to redefine a predicate, you will have to drop it first.

2.4 Data Manipulation

A ProQuel knowledge base consists of a set of rules only. Facts are regarded as
rules of the form P « true and are abbreviated by P alone. The rules of the
knowledge base are handled by the assert, retract and show commands. The
assert command adds a rule to the knowledge base, the rétract command removes
a rule from the knowledge base. The show command dlsplays the current rules that
_ belong to the specified predicate.

] assert = "assert" rule
retract" = "retract" rule
show " = "1ist" ident
rule - = atom [ "<~" form ]

Rules are stored as a sequence of tokens. Therefore rules that differ*only in a .
renaming of the variables are considered to be different. Before accepting a rule in

9



Figure 2.1: Example Computer Network

an assert command, various checks and transformations are performed. First. the
sorts of thie variables in the rule are deduced, then the rule is normalized and finally
the allowedness of the rule (see section 5.4) and the stratification of the knowledge
base (see section 5.3) is checked. The rule'will be stored if none of these checks fails.
For more details on the implementation see section 3.4, 3.5, 3.6, 3.7.

2.5 Example

To illustrate the power of the ProQuel language an examples database to solve a
small problem is given: Its formulation is very short and elegant in comparison -
to a formulation in relational a,lgebra. or SQL. It is a toy example that shows the
use of the most fundamental and prominent features of ProQuel, namely recursion,
negation and guantifiers. The example is essentla,lly taken from [CGT90, p.217]. In
the following a greater sign (>) marks the input send to ProQuel

Consider the computer network depicted in figure 2.1. Two computers are connected
if and only if there are one or more links between them. Pwo computers are said-
to be safely connected if and only if there is still a new connection when any online
computer fails. The computer. network is represented by host and link facts:

>create host(int)
>assert host (1)
>assert host(2) .
‘>assert host(3).
>assert host(4)
. >assert host(4)

>create lmk(/*from*/m‘c /*to*/mt)
>assert link(1,2)
" >assert 1ink(2,3)
>assert link(1,4)
>assert 1link(4,3)
>assert 11nk(4 5)

It is now easy to descnbe all the connections by a new predlcate connected. The
predicate connected simply needs two rules that define the transitive closure of

10



1link by recursion:

>create connected(/*from*/int,/*to*/int)
>assert comnected(X,Y) <- 1ink(X,Y)
>assert connected(X,Y) <- connected(X,Z) & connected(Z,Y)

‘The key in solving the problem is a new predicate circumvent. The intention is
that circumvent (X,Y,Z) holds whenever there is a connection from Y to Z without

passing through X. A new predicate safe may then deﬁne the safe connections in
terms of circumvent and connected:

>create circumvent (/*without*/int ,/*from+/int,/*to*/int)
>assert circumvent(X,Y,Z) <- host(X) & link(Y,Z) & X\=Y & X\=Z
>assert circumvent(X,Y,Z) <- circumvent(X,Y,H) & circumvent(X,H,Z)

>create safe(int,int)
>assert safe(X,Y) <- cqnne;ted(x,‘{) &
0Z(host (Z) & Z\=X & Z\=Y -> circumvent(Z,X,Y))

So thie problem is captured by allowed rules that are stratiﬁéd Hence the knowledge
base is accepted by the the ProQuel system and the user may now issue the following
queries:

>query safe(1,5)
no ’
>query safe(1,3)
yes
>quéfy safe(1,X)
X
3
2
4 S )
>query connected(1,X) & “safe(1,X)
x \ ‘

11



Chapter 3 |

P‘r_oQU.el Core

The core is the target independent, part of the ProQuel code. It is entirely written
in SICStus Prolog and it always remains the same independent of the current tar-
get. The chapter examines the different parts of the core which are subsequently
described in the following sections. The order of the sections reflects the execution -
flow of the ProQuel core. From time to time, code extracts of the core are used to
illustrate the use of Prolog in this project. Target relevant information is found in
. the next chapter.

3.1 Using Prolog

ProQuel features the use of Prolog as an 1mpIementat10n language Prolog has its
origins in the early 70’s when Kowalski postulated Algorithm = Logic + Control.
At the same time Colmerauer et al. at the University of Marseilles-Aix developed
a theorem prover, written in Fortran, which they used to implement natural lan-
guage processing systems, The theorem prover was called Prolog (Programmation
en Logique) and embodied the idea of Kowalski. It was the advent of the new
programming la.nguage Prolog. The first Prolog compiler was then developed by
Warren et al. in the late 70’s. Today there are numerous commercially available
Prolog implementations. The language itself has a de facto standard, the Edinburgh
Prolog family [CM84 5586].

" In pure Prolog, the notions of declara.tlon, data type and module do not exist.
There are some Prolog implementations with such extensions but they are not yet
widespread enough. Thus it was in our own responsibility to create structured
and self documenting programs. We used the standard possibility to distribute the
program over different files. By using comments we tried to exhibit the module
structure. of these files. The number of clauses to implement a certain predicate is
often very small in Prolog. The image is reversed in comparison to a procedural
language like C, where a simplé symbolic manipulation often rieeds a great number
of statements. This due to the capability of Prolog to match and automamcally
construct terms by unification. Therefore ProQuel consists of few modules that are
rather short and that contain a large number of exported predlcates (see ﬁgure 3.1).

12



Part | Module  Lines Predicates Clauses
Core . main.p 293 24 43
‘ parser.p 395 58 186
checker.p 277 21 91
S €error.p 98 7 28
SQL Target meta.p 281 39 9
. : eval.p 138 14 31
POSTQUEL Target | meta.p - 248 38 1
evalp 149 5 - . 28
Prolog: Target meta.p 31 4 - 3
i eval.p 140 15 31

Figure 31 Module Statistics

The rewriting of the original Modula-2 program to. Prolog has considerably im-
. proved the quality of the code. Clearly a rewriting always improves the code and
‘other languages are equally well suited to implement a deductive database systems.
Nevertheless Prolog has been chosen and some Prolog concepts have proven well-
suited to the implementation of a deductive database systems. For example the
built-in definite clause grammars of Prolog were used whenever a parser or unparser
was needed (see section 3.3). Unification was very useful in the sort inference (see
section 3.4) whereas backtracking was needed in the normalization (see section 3.5).
The other parts of the core also took advantage of Prolog as the sparcity of code
shows. Finally, Prolog was useful in the implementation of the Prolog target where

in particular. negation as failure was used to implement the ProQuel negatlon (see
“section 4.4).

3.2 Separafioh Core and Target

One of the key goals in the design of the ProQuel system was the support of different
" database targets. The database targetsare responsible for the data storage and

the query evaluation. They are usually commercially available relational database

systems. The ProQuel system divides into the database target independent part
. and the database target dependent parts. The target independent part is called the
core. Tt is entirely written in SICStus Prolog and remains the same code for every
target. It has a fixed interface to the target dependent part. The target dependent
part has to be re-implemented for every new database target. It is not necessarily
completely written in Prolog and it may differ considerably from target to target.

Figure 3.2 shows the processing of queries and rules in the core. Queries and rules
‘are both first parsed and converted into Prolog terms (see section 3.3). The Prolog
terms are then given to the sort inference to deduce the missing sorts (see section
3.4). If this check was successful, the Prolog terms are normalized (see section 3.5).
The normal forms must then pass the allowedness check (see section 3.6). If this

13



- 1] -
[Sort Inference 1 [Sort Inference . ]

[Normalization | ﬁmahzatlon |

¥ 1
[Allowedness Check ] (Allovedness Check |

]
[Strat.  Check |

[Plan Generation ]

[Materialization

Query Processing - Rule Processing

Figuret?).?: Processing of Queries and Rules .

check was successful, rules and queries go different ways. For rules the stratification
of the whole knowledge base is checked (see section 3.7). If this was successful, rules
are stored for later use in the evaluation of queries. For queries an evaluation plan
is generated (see section 3.8). Then all relevant tables are materialized according to
the évaluation plan (see section 3. 9) and the query is- eVa.lua.ted

There is a great benefit in the separation of the code into the core and the target.
Porting ProQuel from one system to another becomes much easier because it can
be expected that only the target has to be changed. That ProQuel now runs on
different targets also allows comparisons between different targets. Designing the
core was not simple. A clear, versatile and simple interface to potential targets had
to be designed. And, very important, the core should solve all the problems that are
target independent in advance. In fact, figure 3.2 shows an analysis of the different
tasks that a deductive database system must carry out 1ndependent of the target
: database

3.3 Scanner, Parser and Unparser

To develop scanners, parsers and unparsers, Prolog provides a simple and elegant
tool in the form of definite clause grammars (DCGs). The notation of DCGs is
built around BNF or context free grammar rules augmented by semantic actions
and attributes [CM84]. The specification and implementation of DCGs are done
through a rewriting to Prolog code by the Prolog system itself. Hence DCGs are
ready to use and easy to understand.

The first. place where DCGs were used is the scanner. ‘The sca,np‘er converts a
stream of-characters into a stream of tokens. The realization by means of DCGs
is straight forward. Figure 3.3 shows a code fragment of the scanner. The next
place where DGCs were used is the parser. The parser converts a stream of tokensv
into a Prolog term. Figure 3.4 shows the code fragment of the parser that is used
to parse expressions. The repeating occurrence of the nonterminal term in the

14



%% tokens{(-tokenlist)

tokens (Ts) ~~> " ", tokens(Ts).

tokens ([TITs]) --> token(T), tokens(TS)
tokens([1) --> ",

%% token(-token)
token(plus) ==> "+",
token(minus) --> "-t,

Figure 3.3: Code Frdgment Scanner

%% expr(-term) :
expr(Y) --> [minus], !, term(X), rest(neg(X) Y)
expr(Y) -=> term(X), rest(x Y).

%% rest{+term,-term) ) . : :

. rest(X,Z) --> [minus], !, term(Y), rest(sub(X,Y),Z).
reat(X,2) --> [plusl, !, term(Y), rest(add(X,Y),Z).
rest(X,X) --> [1. '

Figure 3.4: Code Fragment Parser

original EBNF production of expr is realized by tail recursion. The last place
where DCGs were used is the unparser. The unparser converts a Prolog term back
to a character stream. It has to be implemented separately because the scanner
and parser, although programmed in Prolog, can not be used bidirectionally. The
implementation of the unparser is straight forward. Flgure 3.5 shows a code fragment
" of the unparser.

_ For the parser some additional comments are appropriate. In general, backtracking
is allowed in DCGs but it has to be avoided for efficiency reasons. The original
grammar of ProQuel needs backtracking to be parsed correctly because it is not

%% unparseform(+term). .
unparseform(imp(X,Y)) --> !, unparsedisj(X), " -> ", unparsedisj(Y).
unparseform(X) --> unparsedisj(X). ‘

%% unparsedisj(+term)

- unparsedisj(or(X,Y)) --> !, unparsedisj(X), " | ", unparseconj(Y).
unparsedisj(X) --> unparseconj(X).

Figure 3.5: Code Fragment Unparser

15



LL1 [ASU86].‘ To overcome the problem a weaker grammar that can be parsed

without backtracking was implemented. As a result there can be sentences that
_ are not correct but accepted by the weaker grammar. These sentences have to be

singled out later on by the sort inference. For example the input (1<2)=3 would be
" accepted by the weaker grammar but rejected by the sort inference because 3 is of
sort int and (1<2) is a formula. i

3.4 Sort Inference

The usage of the original many sorted language would be vety tedious. To be more.
user friendly the queries and rules are sort free. The user does not have to specify
the sorts of the variables and he can use the same symbol for different related built-
ins. The idea is that a many sorted formula is reconstructed from the original input.
Consider for example the following formula:

p(X)AY = X.

Assume that p has sort ént in its argument, then there is exactly one way to interpret
the input"as a many sorted query. The = symbol must denote equivalence between
integers and the variables must belong to Vint which we will be denoted by X' it
and Y. The corresponding many sorted formula is:

: p(Xc'nt) A Yint =int X:’nt
That the same symbol of the sort free language may stand for different symbols of
the many sorted language is called overloading. For example the 4 symbol may
.stand for +; : int x int — int and +. : date X int — date. A special form of
overloading is polymorphism where the overloading takes place for some parameters
that range over the whole set of sorts. Assume for example that for every sort s € S
there is' a sort list(s) € S that denotes lists of elements of sort s. The symbol
‘member may then stand for the symbols member, with member, C s x list(s). An
other example of polymorphism is the overloading of the = symbol.

In principle any form of overloading is allowed in ProQuel because the sort inference
s regarded as a pre-process that is not part of the semantic. In general, the presence
of overloading may lead to ambiguities of queries and more severe problems in the
meaning of rules. Therefore we have avoided overloading in general and restricted
ourselves to polymorphism of some built-ins and functions. One advantage is that

_ polymorphism leads only to one form of ambiguities, namely the under determinism
of sorts. Another advantage is that only unification and rio backtracking is needed
in the sort inference process. ' ' :

To simplify matters, formulas and expressions are handled in the same way. For this
_purpose the sort descriptors of figure 3.6 are introduced. Formulas and expressions
are separated by the descriptors f and e(_). There is an additional distinction
between string expressions and numeric expressions. The numeric expressions are
-further divided into integer expressions and float expressions. For example the

16



‘term

t f fomulé
() - expression
t e(s) string expression (str)
e(n()) ° numeric expression

e(n(i)) integer expression (int)
a(n(f)) float expression (float)

Figure 3.6: Sort Descriptors

% chk(+term,—sort)

chk(a.nd(x Y),f) i~ chk(X,f), chk(Y £).
‘chk(eq(X,Y),;£) :- chk(X,e(S)), chk(Y,e(S)),
chk(var(X),e(S)). :

chk(p(X),£) :- chk(X,e(n(i))).

2- chk(and(p(var (*X*)) ,eq(var(’Y?) ,var(*X*))),£).
yes :

Figure 3:7: Code Fragment Sort Inference

descriptor pattern e(n(_)) may stand for the descriptors e(n(l)) or e(n(f)), i.e.
for float or integer expressions.

~ The predicate chk/2 is used for the sort mference TFigure 3.7 shows a code fra.gment
of the sort inference. The fragment shows the rules for the conjunction, for the
equivalence and for-variables. It also shows the rule for the user defined predicate p -
which is to be constructed from the predicate definition of p. Finally, the apphcatlon .
of the sort pred1cate to p(X) AY = X is also shown.

The method p;esented so far is easily extended to consistently support: variables
and quantifiers. An appropriate extension is implemented and used in the ProQuel’
core. It is also understandable that the term sort inference instead of the term
type checking is used to emphasize the synthesis of sort descriptors. Type checking
should refer to programming languages with strong typing where every variable has
to be supplied by a declared type. Note also that the sort free language is rich
enough to describe every allowed many sorted formula. Hence there is no possibility
of unsolvable ambiguities in the formulation of queries and rules.

3.5 Normalization

Normalization is an important step in the processing of queries and rules. It is used

to transform a query or rile into a form that is more suitable for further processing.
- The way normalization is‘done not only determines the set of accepted queries and

rules, it also has an impact on the performance of the query evaluation. To get an.
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A—»B = -AVB (R1)

Yz A s -z -A - (R2)
~(AAB) + —AV-B (R3)
~(AVB) +— -—AA-B: (R4)

AN(BVC) = (AAB)V(AAC) (BS)
(AVB)AC ~ (AAC)V(BAC) (R7)
Jz (AVB) +— JzAvizB (R8)

Table 3.1; Rewrite Rules

impression of the normalization problem consider the following quefy:
o CVX(p(X) = X <TAX >3)
The normal form that ProQuel‘gener‘ates is as follows: »
~3X(p(X) A X 2 7) A~3X(p(X) AX < 3)

Assume that we want a translation of the query to SQL. From the original query an
appropriate translation to SQL is not easy to see. On the other hand the normal
form contains only the connectives A and —3. These connectives d;rectly correspond
. to joins and NOT EXISTS sub-queries in the SQL world. ‘

Normalization can vary in the technique that is used to obtain the normal form
and in the structure of the normal form. In LogiQuel [MWW89] the formulas were
quantifier free and rather bulky Modula-2 program was used to obtain the disjunc-
tive normal form of a query. In NewQuel [Bur89] the combined normal form was
introduced because quantifiers were now present and the disjunctive normal form
was no longer suitable. The combined normal form is essentially derived from the
transformation rules in {L1087, p.113]. The combined normal form was constructed
by a rather bulky Modula-2-program as well.

The normalization of the previous projects was not satisfying. The programs to
obtain the normal form were large and difficult to maintain and the normal form
was still not perfectly suited for further processing. Therefore in ProQuel [Hel91] a
new approach was taken. The new normal form is called the or-free parts normal
form'and it is now-obtained with the help of a general narrowing system written in
Prolog. Table 3.1 shows the rewrite rules that are supplied to the narrowing system
to obtain the or-free parts norinal form.

Every derivation by the rules (Rl) to (RS) terminates with a formula of the form
- N1 V...V N, that is logically equivalent to the original formula. The N; are called
“the or—ﬁ-ee parts because they are-always free of disjunctions (V). The advantage of
the rules (R1) to (R8) is that they are able to remove disjunctions from the inside
of any formula even in the presence of quantifiers without the introduction of new
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%h +term ==> -term

imp(X,Y) ==> or(not(X),Y).

all(V,X) ==> not(ex(V,not(X))).
not(and(X,Y)) ==> or(not(X),not(Y)).

h try(*term,;term)
try(X,Y) :~ X==>Y.
try(X,Y) :- get(X,N,A), try(A,B), put(X,N,B,Y).

" %% norm(+term,-term)
norm(X,Y) :- try(X,Z), !, norm(Z,Y).
norm(X,X). .

_?2- norm(not (and(p,or(q,r))),X)
X=or(not(p) ,and (not (q) ,not(r)))

Figure 3.8: Code Fragment Normalizer.

complexities in the form of additional negations.

The or-free parts normal form is not uniquely determined. For example the formula
=(pA(qVr)) has the two normal forms —pV (~gA-r) and (~pA-p)V (=pA-r)V(=gA
=p) V (¢ A —r) according to whether rule (R3) or (R6) is applied first. The exact
outcome of the normal form depends on the strategy of the narrowing system, which
determines the order of sub-formula selection and rule application. The implemented -
narrowing system considers first the sub-formulas in prefiz traversal order first and
then the rules in the input order. Using this strategy the generated normal form
_ of the above example will be —p V (g A —) which is intuitively less complexto
evaluate than the other normal form.

When one learns about disjunctive normal forms in mathematical logic one is told
to first apply rules (R3) to (R5) in order to move the negation inside and then rules.
(R6) to (R7) in order to move the disjunction outside. Unfortunately, when rule
(R8) is included such a partition of the rules is no longer possible. Take for example
the formula ~3z(p A (¢ V r)). To get the normal form ~Jz(p A ¢) A ~3z(p Ar) the
rules (R6), (R8) and (R4) have to be applied in that order. Hence the rules (R3) to
(R8) cannot be applied sequentially and in isolation.

Figure 3.8 shows the main part of the narrowing system and a fragment of the

rewriting rules for ProQuel. The application of the predicate norm/2 to =(pA(gVr)) -

is also shown. The rewriting rules are represented by facts for the infix operator
=>, The narrowing system uses the predicates get and put to traverse and modify

] the terms. get (F,N,S) is intended to return the N-th direct sub-formula of Fin 8, .

whereas put(F,N,S,G) is intended to construct in G the formula that is obtained -

from F by replacing the N-th direct sub-formula by S.

The narrowing system implemented so far is not very fast. The reason for that is
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%k +term ==> -term .
. imp(X,Y) ==> or(not(X),Y).
all(V,X) ==> not(ex(V,not(X))}.
not (and(X,¥)) ==> or(not(X),not(Y¥)).

W tfy1(+tem,~;;afh -term)
tryi(X,[1,Y) - X==>Y. -
tryi(X,[NIP1,Y) :-~ get(X v, Z), tryi(z P,T), put(X N,T, Y)

%% try2(+term,+path, -path, ~teorm)

try2(x,0,P,Y) :- tryl(X P,Y).

try2(X, [L1.], 0,1 - X==>Y,

try2(X, [NIP], [NIQ], Y) - get(X,N,2), try2(Z,P,Q,T), put(X,N,T, Y)
try2(X, N1 _1, [M161,Y) :- get(X,H,Z), M>N, try1(Z,q,T), put(X,M,T,Y).

W norm(ft'em,*-path,-term) ‘ Co
norm(X,P,Y) :- try2(X,P,Q,2), !, norm(Z,Q,Y) .
norm(X%,_,X).. .

7- norm(not (and(p,or(g,r))),[1,X)
X=or (not(p) ,and(not(q) ,not(x)))

Figure 3.9: Code Fragment Irnpfoved Normalization
depth | 1 2 3 4 5 6.

naive 0.02 0.04 0.08 1.40 32.12 97.30
improved | 0.02 0.08 0.08 0.52 2.68 . 5.58

Table 3.2: N ormalization Benchinarks

the fact that the whole formula is traversed on every normalization step. This can

be avoided. Obviously the sub-formulas on the left hand side of the last modified

sub-formula are not affected and therefore they must not be checked again. Hence

it is possible to restrict the search space considerably without affecting the rule

application strategy. Figure 3.9 shows the improved version of the narrowing system.

The predicates now have an additional argument for the path leading to the last
"modified sub-formula. The path is simply a list of direct sub-formula indices;: The

predicate try1l performs the search above. the last modified sub-formula, whereas the )
predicate ‘try2 performs the search on the right hand side of the last ‘modified sub-
- formula. The left hand side of the last modified sub- -formula is no longer searched.

-The better performance of the second version was verified by some benchmarks.
The timings in table 3.2 show that the overhead to handle the paths in the second
version can be neglected. They also indicate that the asymptotic behaviour of the
two versions is different. The timings include the runtime of the two versions on.
10 different, randomly generated, balanced formulas for every depth. The timings
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%% varof (+term,-var).

varof (and(A,B) ,X) :- varof(A,X); varof(B,X).
varof (not(A),X) :- varof(a,X).

varof (ex(V,A),X) i< varof(4,X), X\s=V.

Y% out(+term,+varlist)
out(X,5) :- X=var(V); \+ (varof(X,V), \+member(V,S)).

W in(+term,+varlist)
in(X,S) :- \+ (varof(X,V), \+member(V,S)).

Wh ok(+term +varlist)

ok(1s(E,F),S) :- in(E,S), 1n(F S)

ok(eq(E,F),8) :- (in(E,S), out(F,s)); (out(E,S), in(F,S)).
ok(and(4,B),8) :- ok(4,5), setof(V,(varof(4,V);member(V,5)),R), ok(B,R).

Figure 3.10: Code Fragmerit Allowedness Check

are show in seconds and they were obtained on a SUN 3/480 with the the SICStus
Prolog compiler.

3.6 Allowedness Check

Recall that the aim of ProQuel is to calculate the answer set of a query. In general
such an answer set may turn out to be infinite. Consider for example the following
query: .

- -p(X)

Assume that the argument of p ranges over the natural numbers and that the query
p(X) gives the answer {X = 0}. Then clearly —p(X) must give the infinite answer
{X'=1,X = 2,X = 3,...}. Some programming languages may handle infinite
sets to some extent. For example Prolog, because of its tuple oriented processing,
may return an infinite answer set by backtracking. Infinite sets are not welcome
in commercial databases because a set oriented processing is desired. Therefore we
have restricted ourselves to allowed queries and rules as defined in section 5.4.

In LogiQuel [MWW89] and NewQuel [Bur89] a syntactical criterion was used that
was essentially derived from allowedness in [TS88]. The criterion was checked-during
the translation phase and it was therefore highly target dependent. In ProQuel
[Hel91] the check was successfully isolated from the target. The ProQuel allowedness
check is now part of the core and the class of accepted queries and rules is always
the same independent of the actual target.

Flgure 3.10 shows a code fragment of the current allowedness check. The program
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“notstrat(P,P,0,L).

notstrat(P,q,S,L) :
\+member(q,L), db fetch(daps(ﬂ.-,ﬂi s2)),
S1 is S*SZ notstrat(? Q1,81,[UILD.

notstrat(P q, S) = notstrat(P Q,S, [P])

Flgure 3.11: Code Fragment Stra.txﬁcatmn Check

is a direct translation of definitions 5.55 and 5. 56 in section 5.4. Note that lists are
used to represent sets of variables. A minimum of two predxcates, na.mely member
and setof, are used to manipulate these sets..

3.7 Sti"atiﬁgiation Check

The standard mode] as defined in section 5.3 is defined only for stratified rules.
Therefore provisions have to be made that the user is not able to enter rules that
are not stratified.

In Longuel [MWW89] and Neruel [Bur89] the sbratlﬁcatlon was checked durmg
the plan generation. As a result it was possible that the knowledge base was not
fully strakified during the query evaluation. More disturbingly, the source of a strat-
ification violation could not be detected during its creation. Therefore in ProQuel
the stratification is checked in advance whenever a rile is asserted.

To check the whole knowledge base for stratification after each assertion of a rule
would be very inefficient. In ProQuel an incremental algorithm is used. When new
rule for p is accepted, a new set of signed dependencies p =™ ¢; with m; € {+,-}
will have to be added to the dependency graph. Clearly a new cycle would go
through p and it suffices only to look for such cycles that use exactly one of the new
dependency p —™ ¢;. Hence the new dependenc1es can be checked independently
for a new induced negative cycle. - .

The corresponding Prolog program is given‘in figure 3.11. A dependency p —™ g
is stored as a deps(p, k,q,s) fact where k is a unique id of the rule to which the
dependency belongs and where s = 0 and s = 1 stand for m ='~"and m = + re-
spectively. The facts are stored in the target and are accessed via the meta database
interface predicate db_fetch (see section 4.1). The predicate notstrat(p, g, s;) must -
fail for all the new dependenc1es p~s+™ g; before the rule and its new dependencies
can be entered into the meta database. The predicate notstrat simply traverses -

the dependency graph until it finds a negative cycle. A list with the vxsﬂ;ed nodes .

~ accompanies the predlcate to avoid infinite looping.
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Flgure 3.12: Dependency Graph

3.8 Plan Generatlon .

When a query is.posed ProQuel will first generate a plan.  The plan is used later
on in the materialization of the tables. It contains the order of evaluation of the
required tables and information that indicates whether a recursive predicate has to
be evaluated or not.

The plan generation is based on the identiﬁca.tion of the strongly connected com-
ponents (s.c.c.) in the dependency graph. The s.c.c. problem is well understood
and there are linear (in the number of edges and vertices) algorithms to compute
them [Mel84, p.21]. In LogiQuel [MWW89] an algorithm from the literature was
adapted [Taj72]: In NewQuel [Bur89] a slight modification was made such that the -
plan was generated in one pass. The modified algorithm was successfully ported
from Modula-2 to Prolog for the ProQueél system. '

Figure 3.12 shows the unsigned dependencies of the example in section 2.5. In
- general a plan'consists of a list of elements of the form P — S. An element P — []
. indicates a non-recursive predicate P. An element P — S with S non-empty indicates

a recursive predicates P that belongs to the s.c.c. S. The modified algomthm yields’
" the following plan for the query safe(l, 4)

1. link-[]
2. connected- [connected]
3. host-[] -

4. circumvent-[circumvent]
5. unsafe-[] -

Figure 3.13 shows, the Prolog predicates sccforpred and sccforlist that are used
to compute the plan. The predicate sccforpred has a predicate name Pred as
input in the first argument, whereas the predicate sccforlist has a list of predicate
names List instead. Both predicates additionally have a Path and a Plani as input
_arguments and a Plan2 and a Scc as output arguments. Path holds the current
path through the dependency graph. Plani and Plan2 are used to accumulate
the plan. . Sec returns the actual s.c.c. The first rule of sccforpred detects a
recursive predicate. The second rule for sccforpred detects a predicate name that
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%% sccforpred(+pred,+stack, +p1an,-plan,'-scc)
sccforpred(Pred,Path,Plan,Plan, [Pred])
member(Pred,Path), !.
gccforpred(Pred,.,Plan,Plan,[1) : )
" . member(Predi-Scci,Plan), (Pred1-Pred member(Pred Scci)), 1,
sccforpred(Pred,Path,Plani,Plan2, Sce) : .
setof (Predl,db fetch(deps(Pred,_,Predi,_) List),
sccforlist(List, [Pred|Path] ,Plant,Plan3,Sccl),
 (member(Pred2,Scci), member(Pred2,Path) ->
Plan2=Plan3, Scc=[Pred|Sccil;
Plan2=[Pred-Scci|Plan3], Scc=[1).

%% sccforlist(+predlist,+stack,+plan,-plan,-scc)

sceforlist([],.,Plan,Plan, [1) . .

sccforlist ([Pred|List],Path,Plani,Plan2;5cc) :-
‘sccforpred(Pred,Path,Plani,Plan3,5ccl),
sccforpred(List,Path, Plan3,Plan2,Scc2),
setof(Predi (member(Pred1 Scel); member(Predi Scc2)),Sce).

Fxgure 3.18: Code Fragment Plan Generation

has already been treated. The last rule for sccforpred first calls sccforlist. It
then will append the current predicate name to the current s.c.c., in case that the
. s.c.c. is not completed. Otherwise a new entry into the current plan is generated.
sccforlist simply apphes sccforpred on all elements of the list and collects the
generated 5.C.C.8. - :

3.9 MatérialiZation

The materialization of rules is managed by the core which is able to map these duties
to the elementary operations of the target. The ProQuel system always behaves the
same independent of the underlying target because the materialization is managed
by the core, For the sake of simplicity we have omitted various optimizations that
have been pursued in LogiQuel [MWW89] and NewQuel [Bur89]. ProQuel does
not apply a semi-naive strategy to linear rules and it does not generate views for
non-recursive predicates. : : '

The materialization needs a cache table that consists of the names of the currently
materialized tables. The cache table has the invariant. that if it contains the table
" p and p depends on g, then it also contains g. Hence a cone of tables is always
mateiia.l_ized@ The cache table is used to avoid duplicate work. Every table that is
used directly or indirectly in a query is only materialized once. The cache table and
the corresponding materializations have to be partially flushed in the case that rules
or facts are modified. :

The materlallzatlon of rules is done accordmg to the presence of recursion. For
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% execscc(+p1anelem)
execscc(P-_) :-
db_fetch(cache(P)), .
execscc(P-[1) :- !,
(db._ fetch(rule(P,,,R)) insertrule(R), fail; true),
db_insert(cache(P)).
execscc(_-S) :-
(member(Q,S),
db_fetch(rule(Q,KEY,R)), -
\+ (db_fetch(deps(_,KEY,U,_)), member(U,s)),
. insertrule(R), fail; true),
findall(C, (member(q,S),ev_count tuples(q c)) L), )
iterfixpoint(L,8),
(member(Q,S), db_insert(cache(q)), fail; true).

%% iterfixpoint(+countlist,+scc)
" iterfixpoint(L,S) :-
(member(q,S),
db_fetch(rule(Q,KEY R)) s
\+ \+ (db fetch(daps(_,KEY U,.)), membar(U s)),
insertrule(R), fail; true),
" £indall(C, (member(Q,S),ev_count -tuples(q,C)),L1),
(Li\==L -> 1terf1xp01nt(L1 S); true).

Figure 3.14: Code Fragment Materialization

non-recursive predicates, every rule is simply materialized. Recursive predicafes are
. materialized by a naive fix-point iteration. In this case, all non-recursive rules are
first materialized. Then the materialization of the recursive rules is iterated as long
as there are changes. The materialization of a recursive predicate is always done for
the whole s.c.c. of the predicate.

" Figure 3.14 shows a code fragment of the materialization. The predicate execscc
is responsible for the materialization of an element of the plan. In the first rule the
predicate execscc simply does nothing in the case of a predicate that is already in
the cache table. The second rule of execsce handles non-recursive predicates. In
the last rule of execscc recursive predicates are handle. The non-recursive rules

' are materialized and iterfixpoint is called with the the s.c.c. ‘and the counts of
the tables. The predicate iterfixpoint then materializes the recursive rules until
all the counts of the tables are stable. The predicate insertrule is intended to
materialize one rule. :

25



Ch'apter 4

Pro Quel Targets

Flgure 4.1 shows the: overall architecture of ProQuel The ProQuel system features
the support of different target databases. The target databases are responsible for
the storage of the data and the evaluation of the queries. The current ProQuel
implementation includes a SQL target, a POSTGRES target and a Prolog target.
The ProQuel system cannot be regarded as a heterogeneous database system as the
target databases can only be used separately and in isolation.

" In the followmg a more detailed description of the ProQuel targets is glven The
emphasis is on the translation between the ProQuel language and the corresponding

" target language. The chapter starts with a definition of the target interface in

section 4.1.. It then continues with the SQL target, the POSTQUEL target and -

Prolog target in section 4.2, 4.3 and 4.4 respectively.

.The three targets demonstrate the usefulness of our notion of allowedness. They
. show that it'is possible to translate allowed formulas that even contain quanti- -
- fiers and negation to three totally different targets. In particular the SQL and
POSTQUEL targets show that, it is also possible to have a purely declarative and
uniform access to different relatlonal database systems in the form of a deductive
database mterface i

Core

Tdrget
SQL POSTGRES | | Prolog
. Target Target - Target

Figure 4.1:. Overall ProQuel Architecture
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db_insert(+Fact): Insert the fact. . :
'db_fetch(-Fact): Successively retrieve the matching facts.
db_delete(-Fact): Remove all the matching facts at once: -

Figure 4.2: Meta Database Interface

pred(Name:str,Definition:str)
rule(Name:str,Key:int,Rule:str)
deps(Fromname:str,Key:int, Toname:str Slgn int)
cache(Name:str)

Figure 4.3: Meta Database Schema

4.1 Target Interface

The target interface consists of a set of Prolog predicates that have to be supported
by each target. . The interface itself splits into the mete database and the evaluator.
The meta database is responsible for the meta data of the core. It is retrieved and
manipulated through the meta database interface. The evaluator is used by the core
to perform the query evaluation. The core must utilize the minimal functionality of
the evaluator in order to materialize the right tables.

The meta database must provide relational data with attributes that range over the
‘atomic domains of Prolog. A tuple (ci,...,¢,) that belongs to a table r is written as .
a Prolog fact in the form r(cy,...,¢,). The meta database must be able to retrieve
arid manipulate such facts. The target database is free in the form of storage of
these facts. The interface to the meta database consists of the db_ predicates that-
are ‘given in figure 4.2. )

Among the relations that have to be supported by the meta database are the relation
pred which is used to store the predicate definitions; the relation rule which contains
the rules, the relation deps which is used for the dependency graph and the relation
cache which indicates tables that are already materialized. The meta data contains
structures like rules and definitions that are all stored as strings and converted from
and to Prolog by DCG parsers and unparsers in need. The meta database schema .
is given in figure 4.3. :

The evaluator is controlled by ev_ predicates wh1ch are given in figure 4.4, There are
predicates to'disconnect and connect the database (ev open_db and ev_close_db),
.predicates to create, clear and destroy tables (ev_create_tab, ev_clear_tab and
ev_drop_tab) and predicates to evaluate queries (ev_count_tuples, ev_insert_res
and ev_quety_res). The predicates ev_insert_res and ev_query.res both have
an Exprs and a Cond argument. These arguments denote a set {Exprs | Cond}
which is inserted in the specified table in the case of ev_insert_res and which is
" returned by backtracking in the case of ev_query _res. The condition Cond is given
as a term that _représents a normalized formula and the expression list Exprs is given
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" ev_open._ &b(;Name): ' " Connect with database.

- ev_close_db: : Disconnect from database.

- ev_create tab(+Na.me +Sorts) - Create a table. -
ev_clear_tab(+Name): Remove all tuples from a table.
ev_drop_tab(+Name): Destroy a table.
ev_count_tuples (+Name,-Count): "Count tuples in a table.

eév_insert_res(+Name,+Exprs,+Cond): Insert tuples into a table.
ev_query_res (+Exprs,+Cond,-Tuple): Rt_atrieve tuples.

Figure 4.4: Evaluator Interface
stat = creat'e(str,*sort) + drop(str) .+ insert(st}r‘,selstat)‘ + ..
selstat = sel(*ex‘pf,*frém,*yhére) +.union(selbstat,selstgt) + ...
from = alias(str,int).
where = ﬁotexists(selsﬁ:at) + eq(kexpr,qxpr) + 1s(expr,expr) + . .k .

attr(int,int) + cint(int) + add(expr,expr) + ...

expr

Figure 4.5: Query Tree Structure

"as a list of terms that represent expressions. The central theme of this chapter is the
“translation of {Exprs | Cond} into an appropriate notion of the target language.

4.2 The SQL Target

The SQL language was the first target language that was supported in the LogiQuel
project. The succession of deductive database systems described in [Bur89], [Wit91]
and [Hel91] were exclusively designed for SQL. SQL appears to be widely available
on different database systems and the database system of the LogiQuel project was
Oracle/SQL. The experience with Oracle/SQL was satisfying because it is a robust
database system with an acceptable performance. -

In [Bur89], [Wiit91] and [Hel91] the SQL queries were directly generated by using
string concatenation. In ProQuel another approach has been taken: Instead of a
query string, the translator generates a query tree. The query tree is then used in
a DCG unparser to generate the final string. This approach has many a.dvantages
as the program becomes more readable and the expensive string concatenation is
avoided. Figure 4.5 shows a sketch of the Prolog structure that is used to represent
the target query tree.

The translation from formulas to query trees is done left to right. For every new
occurrence of a predicate a new alias is generated. In this way name clashes between
predicates that occur more than once are avoided. The translation also needs a
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%% trans. form(+term’+rec,—rec)
trans_form(and(E,F),I,0) :
trans_form(E,I,H), trans form(F H,0).
“trans_form(not(E),rec(L,F,W,A) ,rec(L,F, [notexista(sel([], F1 LW1Y) IW],B))
trans_form(E,rec(L,[1,[],A),rec(_,Fi,W1,B)).
trans_form(ex(V,E) ,rec(L,F,W,A),rac(L3,F1,W1,A1)) :~
get_attr(L,V,H), put_attr(L,V,undef,L1),
trans_form(E,rec(L1,F,W,A) ,rac(L2,F1,W1,A1)),
put_attr(L2,V,H,L3).
trans_form(pred(P,E) ;rec(L,F,W,A) ,rec(L1, [alias(P,A) [F],W1,A1)) :
Al is A+i,
trans.where(E,A,0,L,L1,W,W1).
trans_form(eq(P, Q) rec(L,F,W,A) rec(Ll F,W1,4)) :
(P=var(V), get_attr(L,V,undef) ->
trans_expr(Q,L,X), put.attr(L,V,X,L1), Wi=W;
. Q=var(V), get_attr(L,V,undef) ->
trans_expr{P,L,X), put_attr(L,V,X,L1), Wi=W;
. ‘trans_expr(P,L,K), trans_expr(Q,L,J), Li=L, Wi= [eq(K J)IH])
trans_form(1s(P,Q),rec(L,F,W,A) ,rec(F, [1sCK,T) IW],A)) :
trans_expr(P,L,K), trans_expr(Q,L,J}.

Figure 4.6; Code Fragment SQL Translétion

symbol table which is accessed trough get_attr and put_attr predicates.. The
symbol table records the association between variables of the formula and expressions
‘of the query tree. If a variable occurs for the first time in a predicate then an alias
number and column number-pair is generated as a coordinate for the variable. A
variable may also occur on one side.of an assignment for the first time. The other side
of the assignment is then associated with the variable. The negation of a formula

is translated to a NOT EXISTS sub-query. The transla.tlou is sound for allowed
formulas.

Figure 4.2 shows a_code fra.gment of the translation process. The Prolog predicate -
trans_formis ‘used to translate the or-free parts of a normal form. It appropriately
“handles the different cases of the allowed formula and carries along an environment
record rec(L,F,W,A) which contains the current symbol table L, the current from-
part F, the current where-part W and the alias counter A. The from-pa.rt F is a list of
alias(Name,Alias) pairs and the where-part W is a list of where conditions. The
" first rule simply translates a conjunctions by carrying along the environment record.
The second rule generates a NOT EXISTS condition for the negation of a formula.
In the next rule, to reflect the scoping of quantifiers, the quantified variable is
first hidden from the symbol table, the quantified formula is then translated and the
" variable is finally entered again into the symbol table. The following rule translates a
predicate occurrence by calling trans_where which generates the appropriate where
conditions and symbol table entries. Finally, the last two rules show the translation
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. of the built-ins = and <. To illustrate the translation consider the followiﬁg query:
P(X,1) A=Y (¢(X,Y)AY > 2)

The query is already in normal form and consists of only one or-free part. The
translation will be given for the output variable X.. The translation consists of the -
Prolog terms Expri, Froml and Wherel for the sub-formula ¢(X,¥)AY > 2 and of
the Prolog terms Expr2, From2 and Where?2 for the main formula.

expri = [attr(0,0),attr(1,1),attr(0,1)]

fromi = [alias(’q’,1)]

vherel = [eq(attr(0,0),attr(1,0)),gr(attx(1,1), c1nt(2))]
expr = [attr(0,0)]

from = [alias(’p’,0)] :
where = [eq(attr(0,1),cint(1)) notex:.sts(sel(Exprl Fromi Wherei))]

The query tree of the main formula is sel (Expr2,From2,Where2).. If the DCG
unparser is applied to the query tree the following final SQL string will be obtained:

SELECT A0.CO, A0.C1

FROM p A0

WHERE-A0. Ci=1

AND NOT. EXISTS (
SELECT A0.CO, A1.C1
FROM q At
WHERE A0.CO=A1.C0
AND A1.C1>2)

4.3 The POSTQUEL Target

The deductive database systems descrlbed in [Ke191] and [Ber91] were both to run on

top of the experimental POSTGRES system, a successor to INGRES, developed at

‘the University of Berkeley It .was hoped that several of its features (in particular the
abstract data type facility) could be used to our advantage. POSTGRES supports
the language POSTQUEL, a successor of the QUEL language.

In [Kel91] and [Ber91] the POSTQUEL string was directly generated using string
.concatenation. As in the SQL target, the POSTQUEL target first generates a query
tree instead. The query tree is a Prolog term and its data structure does not differ
considerably from the one that is used for the SQL target. The translation to
POSTQUEL is very similar to the SQL translation. Aliases are generated a symbol
table is needed and the first occurrence of a variable is treated in the same way.
However the two targets differ considerably in the treatment of the negation. In the
current POSTGRES version sub-queries were not available. Therefore the negation
was implemented by means of temporary relations and the DELETE statement.
The DELETE statement has the following form:
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- Wh trans_::orm(+tem,+rec,-rec).
trans_form(and(E,F),I,0) :
" trans_form(E,I,H), trans_form(F,H,0).
. tra.ns -form(not(E) ,rec(L,F,W,4A, D) ,rec(Ll, [allas(N 01,00,42,02))
concat(’_7,A,N),
trans_assoc(L,4,0,5,L1),
pg-exec2(into(N,S,F,W)),
Al is A+1,
trans_form(E,rec(L1, [alias(N, A1, 10,AL, INID]) ,rec(_,F1, Wi,A2, D2)),
" pg-exec2(delete(N,F1,W1)).
trans_form(ex(V,E); rec(L F,W,A,D),rec(L3,F1 Hi A1,D1)) :-
get_attr(L,V,H), put attr(L,V,undef,L1),
trans_form(E,rec(L1,F,W,A,D) rec(L2 Fi,W1,A1,D1)),
put_attr(L2,V,H,L3). ‘
trans fom(pred(P E),rec(L,F, H A),rec(Ll, [ahas(P A) IF] Wi, Al))
Al is A+1, . . .
trans_where(E,A,0,L,L1,W,W1).
trans_ form(eq(P Q) ,rec(L,F,W,A,D), rec(Li F, Wi A,D)) :
(P=var(V), get_attr(L,V ;undef) -> :
trans_expr(Q,L,X), put_attr(L,V, X,L1), WisW;
Q=var(V), get_attr(L,V,undef) -> -
trans_expr(P,L,X), put_attr(L,V,X,L1), Wi=W; ’
trans_expr(P,L,K), trans_expr(Q,L,J), Li=L, Wi=[eq(kK, J)IW])
trans_form(1s(P,Q),rec(L,F,¥,A,D) rec(F,[1s(K,J) 1W],4,D)) :
trans_expr(P,L,K), trans_expr(Q,L,J).

Figure 4.7: Code Fragment POSTQUEL Translation

" DELETE 1 :
FROM ri, ..., rn
" WHERE ¢

- The logical essence of the DELETE statement is as follows. Let =’ denote the
content of the table r after the execution of the DELETE statement. Vaguely
formulated the following condition holds: :

r«—-»r/\ =(rArA.. Arﬂ/\c)

Now consider the tra,nsla.tlon of a negation AA-B. It is easy-to verify that AA=B =
AA-(AA B) holds for arbitrary formulas: Hence it is possible to translate a negation
A A —B by first materializing A into a relation r and then translating the hegative
stb-formula B into a query with from-part r1,..., 7, and where-part ¢. The result -
of AA~B may then be obtmned by issuing a DELETE sta.tement of the previously

. ‘mentioned form.

Because of the DELETE statement, the translation to POSTQUEL is more dlfﬁcult 1
"~ to unplement than the translation to SQL. Figure 4.3 shows a code fragment of
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the translation to POSTQUEL. This time the predicate trans_form carries along
a data structure rec(L,F,W,A,D) which again contains.the current symbol table L,
the current from-part F, the current where-part W and the alias counter A. There is
a new list D with the names of the temporary tables that are generated for negative
sub-formulas and that have to be destroyed after the processing of the main formula.
To illustrate the translation consider again the following query:

p(X,1) A=Y (¢(X,Y)AY >2)

Assume that the left part of the negation, i.e. the sub- formula p(X,1), is materi-
alized in the table h. The following sequence is generated in the translation of the
main formula to POSTQUEL: :

RETRIEVE INTO h (a0.c0) /* materialize p(X,1) in temp rel. */
FROM a0 IN p
WHERE a0.ci=1;

DELETE 0 . /% delete q(X,Y)&Y>2 from temp. rel. */
FROM 20 IN h, al IN q S ‘
WHERE a0.c0=a.c0

© AND al.c1>2;
RETRIEVE (a0.c0) /% main result in temp. rel. */
FROM a0 IN h; '
DESTROY h; " /* destroy temp. rel. */

4.4 The Prolog Target:

The Prolog target was mainly issued to gain experience with a target that works in
main memory. The Prolog target was implemented on the same Prolog system as the
core, namely SICStus Prolog. The experience with SICStus as an 1mplementat10n
language for the target was very satisfying as it was with the core.

Not surprisingly, the Prolog target is the simplest one. It is not necessary to generate

a query string because it is possible directly to generate a query tree that can be -~ .

passed to Prolog for evaluation. There is also no need to generate aliases because
Prolog doesn’t know attribute names. As a query language, Prolog is a position
oriented language like the ProQuel language itself. A symbol table is still needed
to store the association between variables and Prolog expressions. The translation
to Prolog is almost one to one because most of the logical connectives and built~
ins have a direct correspondence in Prolog. To translate the ProQuel negation the
built-in operator \+ is used which implements negation as fa.llure

In figure 4.4 a code fragment of the Prolog translation is given. The only struc-
ture that is carried along is the symbol table L: The predicate trans_form directly
generates a new Prolog query. in its last argument, The translation is merely a
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%% trans form(+term,+symtab ~symtab -prologquery)
trans_form(and(A,B),L,R,Q) : i
trans_form(A,L,H,Q1), trans form(B H,R,Q2), make_and(Q1,Q2, Q)
trans_form(not (A),L,L,\+Q) :
- trans_form(A,L,_,Q). .
trans_form(ex(V,E),L,L3,Q) :~
get_attr(L,V,H), put_attr(L,V,undef,L1),
‘trans_form(E,L1,L2,Q),
put,.attr(L2,V,H,L3).
trans.form(pred(P,A),L,R,Q) :- :
trans_where(4,L,R,E,Q1), ’uz;..[PIEJ, make_and(Q1,02,Q) .
trans_form(eq(E,F),L,R, Q) )
(E=var(V), get._attr(L, V,undef) ->
trans_expr(F,L,X,Q), put_attr(L,V,X,R);
F=var(V), get_attr(L,V,undef) ->
trans_expr(E,L,X,Q), put_attr(L,V,X,R);
trans_expr(E,L,X,Q1), trans_expr(F,L,Y,q2),
make_and(Q1,Q2,03), make_and(Q3,X0<Y,Q), R=L).
trans_form(1s(E,F),L,L,Q) :- ’ :
trans_expr(E,L,X,Q1), trans_expr(F,L,Y,Q2),
make_and(Q1,Q2,Q3), make_and(Q3,Xe<Y,Q).

Figure 4.8: Code Fragment Prolog Translation

replacement of the ProQuel operators by the a.ppropnate Prolog operators To il-
lustrate the tra.nslatlon consider again the following query: :

p(X, ) A-TY (g(X,Y)AY > 2)
The tra.nslatlon to Prolog is as follows
, p(X,1), \+ (q(X, Y) >2) ’ :
Prolog has an ability that is not found in the SQL or POSTQUEL language. Prolog
is able to handle temporary wariables which means that we can freely introduce
and use a variable in a query. This is not the case for the SQL and POSTQUEL
language. Consider for example the following query: i

PX,Y)AH=100+X /\‘H—10<Y./\H+10>Y
The transla.tlon to Prolog is as follows:
p(X Y), H is 100%X, H1 is H-10, Hi<Y, H2 is H+10, H2>Y

The'trauslatlon to SQL is as follows:

‘SELECT £0.C0, 40.C1, KO. co*1oo
FROM p AO
WHERE AO.C0%100- 10<A0 c1

" AND -A0.CO%100+10>40.C1
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In the translation to Prolog the expression 100+ X is evaluated only once and asso-
ciated with the variable. In the translation to SQL the expressions 100% X has to
be substituted because it is not possible to introduce a variable in an SQL query.
As a consequence in general SQL expressions become bigger and it is hoped that
SQL optimizers do have common subexprgséion elimination in order to reduce this
redundancy. B ‘
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‘Chapter 5

PfoQuel Semantics

This chapter motivates the use of the standard model semantic for stratified knowl-
edge bases. ProQuel is only one application of the framework presented here. The
framework consists of many sorted structures and languages presented in 5.1. Sec-
tion 5.2 contains some results concerning rules and their completion. In section 5.3
‘the standard model for stratified knowledge bases. is presented. Finally the compu--
tational tractability of the standard model is considered in section 5.4. The main

result of this chapter is a semantic for a class of knowledge bases with a.rbxtra,ry
domains, functions and built-ins.

5.1 Structure and Language

- The model Mp. assigned to a knowledge base D will be a many sorted first order
structure. A many sorted structure M has a.set s™ for every sort symbol s. The
reason for using many sorted structures is that sorts permit a natural way of ex-
pressing the domain concept of relational databases. The use of sorts in'deductive
databases is not new and has already been proposed in the proof theoretic setting of
[Llo85], [L1o87, p.143]. Sorts have also proven good in mechanical theorem proving
[Wa.184] Instead of the term sort one can also use the equlvalent terms type, domain
or universe. - :

In defining structures one first has to define thé notion of a signature. A signa,—
ture defines the kind of sorts, functions and relations that are used by a structure.
There are many different structures that can belong to the same signature. "The
many sorted signatures and structures dre a straight forward generalizations of the
unsorted. signatures and structures used-in first order model theory.[Wan52]:
Definition 5.1: 4 signature & l
consists of the following ingredients: -

i) A set 5 of sort symbols.

i) A set F of function symbols and for every f € F a

function signature o(f) = sy X ... X 5, = s with $q,...,50,5 € S,

i) A set R of relation symbols and for every r € R,q

35



relation signature p(r) = s1 X ... X 8, with 81,...,82 € S.

Definition 5.2: A structure M of a szgnature 3]
consists of the following ingredients:

i) For every s € S aset sM, sM #£0.

zz) For every f € F with d(f)-*.n x...xs,.w)s
e function fM : sM x ... x s¥ — sM

iii) For everyr E R wzth p(r) =8 X...X 8y
a relation ¥ C s .x sM,

The model M will contain predeﬁned domains, functions and relations. It is not
considered that the user can define new domains and functions. The user is only
permitted to define new relations. The predefined relations are called built-ins,
the user definable ones predicates. For this purpose the notion of a signature and
structure is exténded a little bit. Clearly there can be arbitrary functions and built-
ins. Nevertheless the following definition prescribes that there is at least one built-in

, for every sort s such that elements of the predefined domains can be tested for
equlvalence : ‘

Definition 5.3: The relation symbols R of a szgnature L are partztwned into the
built-in symbols B and the predicate symbols P. For every sort s € S there has to .
be an equivalence symbol =, € B with p(=,) = s x.s. In a structure M of signature
Y the equivalence symbol has to be interpreted by the standard =M = {(m,m) | m €
sM}.

If data structures are understood as da.ta. types equxpped with constructors, de-
structors and operations among them, then most of them are many sorted first
order structures. As long as functions do not become first .class objects it seems
that many sorted first order structures are conceptually sufficient to model data
structures. Some examples: ‘ '

Example 5.4: The Herbrand universe is an ezample of a single sorted first order
structure. It plays an important role in logic programming. In a Herbrand universe
the functions do not evaluate. This can be seen in Prolog which is the most prominent
member of the logic programming language family. In Prolog the term 142 does not
automatically evaluate to 3, instead it evaluates to itself.

Example 5.5: The NF2 data model can be regarded a many sorted first' order
structure. In the NF2 data model the atiributes are allowed to be tables again.
Hence if 51, .. .,8y are sorts then tab(si,...,s,) is again a sort. Suppose that tables
are finite sets then we can. define the NF2 data.model to contain the many sorted
 structures M with tab(sy, ..., s.)M = {T C sM . X sM | T finite}. The model
also contains some table speczﬁc built-ins like unnest and ‘nest.

Example 5.6: The ProQuel data modél is a many sorted ﬁrst order structurc too.
The sorts are int, float and str. Buili-ins like =, <. ... and functions like 4+, —

2’
.. are also contained in the model. -
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To talk about many sorted structures of a given signature ¥ a many sorted language
is used. The language is based on an alphabet that contains the sort symbols S, the
function symbols F and the relations symbols R. The alphabet also contains infinite
countable many variables V, for every s € S and some special symbols. The sets S,
F, R and V, for s € S are all considered to be pairwise disjoint. The language is.
'made up of sorted terms and formulas. '

Definition 5.7: Term, denotes the set of terms of sort 5.
It s inductively defined .as follows:

z) Ifz eV, then:cETerm, n ‘

i1) Ifti e Term,l, e, tn € Term,,,, fe F and cr(f) = sl XX an—-> s
then f(tl, »tn) E Term,

Deﬁnltlon 5.8: Form denotes the set of formulas. .
It is mductwely defined as follows

i) L, T € Form.

i) Ifty € Term,l, cees tn € Terman; r € R and p(r) =8 X ... X
then r(ty,...,t,) € Form. : ‘

iii) IfAe Fo'rm then =A € Form.

iv) If A, B € Form then (A A B),(AV B), (A — B) (Ae B) € Form
‘v) Ifz €V, and A € Form then zA,YzA € Form.

The symbols L and T are used for false and true respectively. Constants are

regarded as function symbols with zero arity. Formulas, that.ate exactly formed

. according to the above definition, become rather clumsy. Therefore relations like =,

- <,...and functions like +, —, ... are usnally written infix, ie. (A= B):==(4,B)
and (A + B) := +(A, B). The formulas then tend to have a lot of parenthesis, i.e.
(employee(X) A (Y = (X +2))). 1t is then necessary to introduce some standard
operator precedences that allow the omission of parenthesis, i.e. employee(X)AY =

. X 4+ 2. These convéntions make it more comfortable to write formulas and they
should only be regarded as shorthand notations for the original formulas.

Sn

In the following the value of a.term and the truth value of a formula are defined in
“detail. The value and the truth value depend on a structure M and on a assignment

6. An assignment § for M is a mapping from sorted variables to domain elements

such that 0(z) € s¥ for z € V,. 62 .denotes the assignment that is obtained from 6

by replacing the value of x € V; by the value m € sM. The truth value is only given
~ for the fragment T, —, A and 3. The truth values of the other loglcal connectlves
are obtained by the usual definitions. -

Definition 5.9: Let M be a structure, t be a term of sort s and 0 be an assignment
for M. Then M(i0) € sM denotes the value of t in the structure M under the
assignment 8. M (£6) is inductively defined as follows

" 1) M(zf) '_.0'(36)'
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u) M(f(tx, csta)8) 1= fH(M(08), .., M(2n6))-
Definition 5.10: Let M be a siructire, 6 be an assignment for M, m e M and
z eV, 0% is dcﬁned as follows

m y==z
o :
| 20={ 5 Ve |
Definition 5.11: Let M be a structure, A be a formula and 0 be an assignment

for M. Then M |= Af denotes the truth value of A in the structure M under the
assignment 8. M k= A8 is inductively defined as follows:

i) ME=TO )
i) M (b, ta)0 1= (M(86), ..., M(ta8)) € ™
i) M = A0 = M [~ A0
i) M= (AABY) <= M= AOAM = BY - -
v) M= (3z A)f = Elm € sM(M |= AZ0) ‘ N
Definition 5.12: Let A = B denote that M |= Ab =M |= B9 for all structures
M and all asszgnments [/ for M. We define:
i) L=
i) AVB= ‘J("'A A-B)
iti) A B=-AVB
i) A~ B=(A— B)A(B— A)
'v) Vo A=-3Jz -4

The previous definitions seem rather tedlous But they are essential for the way
predicate logic deals with arbitrary structures. There is always a clear distinction
between the objects that we are speaking of and the language itself. The distinction
is 1mporta.nt to get results concerning the expressiveness of languages. The distinc- .
tion is also ah abstraction from the objects towards the lariguage which is nothing
other than a quantification over the structures. The quantification has some benefits
for computer science if one 1dent1ﬁes structure with 1mplementa.t1on and language
with specification.

Definition 5.13: Let M be a structure and let A be a formula. Then M = A
denotes that M is a mddel of A. M |= A is defined as follows: .

M A== VO(M = Af)

Deﬁmtmn 5.14: Let M be a structure and let T be g set of formulas Then M }: T
‘denotes that M zs amodel of T. M =T is deﬁned as’ follows i

MET (:)VAET(MI:A)

Deﬁmtwn 5.15: Let K denote the class of all structures that have certain pre-
defined domains, fun(_:twns and built-ins. Let T be a set of formulas and A be a
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formula. Then T g A denotes that T entails A. T I—K A is defined as follows:
TF‘KA (=>VM€K(M}=T-»M|=A)

5.2 Rulés and their Completion

In this section rules and their completion are discussed. The elements of a ProQuel
knowledge base are not allowed to be arbitrary formulas but must have the form
of a rule. In the following it is shown that rules are only able to describe negative

knowledge. To obtain negative knowledge predicate completlon is introduced Whlch
may mtroduces inconsistencies in some cases.

The positive and negative'knowledge of a theory T are the formulas A with T F K A
and T kg -A respectively. This conception belongs to the proof theoretic view
which we will adopt in the first part of this section. In the last part of this section
a shift to the model theoretic view will happen as an algebraic characterization of
the models of rules and their completion by means of the program operator will be

given. The characterisation is used in the development of the standard model for
stratified knowledge bases in the next section.

A rule has the form P « A where P called the head, is a predicate atom and A,
called the body, is an arbitrary formula. The body of a rule is not restricted to a

- particular form of formulas. On the other hand, in the head of a rule, no built-ins,
no Ioglcal connectives and no quantifiers are perrmtted

Definition 5.16: A formula of the form p(ti,...,t,) where p € P is called a
predicate atom. A formula of the form P « A where P is a predicate atom and A
18 an arbitmry formul(z is called a rule.
Example 5.17: The following formulas are rules
lzkes(]ack Ji) T
knows(X,Y)  likes(X,Y)
flight(X,Y) « EIZ(flzght(X Z) A flight(Z, Y))
The following formulas are not rules:
X =Y « murder(X) Amurder(Y)
VYiAXlikes(X,Y) i
frozen(X) V broken(X). « damdged(X)

" Rules of the form P « T are called facts. In the following facts are abbreviated
- by P alone. - The restriction to rules has a severe impact on.the expressiveness of
the knowledge base. Rules are able to describe positive atomic knowledge only. It
- means that we cannot deduce the negation of a predicate atom from a set of rules.
~ As a consequence rules are always consistent but not complete in general.

Proposn‘.lon 5.18: Let D be a set of rules.
Then D Yi =P for every predicate atom P.

~ Proof: Take the stricture M € K with pM = M x ... % sM for all p € P with
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p(p)‘= 81 x <. % 8y Clearly M |= D holds for any set of rules, but M = —P for all
predicate atoms P. I

Example 5.19: Consider the following set of rules:

even(0)
even(X + 2) « even(X)

We can deduce even(n) for even numbers n but we can not deduce —even(n) for odd
" numbers n. There is not enough information about being not an even number.

Example 5.20: C’onszder the following set of rules:

smoker(john)

sport(john)

sport(jack)

sane(X) « sport(X) A —-smoker(X )

This ezample is rather pathological since we can neither deduce sane(jack) nor
~sane(john). Because there is no information about not being a smoker there is
no information about being sane.

Tf one wants to have negative knowledge one has to add formulas stating negative -
knowledge. For example if one knows that jack is a non-smoker then one must add
the formula —~smoker(jack) in example 5.20. Explicit negative knowledge has some
drawbacks. First of all, as proposition 5.18 states, to formalize negative knowledge
one must go beyond rules. Second, in databases, it is not convenient to have explicit °
negative knowledge. For example in a flight database, flights that are not existent
are simply not recorded. Accordingly, in deductive databases, one wants to stick to
rules and nevertheless obtain negative knowledge.

. The closed-world assumption (CWA) and circumscription are attempts to add knowl-
" edge by default to a theory. The CWA extends the theory by negated ground atoms
that are determined by derivabillity from the original theory. Circumscription is a
syntactic translation that results in a second-order theory [Lif85], [McC80], [Rei78].
Both attempts apply to arbitrary sets of formulas but introduce higher-order con-
cepts. In the following we will rely on another attempt called predicate completion .
that is purely first-order. Predicate completion is only applicable to rules and con-
sists of a simple syntactic translation.

The predicate completion of a finite set of rules D, which results in a set of formulas
comp(D), was first introduced by [Cla78]. The completion essentially. replaces the
+ symbol of the rules by the «» symbol. If P « Aj, ..., P « A, are the rules for
p then the completion will essentially contain one formula P «+ A, V...V A, for p.
The elaborated definition is given in the following: , ‘

Definition 5.21: Let p € P be a predicate with p(p) = s1 X ... X 8,. The first step
is to transform a rule: . '

p(tly---ytn) — A
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into the rulé: .
C (21, 2n) — Ty .:_lym(a:i =, A ATy =, tn A A)

where T1 € Vyy;..., 20 € V,, are fresh variables and y1,. .. ,ym -are the free variables
of t1,...,tn and A .Now suppose this transformation is made for each rule in the
deﬁmtzon of p such that we obtain k >0 tmnsfor"med rules of the form:

(zl, ,.'En) e Al

P(ml,---,zn) - Ay |
The completed definition of p is then the closed formula:
v an(p(zla .y .'12,,,) i Al V...V Ak) ’

The completzon comp(D) of D is the collection of the completed deﬁnztwns of the
predicates p € P.

Note that the completed definition of a predicate p with no rules is the formula
V. . Ve (p(21,. .. ,2n) <+ L). ‘The completion clearly introduces new knowledge
because one can now reason about negative knowledge. The completion also pre-
serves the knowledge of the original set of rules. All the knowledge available in D
is still available in- comp(D)

Proposition 5.22: Let D be a set of rules. Let A be a formula
Then D g A implies comp(D) Fre A.

Proof: Tf M |= comp(D) then M |= P — A V. ..V.A, for all completed definitions.
HenceMl:P«—Afori—l nahdthereforeMl':D S ]

" Example 5. 23 Consider the completwn of ezample 5.19:
even(X) & X =0V IV(X =Y + 2 A even(Y))
We can now deduce ﬂe'ven('n.) for odd numbers n.
Example 5.24: Consider the completzon of example 5.20:
smoke(X) « X = john ‘
sport(X) «+ X = john V X = jack
sane(X) « sport(X) A ~smoke(X)
We can now deduce‘sane(jack) and also —sane(john). ‘
The behaviour of the completion in the previous examples is very satisfying Unfor-

- tunately this is not always the case. It is p0551b1e that the completion is incomplete - °
and even inconsistent.. :

'Example 5.25: We want to reason about the tmnsttwe closure path of a relation
are. C’onszder the following rules: :
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arc(1,2)
are(2,1)

path(X,Y) « arc(X Y)

path(X,Y) « path(X, Z) A arc(Z, Y)

nopath(X,Y) « —path(X,Y)
We cannot deduce nopath(3, 1).
Now consider the completion:

are(X,Y) = (X =1AX=2)V(X = 2/\X——1)

path(X,Y) < are(X,Y) V 3Z(path(X, Z) A arc(Z,Y))

nopath(X,Y) < -path(X,Y)
We can still not deduce nopath(3,1) because M with path™ = {(1 2),(2,1),(1,1),
(2,2),(3,1),(3,2)} is a model. The completion is only .able to state that path is a
transitive relation that contains arc but it is not ablc to state that path 15 the least
relation with that property.

Example 5.26: Consider the famous barber parados. A barber of a small village
must shave those who are not able to shave themselves:

shave(barber, X) — ﬂshave(X, X)
ff the barber does not shave himself he acts against the law in disregarding the ma-
terial implication. On the other hand if the barber shaves himself he does not act

against the law, because the law makes no statement whatever about people the barber
may not shave. Consider the completion:

shave(barber, X) < —shave(X, X)

) Now it is impossible for the barber to conform with the law. The completion is
inconsistent and we can deduce shave(barber, barber) and —shave(barber, barber).

- To end this section we now turn to the algebraic characterisation of the models of
rules and their completion. The characterisation is based on the program operator
Tp of a set of rules D. The program opérator not only affords another insight-
to the interplay of rules and their completion, but is also useful in defining the .
standard model and in the implementation of deductive database. The following
definition and propositions are essentially found in [Llo86, p.81] in the context of

" normal programs. '

‘Definition 5.27: Let D be a set of rules. The program operator Tp is defined to
map siructures M to structures Tp(M) with the same predefined domains, functions
and built-ins such that for allp € P: ‘ )

pTo(M) .= = {(M(t:9), .. ., M(t.0)) | p(ts, .. ’tn) —A€DAM=Ab}

Proposition 5 28: Let D be a set of rules and M be a structure. Then the Sollowing
holds: . . .

M|=D§=>TD(~M)QM
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Proposition 5.29: Let D be a set of'r‘ules and M be a structure. Then the followmg
holds:

M k= comp(D) <> Tp(M) =

5.3 The Standard Model

" In the previous section it has been shown that rules are not able to represent negative
. information. For this purpose the completion has been introduced which gives more
completeness but may also cause inconsistencies. In the following we will take a
closer look at the models of the completxon for some syntactical classes of rules. In
particular we will discuss the classes of hierarchical, definite and stratified rules that
all do have consistent completions. There are still some other-interesting classes:
that are not discussed here. For a brief survey see [Sat90]. In the end of this section

we will concentrate on the standard model of stratified rules. ‘

The classes hierarchical, deﬁmte and stratified are all defined by means of the de- -
pendency graph. The dependency graph consists simply ‘of positive and negative
arcs between predicates. Fxgure 5.1 shows the dependency graphs of the examples
-5.20, 5.19, 5.25 and 5.26 from the previous section.

Definition 5.30: Let A be a formula and p € P a predicate. The predicate p occurs
positively (negatively) in A if there is a sub-formula p(ts,...,tn) of A that is in the
scope of an even (odd) number of negations. '

Definition 5.31: Let D be a set af rules and p,q € P. predinates. The predicate p
depends positively (negatxvely) on q if there is a rule p(ty,...,tx) — A in D and g
occurs positively (negatively) in A.

Hierarchical rules are now deﬁned as rules that do not contam recursion whereas -
definite rules are defined as Tules that may contain recursion but no negation. Graph
A is hierarchical but not definite. On the other hand graph B is definite but not hi-
erarchical. Finally examples C and D -are neither hierarchical nor definite. Stratified
rules are a genuine combination of definite and hierarchical rules. Stratified rules
" may contain recursion and negation although with the restriction that recursion may
not go through negation. A, B and C' are all stratified but D is not stratified.
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‘ ‘Deﬁmtlon 5. 32 "Let D be a set of rules. D is called hierarchical if and only if
there is a level mapping n: P — IN such that n(p) > n(q) whenever p depends on
g. In hierarchical rules recursion is not allowed.,

Definition 5.33: Let D be a set of rules. D is called definite if and only if there
©are no p,q such that p dependa negatively on q.. In definite rules negation is not.
allowed.

Definition 5.34: Let D be a set of rules. D is callcd stratified if and only if there is
a level mapping n: P — IN such that n(p) > n(q) whenever p depends positively on
q and n(p) > n(q) whenever p depends negatively on g. In stratified rules recursion
through negation is not allowed. '

Lets take a closer look to the fix-point models of these classes. By fix-point models
" we mean structures with predefined domains, functions and built-ins that are models
of the completion, i.e. M € K and M .|= comp(D). The first observation will be
that hierarchical rules have exactly one fix-point model. ‘In hierarchical rules the
user-definable predicates depend only on relations previously defined. By induction
they depend only on the built-ins and are therefore uniquely determined. ‘

Lemma 5.35: Let M; and M:z be two structures with the same domains, functions

and built-ins. If M = g™ whenever p depénds on q then pTo() = pTo(Mz),

Propoéition 5.36: Let D be a hierarchical rule set. Then there ezists exactly one
structure M € K with M |= comp(D). : ‘

Proof: Using a level mapping and lemma 5.35 one can inductively construct with
the help of Tp an M € K with M |= comp(D). Now assume M, |= comp(D) and
M, = comp(D) for My, M, € K. Using again a level mapping and lemma 5.35 one
can show that My = M; by induction. m}

'Very important too-is the class of definite rules. - Definite rules have the pleasant
property that their program operator is monotonic. According to.[Tas55] the fix-
point models form a lattice. Hence definite rules do have a whole range of fix-point
models that are all set up in a lattice.

Lemma 5.37: Let My and M, be two structures with the same domains, functions
and built-ins. If ¢ C-q™ whenever p depends positively on g and ¢M D ¢M:
_whenever p depends negatively on q; then pTo(M1) C pTD(Mﬂ)

Proposition 5.38: Let D be a definite rule set. Then the structures M € K with
M = comp(D) form a lattice.

Proof: According to lemma 5.37 the program operator TD is monotomc Apply the
fix-point theorem of [Tas55)]. , . o

Strat1ﬁca.tlon was first introduced by [ABWS86] in the context of quantlﬁer free
rules. [ABWS86] showed that stratified quantifier free rules have a Herbrand fix-
. point model. The result is easily extended to our context where quantifiers and
arbitrary predefined domains, functions and built-ins are allowed. The fix-point
models of stratified rules do not form a lattice anymore. All that can be said is that
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stratiﬁed'rulés have at least one fix-point model,

Proposltlon 5.39: Let Dbea stratzﬁed rule set. Then there is a structure M € K
with M |= comp(D).

Proof: According to lemma 5.35 and 5.37 the prograrn operator.TD is monotonic :
in each level for a level mapping. By virtue of the fix-point theorem in [Tas55] we
can construct a fix-point at each level. Iterating this process the iterated fix-point
IFp is obtained which is clearly a fix-point model. } m]

The iterated fiz-point was first obtained in [ABW86] in the context of quantifier free
“rules. [ABW86] showed also that the iterated fix-point is independent of the used
- level mapping. The notion of iterated fix-point should not be confused with the

notion of fix-point iteration. The latter describes the way a single fix-point could

be generated whereas the former describes the multiple generation of fix-points.

Fix-point ‘iteration is only applicable to continuous program operators. Because

arbitrary formulas are allowed in our context the prograrn operator is not necessarily

" continuous and we have to rely on the ﬁx—pomt theorem of [Tas55] which'is a pure
existence theorem.

In choosing a fix-point model for one of these classes we are faced with the problem -
that not all classes uniquely determine a fix-point model. Except for hierarchical
rules there can be many fix-point models. In adding the constraint that the fix-point
model should be minimal wé can single out the least fix-point for definite rules.
o Unfortunately stratified rules can have many different minimal ﬁx—pomt models and
therefore no least’ ﬁx-pomt model at all. - :

Example 5.40: Consider the definite rules D = {p « p}. The. completion

comp(D) = {p « p} has the two models M;i(p) =0 and Mg(p) =1. M1 is the
least model.

Example 5.41: Consider the stmtzﬁed rules D = {p « p,q — —-p} The completzon'
comp(D) = {p < p,q « -ip} has the two models My(p) = 0, Mi(q) = 1 -and
My(p) =1 Mz(q) =0. M; and Mz are both minimal.

We have to u'npose an additional constraint for stratified rules. The constraint will
be preservatzon which means that one can add new predicates without disturbing
the meaning of old ones. Preservation is highly desirable in the development of
knowledge bases because one wants to use previously written and tested predicates
without influencing them. :

Example 5.42: If we want to have a mzmmal and preserving ﬁ:z:-poznt model then
we.cannot assign the fiz-point model My(p) = 1,M3(q) = 0 to the stratified rules
D = {p + p,q — —p}. D is an extension of D' = {p « p} which has the least
model M(p) =0, M, is not preserving because Ms(p) # M(p)

Under the ‘two constraints minimality and preservation there is exactly one possi-
ble fix-point model for stratified rules. The unique fix-point model is the same as
‘the iterated fix-point IFp. The iterated fix-point is therefore called the standard
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Class | Unrestricted Minimal Minimal and Preserving
Hierarchical | Unique - Unique Unique :
Definite Not unique  Unique Unique.

Stratified | Not unique Not unique Unique

Table 5.1: Uniqueness of Fix-Point Models

model for stratified rules. Table 5.1 shows the influence of successively imposing the ..
constraints fix-point model, minimality and preservation to the basic classes. The
. standard model is the only minimal and preservmg fix-point model semantic for
stratified rules.

Definition 5.43: Let ¢ be o mapping from rules D to structures $(D) € K. ¢'is
called o fiz-point model semantic iff $(D) | comp(D). :

Déﬁni_tion 5.44: Let ¢ be a fiz-point model semantic. ¢ s called minimal when
there is no M with M }= comp(D) and M C ¢(D) for every set of rules D.

Definition 5.45: Let ¢ be a fiz-point model semantic. ¢ is called preserving when
#(D) = ¢(D')|P for every set of rules D and D" such that D' is an eztension of D.

Proposition 5.46: .The standard model is the one and only mmzma.l and preserving
fiz-point model semantic for stratified rules.

Proof: Clearly IFp is a minimal and preserving fix-point model semantic. - Now
assume that. ¢, and ¢, are two minimal and preserving fix-point model semantics.

. By induction on a level mapping it is easy to show that ¢ (D) ¢2(D) for every
set of rules D because of preservation and minimality. :

5.4 vComputational Tractability

The true sentences of the standard model are neither decidable nor semi-decidable.
Therefore, the class of accepted queries and rules has to be further restricted to
assure their computational tractability. In the following the expressiveness of the it-
erated fix-point I Fp is first- discussed. Then the notion of allowedness is introduced.
It is a syntactical criterion that assures the computational tractabxhty of quenes if
a standard model with finite predicates exists.

In the followxng it is demonstrated that every computa'tiona.l function can be defined . .
by an appropriate set of definite rules. - The demonstration follows [L1086, p.53] where
essentially the same result is shown in a proof theoretic setting. In particular we
will show that every partial recursive function f can be defined in the standard
model semantic by a set D(f) of definite rules. The standard model must have the
domain of natural numbers IV, the zero consta.nt 0: IV and the successor function
+1: N — IN. : :

Deﬁmtlon 5.47: Let f be a partial recursive function. The set D(f) bf definite
rules is inductively defined as follows:
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i) Zero function f(z) = 0. Define D(f) to be the followiny rule.;
 pi(=,0) - .
i) Successor function f (z)=2z+1. Deﬁne D( f) to be the following rule:
ps(z,z+ 1) B :
iii) Projection functions F(z1,-0mn) = ;. Deﬁne D(f) to be the follawmg rule
. Pf(zl'v 03 Ty mJ) ‘ ) o :
iv) Composition f(@1, ..., zn) = h(g1(1, cis @)y ooy G0, ...,mn)). Define D(f) to
"be D(h)U D(g1) U ...U D(gm) plus the following rule: .
Ds(T15 s Ty T)  Pgy (z~1’ T Y1) A A Pgm(zh > Tny Ym ) A PR3, .- ,ym,:z‘)
' v) p-Recursion f(zy,...,z.) = py(g(z1, .. ,zn, y) = 0). Define D(f) to be D(g)
plus-the following three rules : .
Pr(21y vy Ty &) = Pgl(Z1, eny 2y 0, 2) A hf($1,..., Zn, 0,2,2)
(1, er 20,950, %) _ ‘ _ ‘
hy(@15 wees Tns ¥ 2+ 1,8) = Py(15 0y By ¥ + LE) (21, 0 Tny ¥ + 1,1, 7)

Lemma 5.48: Let f be a partial recursive function. Let IFp(;y be the standard
model ofD(f) over the natural numbers. Then for all kl, <y kn, k € IN the following
holds: ’

‘ f(kl,-...,kn)ﬁk<==> IFD(f) |=‘pf(k1,.'.‘.,kn,k) ,

Proposxtlon 5.49: The true sentences in IFp are nezther deczdable nor semi-
decidable. :

Proof: By a reduction to the halting problem the true'sentences in IFp are not
recursive. Consider the sentences Vz3y ps(z,y) which denotes the totality of the
partial recursive function f. As it is well known the code of the total recursive
functions is not recursively enumerable. Hence the true sentences in I Fp are even
not recursively enumerable i in general. ..o

The notion of allowedness i is often introduced in a proof theoretic context to assure
domain independence [TS88]. In our case allowedness is used to tackle the prob-
lem of safe queries, i.e. the finiteness of the answer set. Here we will present an
allowedness notion that is slightly different from the one in [TS88]. The notion is .
based on a procedural reading of formulas from left to right. Every formula A is
regarded a many-valued function M[A0] that produces a set of assignments for a
given assignment § and a given structure M. The intention is that M[A} denotes
all the extensions ¢ of 6 such that M = Ag.

Deﬁmtlon 5.50: Let ¢ : Y — U. Then ¢x.: X — U denotes the restriction of ¢
to XCY, ie ¢x(z)= (a:)forxeX

Definition 5.51: Let A be a formula, M be a structure and 6 : X — U Then the
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a.ssocmted function M [AB] is defined as follows:
M[AH] ={¢: Y—>U|¢x—0AM}=A¢}, Y= XUvar(A)

Example 5.52: Conszder A = p(X,Y), M with pM = {(1,2),(1,3),(2,3)} and
0 = {X/1}. Then MIAG] = {¢, d} with ¢ = {X/1,Y/2} and ¢» = {X/1,Y/3}.

Computing the answer set of a query @ to a database D under the standard model
* semantic clearly amounts to the problem of determining I Fp[@V] where () is the
empty assignment. Likewise safety means that M [Q0] is finite for a structure M
with finite predzcates (p™ finite for all p € P). Hence understanding the safety of
queries means understanding the associated function. The associated function has
the following properties: :

'Definition 5.58: Let S C {# : X — U}. Then S¥ := {¢ Y > U|dx € 5}
denotes the extension of S to ¥ 2 X.

Lemma 5.54: Let M be a structure and 6 : X — U. The followmg holds:
i) MIA A B8] = Ugenriag M[B9] v
i) M[AY B6] = M[A]Y UM[B]’, Y =X Uvar(A)Uvar(B)
i) M[~A6] = 6" \ M[Af)], Y =X Uwvar(A) ‘
iv) M[EI:E Abl={¢v| o€ M[AG]}, Y = X Uvar(4)\ {a:} (z ¢ X)

Let us examine the safety of the associated function by means of lemma 5.54 for an

" infinite domain U. Note that for infinite domains U the set S¥ is infinite in case
that Y # X and § # 0. Now clearly the conjunction M [(A A B)f] is safe in case
that M[A6] is safe and that all M[Bg] are safe for ¢ € M [A6]. The disjunction
MIJ(AV B)f) is safe in case that M[Af] and M[B6)] are safe and that X Uvar(A) =
X Uvar(B). The existential quantification M[(3z A)0] is safe in case that M[A#] is
safe. Finally the negation is safe in case that M[Af] is safe and that var(4) € X.
We are now ready to state the. allowedness criterion:

Definition 5.55: Let ¢ be a term and X be a set of variables. in(t, X) and out(t, X)
are defined as follows: ‘

i) in(t, X) <= var(t) G X
i) out(t,X) &=t € VVin(t,X)

Definition 5.56: Let A be a formula and X be a set of variables. Then ok(A,X)
denotes that A is allowed for input X. ok(A, X) is defined as follows:

i) ok(A A B,X) <= ok(A, X) A ok(B, X U var(A)) -
i) ok(AV B, X) 1= ok(A, X) Aok(B,X) A X U var(A) X U var(B)
iii) ok(—A,X) <= ok(A, X) Avar(4) C X '
iv) ok(3z A, X) :<= ok(A, X\ {z})

v) ok(s =t,X) 4= (in(s, X) A out(t, X)) V (in(t, X) A out(s X))
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vi) ok(p(ts, ... tn), X) 4= out(ti, X) A ... A out(t,, X)

Proposition 5.57: Let M be a structure without eztra buili-ins, 8 : X - U «

partial assignment for M and A be a formula such that ok(A X) holds Then the
: followmg holds:

M has finite predicates => M[Af) is finite -

'Proof Use induction on A. The induction step is easily verified by lemma 5.54,
For the base case use the fact that M(¢0) is defined for var(t) C X. B !

Allowedness for input can now be used to assure the safety of queries. Assume that
the predicates of IFp are all finite, then from 0k(Q,0) it follows that I FD[Q(I)] is
finite too. It is also easy to see that additionally the answer set I FD[QQ)] is totally
recursive in case that the predefined functions are all totally recursive. The problem.
that rests is the problem of computing IFp. We don’t know yet how to compute

IFp and whether the predxca,tes will be finite. Therefore the notion of allowed rules
is introduced. s

Definition 5.58: Let P « A be a rule P — A is called allowed if and only zfA
war(P) C var(A) and ok(A, D).

Lemma 5.59: Let D be a ﬁmte set of allowed rules and M be a structure without
estra built-ins. Then the following holds:

M has finite predwates = Tp(M) has finite predzcates

" The application of the program operator Tp of allowed rules to astructure with finite
predicates gives a structure with finite predicates. Now it is also easy to see that Tp
is totally recursive for structures with finite predicates in case that the predefined

" functions are all totally recursive. Hence it is possible to effectwely iterate Tp and
therefore if a finite fix-point exists it will be reached in a finite number of iteration
steps. The allowedness notion presented so far is essentially used in ProQuel. It
allows ProQuel to compute the standard model if a finite one exists. Through the
notion of allowedness no. computatlonal power is lost:

Proposn'.lon 5.80: Allowed rules with at least the zero functzon and the successor
functwn are computational complete.

Proof: We show that for every partial resursive furction f there is a definite set

of allowed rules D( f) “The set D(f) is obtained from D(f) in deﬁmtlon 547 by

changmg every rule P « A to:
P nat(zi) A.. Anat(za) A A
Where' {Z1,:.., 2} = var(P)\ lxar(.A) and by adding the following two rules:
nat(0) ' ' ‘ ‘
 nat(z +1) nat(a:)
'Clearly the rules are a.ll allowed and I FD(f) IFp I)IP o o
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