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—— Abstract

Logic programming is an excellent platform for implementing declarative rule-based systems in
artificial intelligence (AI). It is also well-suited for mediating between declarative tools such as
relational or deductive databases, semi—structured databases (XML), and semantic web databases
(based on RDF or OWL). Often, domain-specific languages are used in expert systems based on
user—defined infix operators.

For the evaluation of expert rule bases, the declarative bottom—up computation of Datalog known
from deductive databases can be complemented with Prolog’s top—down evaluation. We will review
some related work on logic programming and deductive databases and describe some tools with
examples for declarative logic programming in Prolog and Datalog for information systems in Al
that have been implemented within the declarative toolkit Declare.
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1 Declarative Logic Programming

Declarative systems based on logic programming can combine declarative query languages
such as SQL, SPARQL and Datalog with the processing of documents in established and
widely used data formats, such as XML, RDF, and OWL. The logic programming language
Prolog is an established and effective mediator technology between these hybrid data formats,
since it allows for programming with meta—predicates and conveys expressiveness through
nondeterminism built into the language. Also, Prolog is very well-suited for implementing
domain—specific languages [6] using user—defined infix operators [23]. This feature promotes
user—friendly applications, in which the language being coded in is embedded in the logic
tools.

In what follows, we sketch the history of logic programming and databases, and then we
briefly describe some declarative tools based on logic programming that we have implemented
and that are mediated using Prolog.

1.1 Logic Programming and Databases

The field of logic and databases is an outgrowth of work in logic programming by Kowalski [10]
and Lloyd [11] and in databases by Codd [3] and Ullman [26]. More powerful systems can
be developed than by either approach alone, such as knowledge—based and nonmonotonic
reasoning systems. Early work in relational databases emphasized implementation techniques
and optimization methods using a bottom—up approach to query answering. This work led
to efficient database systems of importance to commercial applications. Logic—based efforts
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emphasized a top—down proof procedure and theoretical issues related to AI problems. The
major contribution of Codd was to understand that the application of the relational calculus
and the relational algebra to databases could yield a declarative query language that allows
for optimization techniques. Those who approached databases through logic were influenced
by work in theorem proving by J. Alan Robinson [19] who developed a uniform method
to perform deduction in logic. The following development of the programming language
Prolog by Colmerauer and his group [4] was very important for AT applications. Prolog is a
top—down problem solver, and recursion is also permitted in logic programming while early
relational systems did not permit recursion in queries or views. Early emphasis by the logic
programming community was on syntax and semantics, only later commercially available
systems could handle larger scale industrial problems.

In 1977, Gallaire, Nicolas and Minker organized a workshop on deductive databases [8].
Whereas logic programs permit function symbols in logical atoms, relational and deductive
databases are generally function—free and deal almost exclusively with a finite set of constants
in relations. The extended field of disjunctive logic programming and disjunctive deductive
databases had its beginnings in the 80s [13, 12, 15]. The theoretical results extend the theory
of logic programs as developed by Lloyd [11] and Apt [1]. The work in disjunctive logic
programming has also been shown to be important for representing and implementing non-
monotonic and abductive reasoning, and knowledge—based systems. There have been several
surveys on deductive databases, starting with Gallaire, Minker and Nicolas [9]. Minker [14]
provides historical material, results in complexity and early systems. Ramakrishnan and
Ullman [18] focus on implementation techniques in Datalog, and they briefly describe a
number of projects that have implemented systems. Minker, Seipel and Zaniolo [16] provide
a history of the field of logic and databases from the late 1950s to the present.

1.2 Declare, DDBase, and Other Tools

The declarative logic programming system Declare with its deductive database component
DDBASE provides a logic programming language Datalog* that combines the top—down
reasoning of Prolog with the bottom—up reasoning of Datalog: In this paper, we will describe

Datalog

Figure 1 Prolog and Datalog for Declarative Logic Programming in DDBASE.

the tools DDBASE, FNQUERY, and DDQL of Declare with examples.

On the other hand, systems such as XSB Prolog [25] allows for top—down evaluation of
logical rule systems in the programming style. XSB is an implementation of Prolog designed
for knowledge-based systems, deductive databases, and Al applications in general. It
extends Prolog with powerful features for efficient logical inference in situations not normally
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handled by standard implementations. The key feature is tabling (SLG resolution): it stores
intermediate results, which can be used to detect and avoid infinite loops, thereby ensuring
termination for many recursive queries. Tabling has been the object of implementation in
other Prolog systems, including Ciao [7], YAP [5], and SWI [28].

In contrast, standard Prolog may loop indefinitely and recompute the same results multiple
times. Tabling is useful for recursive queries, graph traversal, and reasoning over complex
rule systems. These are common in deductive databases, AI, and knowledge representation.
Typical application areas in deductive databases are rule-based querying and recursive data
relationships; in artificial intelligence, logical inference and knowledge representation can
benefit; in the semantic Web, ontologies and rule-based reasoning; in program analysis, static
analysis and security verification. A typical example in tabled Prolog is the well-known
ancestor rule set. In summary, tabling is a powerful extension to Prolog, geared for efficient
logical inference, and especially useful for recursive and knowledge—based applications over
relations that include graphs with cycles.

Compared to tabled Prolog, the database—style bottom-up evaluation of DDBASE is easier
to apprehend, as it separates normal Prolog from deductive database Datalog—style predicates
explicitly. Moreover, Declare allows the embedding of Prolog calls into rule bodies, which
are then evaluated as usual in logic programming languages. Declare can also make use of
the more recently developed logic programming and non-monotonic reasoning (LPNMR)
concept of answer set programming (ASP) on certain parts (strata) of the program and
mediate between different types of hybrid knowledge bases.

The rest of this paper is organized as follows: Section 2 describes the tools DDBASE,
FNQUERY, and DDQL of Declare in general, whereas Section 3 gives two more detailed
examples for explaining the features of DDBASE. Finally, Section 4 closes with a summary
and some remarks on possible future extensions.

2 Tools in Declare

For complex knowledge bases, specialized problem solvers might be embedded in Declare,
e.g. answer set programming (ASP) solvers. For many practical applications, however, the
expressivity and performance of Declare is already sufficient.

In the system Declare, the bottom—up computation of Datalog known from deductive
databases is complemented with Prolog’s top—down evaluation. Datalog is embedded and
interleaved with Prolog, and Prolog goals can even by called from Datalog in the sense of
built—in predicates, thereby gaining expressiveness, see Figure 1.

In many application domains, the bottom—up point of view is more natural and easier to
understand for the users. Other approaches from the literature seek to make Prolog more
declarative, e.g. by forbidding certain predicates with side effects.

2.1 The Rule Knowledge Base DDBase

Modern knowledge base systems frequently need to combine a collection of databases in
different formats: e.g., relational databases, XML databases, rule bases, ontologies, etc. In the
deductive database system DDBASE [21], we can manage these different formats of knowledge
and reason about them — even the file systems on different computers could be part of the
knowledge base. The Graphical User Interface of DDBASE is shown in Figure 2.

Often, it is necessary to handle different versions of a knowledge base; e.g., we might
want to find out common parts or differences of two versions of a relational database.
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Figure 2 The Graphical User Interface of DDBASE.

DDBASE uses the domain—specific extension Datalog* of the standard query language
Datalog known from deductive databases. Syntactically, Datalog* allows for general Prolog
rules with function symbols and meta—predicates (one of them is default negation), which
must be stratified, i.e. no recursion is allowed through meta—predicates. The user is responsible
for avoiding infinite loops.

In contrast to standard Prolog rules, the rules are evaluated bottom—up after a static
program analysis. DDBASE uses abstractions of rule bases by predicate dependency and
rule predicate graphs; also the proof trees of derived atoms can help to compare different
versions of a rule base. A recent new contribution of DDBASE also allows for a semi—stratified
evalutaion of arbitrary default negation, that detects non—stratified parts by program analysis
that are then evaluated using an ASP solver.

Moreover, it might be possible to have derivations joining rules with other formalisms
of knowledge representation. Ontologies have shown their benefits in many applications of
intelligent systems, and there have been many proposals for rule languages compatible with
the semantic web stack, e.g., SWRL, the semantic web rule language. Recently, ontologies are
used in hybrid systems for specifying the provenance of the different components.

DDBASE can compute the perfect model for a Datalog* program by repeated iterations
on the strata, see Figure 2.

In the next section, we will give two detailed motivating examples for DDBASE, a longer
one with stratified default negation on doubly connected networks, and a shorter one for
grouping and counting the authors in a publication database with stratified aggregation.

2.2 XML Transformations, Queries, and Updates

With the tool FNQUERY [20], semi-structured (e.g. XML) data can be represented and
queried nicely in a logic programming environment. It introduces a document object model
for XML documents in Prolog, which is called field notation, and it simplifies dealing with
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semi—structured data; instead of accessing a component of a Prolog fact by its argument
position, one may do so non—positionally by its attribute name. One may also access nested
components by a complex path or tree expression.

FNQUERY implements a library FNPATH of the domain—specific language XPATH from
XML with predicates dealing with XML data in field notation. Practical case studies have
shown how to extract and transform information from XML documents in a declarative
style [20]. For some applications, the relevant information can be located automatically
within the document, such that the extraction process becomes robust to certain changes of
the document structure, over time.

As an example, consider an XML representation of a tennis match of the following form:

<match>
<set id="1">
<game id="1" service="A">
<point id="1" top="B" winner="A">
<hit id="1" hand="forehand" time="00:00:42" x="0.17" y="-12.07"/>
<hit id="2" hand="backhand" time="00:00:44" x="-0.49" y="5.89"/>
<hit id="3" hand="backhand" time="00:00:46" x="-3.92" y="-3.42"/>
<hit id="4" hand="forehand" time="00:00:48" x="3.56" y="2.06"/>
</point>
<point id="2" ...> ... </point> ...
</game> ...
</set> ...
</match>

The following DDBASE query computes a list of tuples [S, G, P, L, D], where for each
set S, game G, and point P, it computes L as the average of the points lengths and D as
the average of the points distances; it uses path expressions in FNPATH to access the XML
document Match:

average_point_distances (Match, Tuples) :-
ddbase_aggregate( [S, G, P, avg(L), avg(D)],
( Point := Match/set::[@id=S]/
game :: [@id=G, @service=Service]/point,
P := Match/player::[@id=Service] @name,
point_to_length_and_distance (Point, L, D) ),
Tuples ).

2.3 The Deductive Database Query Language DDQL

DDQL [24] proposes a natural, keyword—based query interface for knowledge bases — including
relational or deductive databases — based on contextual background knowledge such as suitable
join conditions or synonyms. Join conditions could be extracted from existing referential
integrity (foreign key) constraints of the database schema; they could also be learned from
other, previous database queries, if the database schema does not contain foreign key
constraints.

Given a textual representation — a word list — of a query to a relational database, one may
parse the list into a structured term. The intelligent and cooperative part of the approach is
to hypothesize the semantics of the word list and to find suitable links between the concepts
mentioned in the query using contextual knowledge, more precisely join conditions between
the database tables.
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Figure 3 The Graphical User Interface of DDQL.

DDQL uses a knowledge—based parser based on an extension of definite clause grammars
(DCG) that are interleaved with calls to the database schema to suitably annotate the tokens
as table names, table attributes, attribute values or relationships linking tables. DDQL yields
the possible queries in a special domain—specific rule language that extends Datalog, from
which the user can choose one.

The deductive database query language DDQL has been described in detail with examples
in another paper at SLATE 2023, cf. [22]. The example in Figure 3 shows the graphical user
interface of DDQL for a relational database query asking for the list of salaries of department.
This stimulates an aggregation query to group the salaries of the departments by listing
all salaries per department. Since the 1ist aggregation function list is not allowed in SQL
(the typical aggregation funtions would be sum, agg, min, and max), this query can only be
answered in DDBASE.

3 DDBase Examples

Deductive databases offer recursive rules, which can be seen as an extension of SQL views,
where only limited forms of recursion are possible. In DDBASE, also stratified aggregation
operations and default negation are possible; stratification means that the goal of the meta—
operation (e.g. aggregation or default negation) has to be evaluated before the operation
itself and cannot recursively depend on the meta—operation.

In deductive databases, we split a logic program P into subsets of rules (strata), such
that a default negation in a stratum only refers to the same stratum or to lower strata. Then,
the logic program can be evaluated stratum by stratum — beginning with the lowest stratum.
This derives the so—called perfect model of the program. Such a partitioning into strata does
not always exist, if there is default negation interleaved with recursion. Then, we need more
elaborated evaluation methods and semantics such as well-founded or stable models.
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Figure 4 Forward Chaining with Prolog Built—Ins.

DbpBASE allows for rules in Prolog syntax, which are — however — evaluated bottom—up.
The program is split into a of set P, of rules that are evaluated bottom—up and another set
P, of rules that are evaluated top—down. The body atoms B; of a rule in P, are evaluated
top—down with Prolog’s SLDNF resolution. If the body evaluates to true, then the head A
of a rule is derived.

The consequence operator of DDBASE for forward chaining with Prolog built-ins evaluates
a Prolog program P, which is given as a list of rules and is not part of the Prolog database.
It uses a helper Prolog program P,y that is stored separately.

3.1 Doubly Connected Network with Stratified Default Negation

The following recursive DATALOG™" program of [2] decides whether a network is doubly
connected: Py, = {ry,...,r1o }. For visualization, we use the subway network (Schnellbahn
Netzplan) of Munich, cf. Figure 5. We can solve it and explain it more declaratively with the
combination of bottom—up and top—down of DDBASE, cf. Figure 4, rather than it could be
done in Prolog or XSB alone; in realistic extensions, there could be additional body atoms B;
to be solved in Prolog during a stratified bottom—up evaluation.

The first 5 rules compute stations and connected nodes X and Y from a base relation
link, which is first made symmetric in the form of linked and for which we also define its
transitive closure, expressed as connected, as follows:

r1 = linked(X,Y) :— link(X,Y),
ro = linked(X,Y) :— link(Y, X),
r3 = station(X) — linked(X,Y),

ry = connected(X,Y) — linked(X,Y),
rs = connected(X,Y) — linked(X, Z) N connected(Z,Y)NX #Y.

The following rules compute triples X,Y, S, such that there exists a connection from X
to Y that circumvents S (rules r¢ and r7):

re = circumvent(X,Y,S) -
linked(X,Y) A station(S)ANX #SAY # 8,
r7 = circumvent(X,Y,S) -
circumvent(X, Z,S) A circumvent(Z,Y,S) N X #Y.

SLATE 2026



13:8 Deductive Databases and Logic Programming

QA

SV Schnellbahn-Netzplan va {
m A er o peters B Freising o B rucheten L 4 /

Minchen

= EXPulling 0
Kielnberghofen Lohhot  Eching Neufshm Besucherpark Hallbergmoos Und Tariorbund
5 C Esterhofen 0 0 i e x m mm Em o R oE o E o ow oA '"' "
a B & .
Erfweg (03 ©  CorohingHoohbrick
UntorschlelBhelm o EX 1 femanin
@ & O Rohmoos B i Frittmoning = g
Ambach
B o Nannhofen OborschiclBholm D GE_ (o o @ Ending 00 &1
Markt bergl strae Harthot Am Hart Ahenerding & &1
. Indersdort & aipers. FHimochino 5
5 5 Malching m Iz} Frankfurter Ring Johanneskirchen Aufhausen 03 B
Nisdlerroth Fasanerle 0 Milbertshofen

Scheldplatz Bonner Platz
0 0 Englschalking Ottenhofen o1 &

Daglfing

[S3]s4) 5 Feldkirchen ¢

m Leuchtenbergring

| 7 £ Neuperlach Zentrum
L - £1 Thersse-Giehss-Allee
BrudermihistraRe s;.nm..ny Perlach O Neuperlach Sud & Zomeding 0 &
(2]

Mitter-
Ober-

"0 Neublberg FX

0
Mangfaliplstz Unterhaching o &
Thalkirchen (Zoo)
= Siemenswerke & O Ottobrunn Egiharting
- Hohenbrunn
e Taufkirchen O B 234
) GroBhesselohe Isartalbf Wachterhof 0 - a
B o Furth rchsseon
o Hahankirchen-
o Hollregelskreuth Siegertsbrunn ' &
nebach Buchenhain ! Datseshofen Dirnhasr O Grafing Bahnhof ( Ef
= " o Balerbrunn A
H O Saveriach ying o B Grafing a
Pei
B [ Otterfing

GroBhelfendort 0 B Ebersberg 1 &

1S 4 ST O Holikrohen & B2 KrouastraB O (

® MW / Stand: Junl 1999

Figure 5 Subway Network of Munich.
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S is a cutpoint between X and Y, if X and Y are connected and S cannot be circumvented
on this connection (rule rg), see Figure 6:

rg = cutpoint(X,Y,S) -
connected(X,Y) N station(S) A
X #SANY #SA
not circumvent(X,Y,S).

According to rule rg, a station S is a cutpoint, if X and Y are connected, S is different from
X and Y (no matter where S occurs on a path from X to Y), and S cannot be circumvented.
In Figure 6, on the left, S can be circumvented, since there exists another path through Z;
on the right, S cannot be circumvented, since the only path from X to Y has to pass S.

Two nodes X and Y are doubly connected, if they are connected and there exists not
cutpoint between X and Y (rules rg and 71p):

rg = exists_cutpoint(X,Y) -
cutpoint(X,Y,S),

ri0 = doubly__connected(X,Y) —
connected(X,Y)NX #YA
not exists_cutpoint(X,Y).

In summary, the DATALOG"™" program P;. = {ri....,r10} has, e.g., the following
stratification

II; = { link, linked, station, connected, circumvent },

Iy = { cutpoint, exists__cutpoint },

II3 = { doubly_ connected },

with the corresponding strata Py = {r1,...,77}, Po = {rs,r9}, P3 = {r10}. The dependency
graph GﬁdC is shown in Figure 7. Besides the marked stratification, there exist others.

In DDBASE, this program P,. can be evaluated using a stratified bottom—up fixpoint
computation. Many intermediate facts are computed during the evaluation, but this poses
no problem to the DDBASE system. In practice, the facts for 1ink/2 and station/1 were
derived by the following Prolog helper rules

link(X, Y) :-

line(_, Stations), append(_, [X, Y|_], Statioms).
station(8) :-

line(_, Stations), member(S, Stations).

and facts for 1ine/2 of the form

line(sl, [
freising, moosach, laim, donnersbergerbruecke, ostbahnhof,
giesing, neuperlachsued, kreuzstrasse ]).

Together with Py, these rules form a Datalog* program P,. The helper program is formed
by the standard Prolog rules for append/3 and member/2. We got good performance on
stratified evaluation, taking less than 17 seconds as more than 60.000 facts are generated
and processed, running on a single-threaded Intel Core i7-8565U CPU.

13:9
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Figure 7 Dependency Graph with Stratification in 3 Strata.

3.2 Count Authors with Aggregation

Given a base predicate about publications, the following DDBASE code can compute coauthor
counts and lists:

co_author (Author_1, Author_2) :-
paper (Author_1, Paper),
paper (Author_2, Paper),
Author_1 \= Author_2.

co_authors (Author, Count, Co_Authors) :-
[Author, Count, Co_Authors] <==
ddbase_aggregate( [A, count(B), 1list(B)],
co_author (A, B) ).

A call Xs <== ddbase_aggregate(Template, Goal) computes all answers Template
to the goal Goal, and successively unifies the list Xs with these answers. Thus, lists can
be generated by this construction, which is not possible by aggregation in SQL, and the
aggregation functions can be self-defined.

For an example database on publications with binary facts about paper, transitive
coauthors can already be computed in standard deductive databases. In DDBASE, the
coauthor distance, Erd6s number or cliques can be computed by built—in calls to Prolog or
other external languages. If the base facts are given in domain—specific terms for XML, then
FNQUERY can handle the transformation from this XML to Datalog.

In DDBASE, embedded calls to answer set programming (ASP solvers) can be used to
evaluate non—stratified default negation — which can be detected by program analysis. In
DbDQL, natural queries in the form of Google-like buzzword lists can be evaluated. We are
presently working on an extension with automated speech recognition (ASR) and contextual
logic programming.
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4 Conclusions and Future Directions

The deductive database component DDBASE of the logic programming toolkit Declare helps to
effectively build applications of intelligent information systems in a declarative way. Datalog*
can embed Prolog calls into the standard bottom—up evaluation of Datalog. Like in embedded
SqL, Datalog can now be embedded into the programming language Prolog, and Prolog
built—ins can be embedded into Datalog.

Relational databases and XML documents can be accessed from Datalog* by ODBC and
FNQUERY, respectively. We have not shown ODBC here, since it is a standard feature of
programming languages such as Prolog. The query language DDQL is another tool of Declare,
which has been described in detail in another paper.

It is also our belief that an integration of the program—structuring abilities brought by
contexts, especially along the lines of temporal contextual logic programming [17], can be
leveraged to effectively and naturally build further mediator programming features, in which
multiple versions of ontologies may coexist and be queried in a unified way. We are working
on an integration of TCXLP into DDBASE and thereby provide a scalable and efficient
means for keeping control over large—scale web or database applications. Such a system
would inherit the underlying components’ properties of verifiability and provability.
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