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Preface

Knowledge means power – but only if it is available at the right time, the right
place, and in the hands of the right people. Structured, engineered, repeatable
methods to gather, transport, and apply knowledge are collectively called knowl-
edge management.

Declarative programming strives for the ideal of programming by wish: the
user states what he or she wants, and the computer figures out how to achieve
it. Thus, declarative programming splits into two separate parts: methods for
humans on how to write wishes, and algorithms for computers that fulfil these
wishes.

Knowledge management is now recognized as an economic key factor. Declar-
ative programming has matured far beyond the research stage of a merely in-
teresting formal logic model to one of the powerful tools in computer science.
Nowadays, no professional activity is thinkable without knowledge management,
and companies increasingly need to document their business processes. Here,
declarative programming carries the promise to be a shortcut to not only docu-
menting but also implementing knowledge-based enterprises.

This volume presents a selection of papers presented at the 16th Interna-
tional Conference on Applications of Declarative Programming and Knowledge
Management, INAP 2005, held in October 2005 at Waseda University, Fukuoka,
Japan. These papers reflect a snapshot of ongoing research and current appli-
cations in knowledge management and declarative programming. Further, they
provide reality checks and many pointers for readers who consider introducing
related technologies into their products or working environments.

Skimming through the table of contents, technology managers as well as im-
plementors will be surprised on the wide scope covered by this selection of papers.
If you think of knowledge streams as supply, manufacturing, or distribution
chains, you will see that it all fits together.

The papers have been selected for their thought-provoking value, the authors
are aware that their readers have diverse backgrounds. We sincerely hope that
this book is stimulating reading, applying and conducting further research in
declarative programming and knowledge management.

Japan/Germany 2006 Masanobu Umeda
Armin Wolf

Oskar Bartenstein
Ulrich Geske

Dietmar Seipel
Osamu Takata

(Editors)
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Prolog Cafe: A Prolog to Java Translator System

Mutsunori Banbara1, Naoyuki Tamura1, and Katsumi Inoue2

1 Information Science and Technology Center, Kobe University
1-1 Rokkodai, Nada, Kobe 657-8501, Japan

{banbara, tamura}@kobe-u.ac.jp
2 National Institute of Informatics

2-1-2 Hitotsubashi, Chiyoda-ku, Tokyo 101-8430, Japan
ki@nii.ac.jp

Abstract. We present the Prolog Cafe system that translates Prolog
into Java via the WAM. Prolog Cafe provides multi-threaded Prolog en-
gines. A Prolog Cafe thread seems to be conceptually an independent
Prolog evaluator and communicates with each other through shared Java
objects. Prolog Cafe also has the advantages of portability, extensibility,
smooth interoperation with Java, and modularity. In performance, our
translator generates faster code for a set of classical Prolog benchmarks
than an existing Prolog-to-Java translator jProlog.

1 Introduction

Recent development of Prolog in Java suggests a successful direction to extend
not only Prolog to be more networked and mobile, but also Java applications
to be more intelligent. We aim to develop a Java-conscious Prolog system that
has the advantages of portability, extensibility, interoperability, parallelism, and
modularity.

In the implementation of Prolog, the Warren Abstract Machine (WAM) [1,2]
has became a de facto standard. WAM is flexible enough for several exten-
sions such as higher-order, concurrent, constraint, and linear logic programming.
WAM has been also a basis for compiling Prolog into C [3], C++, Java, C#.

We present the Prolog Cafe system that translates Prolog into Java. The
execution model of translated Java classes is based on the WAM. Main features
of Prolog Cafe are as follows:

– Portability
Prolog Cafe is a 100% pure Java implementation and is portable to any
platform supporting a Java compiler.

– Extensibility
The output of Prolog Cafe translator can be well structured and readable.
Prolog Cafe is therefore easily expandable with increasing Java class libraries.

– Interoperability
From the Java side, the translated code of Prolog Cafe can be easily embedded
into Java applications such as Applets and Servlets. From the Prolog side,
any Java object can be represented as a Prolog term, and its methods and
fields can be exploited from Prolog.

M. Umeda et al. (Eds.): INAP 2005, LNAI 4369, pp. 1–11, 2006.
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2 M. Banbara, N. Tamura, and K. Inoue

– Parallelism
Prolog Cafe provides multi-threaded Prolog engines. A Prolog Cafe thread
seems to be conceptually an independent Prolog evaluator, in which a Prolog
goal runs on a local runtime environment. Prolog Cafe threads communicate
with each other through shared Java objects.

– Modularity
Prolog modules are translated into separate Java packages that can be im-
ported from each other.

In performance, our translator generates faster code for a set of classical Prolog
benchmarks than an existing Prolog-to-Java translator jProlog. Main differences
from the previous version of Prolog Cafe [4] are new features of interoperability,
parallelism, and modularity listed above.

Usefulness of Prolog Cafe has been shown through several applications: P# [5],
Multisat [6], Maglog [7], Holoparadigm [8], and CAWOM [9]. Among these appli-
cations, we give a brief introduction to the Multisat system, a parallel execution
system of SAT solvers.

The reminder of this paper is organized as follows. After showing the transla-
tion method of existing Prolog to Java translators in Section 2, Section 3 presents
the Prolog Cafe system in detail. Related work is discussed in Section 4, and the
paper is concluded in Section 5.

2 Existing Prolog to Java Translator Systems

In this section, we present how jProlog and LLPj translate Prolog into Java. Due
to space limitations, we use the following simple example:

p :- q, r.

q.

2.1 jProlog

The jProlog [10] system, developed by B. Demoen and P. Tarau, is a first gen-
eration Prolog to Java translator via the WAM. jProlog is based on binarization
transformation [11], a continuation passing style compilation used in BinProlog.

In jProlog approach, each clause is first translated into a binary clause by
binarization and then translated into one Java class. Each predicate with the
same name/arity is translated a set of classes; there is one class for direct entry
point, and other classes for clauses. Each continuation goal is translated into a
term object, that is executed by referring to the hash table to transform it into
its corresponding predicate object.

Our example is first translated into the following binary clauses where Cont
represents a continuation goal:

p(Cont) :- q(r(Cont)).

q(Cont) :- call(Cont).
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and then each of them is translated into the following Java classes:

public class pred_p_0 extends Code { % entry point of p/0
static Code cl1 = new pred_p_0_1();
static Code q1cont;
void init(PrologMachine mach) {

q1cont = mach.LoadPred("q",0); % get continuation goal q/0
}
Code Exec(PrologMachine mach) {

return cl1.Exec(mach); % call the clause p(Cont) :- q(r(Cont))
}

}
class pred_p_0_1 extends pred_p_0 { % p(Cont) :- q(r(Cont)).

Code Exec(PrologMachine mach) {
PrologObject continuation = mach.Areg[0]; % get Cont
mach.Areg[0] = new Funct("r".intern(), continuation); % create r(Cont)
mach.CUTB = mach.CurrentChoice;
return q1cont; % call q/0

}
}
public class pred_q_0 extends Code { % entry point of q/0

static Code cl1 = new pred_q_0_1();
Code Exec(PrologMachine mach) {

return cl1.Exec(mach); % call the clause q(Cont) :- call(Cont).
}

}
class pred_q_0_1 extends pred_q_0 { % q(Cont) :- call(Cont).

Code Exec(PrologMachine mach) {
mach.CUTB = mach.CurrentChoice;
return UpperPrologMachine.Call1; % call Cont

}
}

The PrologMachine class represents a Prolog engine and has a runtime envi-
ronment such as argument registers (Areg[1] – Areg[n]), cut register (CUTB),
choice point stack, trail stack, and so on. The Code class is a common super-
class of all predicates. This class has the Exec method, and its argument is an
object of currently activated Prolog engine. Continuation goal is always stored
in Areg[0] at term level. Prolog cut (!) is implemented by the traditional way
used in usual WAM-based Prolog systems. Translated code is executed in the
following supervisor function:

code = goal predicate;
while (ExceptionRaised == 0) {

code = code.Exec(this) ; % this indicates Prolog engine
}

This function iteratively invokes the Exec method until the failure of all trials.
The Exec method does certain actions referring to a Prolog engine and returns
a continuation goal.

jProlog provides a simple and sound basis for translating Prolog into Java. It
also supports intuitionistic assumption, backtrackable destructive assignment,
and delayed execution. However, there are some points that can be improved
since jProlog is an experimental system. For example, jProlog has no support for
multi-threaded execution and does not incorporate well-known optimizations
such as indexing and specialization of head unification.
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2.2 LLPj

LLPj [12] is a Java implementation of a linear logic programming language. LLPj
takes a different approach from jProlog for translating Prolog into Java.

In LLPj approach, each predicate with the same name/arity is translated into
only one class, in which each clause is translated into one method. Each continu-
ation goal is translated into a predicate object rather than a term. The previous
example is translated as follows:

public class PRED_p_0 extends Predicate {
public PRED_p_0 ( Predicate cont) {

this.cont = cont; % get Cont
}
public void exec() {

if(clause1()) return; % call the clause p(Cont) :- q(r(Cont))
}
private boolean clause1() { % p(Cont) :- q(r(Cont)).

try {
Predicate new_cont = new PRED_r_0(cont); % create r(Cont)
(new PRED_q_0(new_cont)).exec(); % call q/0

} catch (CutException e) {
if(e.id != this) throw e;
return true;

}
return false;

}
}
public class PRED_q_0 extends Predicate {

public PRED_q_0 ( Predicate cont) {
this.cont = cont; % get Cont

}
public void exec() {

if(clause1()) return; % call the clause q(Cont) :- call(Cont).
}
private boolean clause1() { % q(Cont) :- call(Cont).

try {
cont.exec(); % call Cont

} catch (CutException e) {
if(e.id != this) throw e;
return true;

}
return false;

}
}

The Predicate class is a common superclass of all predicates that has the exec
method and the cont and trail fields. These two fields are used to store a con-
tinuation goal and a trail stack respectively. The exec method invokes, in order,
the methods corresponding to clauses. Thus, everything we need at runtime is
maintained in each predicate locally, and there is no implementation of Prolog
engine such as PrologMachine in jProlog. Prolog cut (!) is implemented by using
Java’s exception handlers try and catch block. Translated code is executed by
invoking the exec method:

code = goal predicate;
code.exec();

LLPj is comparable in performance to jProlog for some Prolog benchmarks
used in Section 3.4. The weakness of this approach is that the invocation of
exec will invoke other nested exec methods, and never return until the system
reaches the first solution. This leads to a memory overflow for large programs.
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Term

NumberTerm SymbolTerm StructureTermListTermVariableTerm

{abstract}

DoubleTermIntegerTerm

JavaObjectTerm

Fig. 1. Term Structure of Prolog Cafe

3 Prolog Cafe

In this section, we present the Prolog Cafe system, especially its translation
method and new features of interoperability and parallelism. In performance,
we compare Prolog Cafe with jProlog for a set of classical Prolog benchmarks.
We also give a brief introduction to the Multisat system.

3.1 Translating Prolog into Java

Each term is translated into a Java object of classes in Figure 1: VariableTerm,
IntegerTerm, DoubleTerm, SymbolTerm, ListTerm, and StructureTerm. The
Term class, which has an abstract method unify, is a common superclass of
these classes. The JavaObjectTerm class is used to represent any Java object as
a Prolog term.

The Prolog Cafe translator is based on the jProlog approach with featuring
LLPj. Prolog Cafe incorporates the optimization of indexing (only first level) and
specialization of head unification. Basically, each predicate is translated into a
set of classes; one class is for an entry point of a predicate, and the other classes
are for clauses and choice instructions 1. Each continuation goal is translated
into a predicate object rather than a term. Our previous example is translated
as follows:

import jp.ac.kobe_u.cs.prolog.lang.*;
public class PRED_p_0 extends Predicate {

public PRED_p_0(Predicate cont) {
this.cont = cont; % get Cont

}
public Predicate exec(Prolog engine) { % p(Cont) :- q(r(Cont)).

engine.setB0();
Predicate p1 = new PRED_r_0(cont); % create r(Cont)
return new PRED_q_0(p1); % call q/0

}
}
public class PRED_q_0 extends Predicate {

public PRED_q_0(Predicate cont) { % get Cont
this.cont = cont;

}
public Predicate exec(Prolog engine) { % q(Cont) :- call(Cont).

return cont; % call Cont
}

}

1 It is noted that a predicate is translated into only one class in the deterministic case
such as a predicate consisting in only one clause.
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The output of Prolog Cafe consists of two classes and is smaller than that of jPro-
log. Translating continuations into predicate objects makes it possible to avoid
the overhead of referring to the hash table. We can also avoid memory overflow
occurred in LLPj since translated code is executed by a supervisor function.

Besides static predicates, Prolog Cafe can handle dynamic predicates and has
provided a small Prolog interpreter. An implementation of assert and retract
was discussed in the paper [4].

3.2 Interoperation with Java

It is possible to represent any Java object as a Prolog term, invoke its methods,
and access to its fields by using the following built-in predicates:

– java constructor(+Class, ?Object)

– java method(+Object, +Method, ?Return)

– java get field(+Object, +Field, ?Value)

– java set field(+Object, +Field, +Value)

Object creation is performed by calling java constructor/2 where the first
argument is an atom or compound term. A call to java constructor(f(a1, . . . ,
an), O) creates an object with the class name f and the argument objects
a′
1, . . . , a

′
n. The created object is wrapped by JavaObjectTerm as a Prolog term

and then unified with O. Each argument ai is converted to a certain java object
a′

i by the mapping that supports Java widening conversion. We omit the detail of
data conversion here. Method invocation is performed by calling java method/3
where the first argument is an atom or Java object. It is noted that the second
argument represents a static method when the first argument is an atom. A
call to java method(O, g(b1, . . . , bn), R) invokes a method with the method
name g and the argument objects b′1, . . . , b

′
n. The return value is wrapped by

JavaObjectTerm as a Prolog term and then unified with R. Each argument bi

is converted to a certain Java object b′i. Field access is performed by calling
java get field/3 and java set field/3 in the similar way.

main :-

java_constructor(’java.awt.Frame’, X),

java_method(X, setSize(400,300), _),

java_get_field(’java.lang.Boolean’, ’TRUE’, True),

java_method(X, setVisible(True), _).

For example, a call to main in the above code shows an empty frame on your
screen.

3.3 Explicit Parallelism

Prolog Cafe provides multi-threaded Prolog engines. A Prolog Cafe thread seem
to be conceptually an independent Prolog evaluator, in which a Prolog goal runs
on a local runtime environment. The PrologControl class is an implementation
of Prolog Cafe thread and provides several methods for the control such as start,
stop, and join. From the Prolog side, the control of thread can be programmed
as follows:
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start(Goal, Engine) :-

java_constructor(’PrologControl’, Engine),

copy_term(Goal, G0),

java_wrap_term(G0, G),

java_method(Engine, setPredicate(G), _),

java_method(Engine, start, _).

stop(Engine) :- java_method(Engine, stop, _).

join(Engine) :- java_method(Engine, join, _).

sleep(Wait) :- java_method(’java.lang.Thread’, sleep(Wait), _).

Creating thread is performed by call start/2. This predicate is similar to the
launch goal/2 of Ciao Prolog [13] and the new engine/3 of Jinni [14]. A call to
start(Goal, Engine) first creates a thread object and unifies it with Engine
by using java constructor/2, and it sets a copy of Goal to Engine, and then
invokes the method start of thread object. Execution of Goal is thus proceeds
on the new thread in an independent runtime environment. A call to join waits
for the thread until the assigned goal succeeds or fails. The stop/1 predicate
is used to kill the thread. Calling the sleep/1 causes the currently executing
thread to sleep for the specified number of milliseconds.

Each goal, which runs separately on a thread, communicates through a shared
Java object as a Prolog term. Synchronization can be done by the built-in pred-
icate synchronized/2. A call to synchronized(+Object, +Goal) locks the
Object and then execute Goal. This predicate is implemented by using the
synchronized block of Java.

3.4 Experiments

We compare Prolog Cafe with jProlog. Table 1 shows the performance results
of a set of classical Prolog benchmarks. A time of “?” in jProlog means that
we met some errors during the compilation of generated Java code because of
few built-in predicates. All times in millisecond were collected on Linux system
(Xeon 2.8GHz, 2G memory) with JDK 1.5.0.

Prolog Cafe generates 2.7 times faster code than jProlog in average. This
speedup is due to indexing, specialization of head unification, and first-call-
optimization. For the purpose of reference, we add the execution time of SWI-
Prolog to Table 1. SWI-Prolog is an efficient Prolog compiler system that compile
Prolog into WAM. Compared with SWI-Prolog with -O option, Prolog Cafe is only
1.3 times slower for the queens 10 (all solutions) and is about 3 times slower in
average. It is noted that Prolog Cafe is about 10 times faster for the tak than
SWI-Prolog without -O option.

Prolog Cafe is disadvantageous in performance compared with SWI-Prolog,
but still has some possibilities for speedup. This is because Prolog Cafe is a
simple implementation and does not incorporate well-known optimizations, such
as register allocation, last-call-optimization, and global analysis.
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Table 1. Comparison for Prolog Cafe vs jProlog vs SWI-Prolog

Prolog Programs Runs Avg. Prolog Cafe 0.9.3 jProlog 0.1 SWI-Prolog 5.0
browse 10 441.1 3011.8 218.0
ham 10 556.4 741.6 135.0
nrev(300 elem.) 10 34.1 115.3 15.0
tak 10 229.0 302.6 47.0
zebra 10 61.8 62.2 6.0
cal 10 223.7 ? 36.0
poly 10 10 224.3 ? 10.0
queens 10 (all sol.) 10 462.9 ? 344.0
sendmore 10 66.6 ? 18.0
Average of Ratio 10 1.00 2.77 0.30

3.5 Multisat: A Parallel Execution System of SAT Solvers

Multisat [6] is a heterogeneous SAT solver integrating both systematic and stochas-
tic algorithms, and includes solvers reimplemented in Java: Satz [15], Walksat [16],
and Chaff [17]. In Multisat, multiple solvers run in parallel on Prolog Cafe threads.

Prolog Cafe

Parallel Execution
SAT Problem Description

Dynamic Solver Scheduling

Chaff 1 Satz Walksat Chaff 2

Fig. 2. A Multisat architecture

Each solver can be dynamically created and killed from Prolog Cafe. Figure 2 shows
a situation that Satz, Walksat and two Chaffs are created from Multisat. Main fea-
tures of Multisat are as follows:

1. Competitive Mode
Running multiple solvers in parallel, solvers compete with each other and
share resources. No control is performed at all so that threads are processed
equally. In the competitive mode, a solver that most fits the given problem
firstly returns the output. Hence, solvers’ strength and weakness for each
SAT problem can be observed in this mode.

2. Cooperative Mode
In the cooperative mode, solvers exchange derived clauses. Here, Chaff gen-
erates a new clause called a lemma when the current assignment leads to a
conflict. Such a lemma is utilized to avoid the same conflict. However, un-
restricted incorporation of lemmas involves a memory explosion. Here, we
further use these lemmas in other solvers that are running in parallel.
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3. Dynamic Preference
In Multisat, solvers run in parallel on Prolog Cafe threads. The status of each
thread is either active or suspended. In default, each active solver is given the
same amount of resources. In the scheduling system, active threads become
suspended by method calls like sleep() and wait() or by input-output and
synchronized blocks. On the other hand, scheduling threads is also possible
according to their priorities using setPriority method.

Effectiveness of Multisat has been shown through applications to SATLIB prob-
lems [18], SAT planning [19], and job-shop scheduling [20]. Multisat has solved
SATLIB problems efficiently in average compared with single solvers. Multisat is
particularly useful for SAT planning and job-shop scheduling because this type
of problem suite should alternately handle satisfiable and unsatisfiable problems.
Detailed experiment results of Multisat are shown in the paper [6].

4 Related Work

In addition to jProlog, LLPj, and Prolog Cafe, a number of Prolog in Java have
been recently developed: MINERVA, Jinni, W-Prolog, tuProlog, PROLOG+CG,
JIProlog, JavaLog, DGKS Prolog, JLog, and XProlog. MINERVA [21] and Jinni [14]
are commercial Prolog systems which compile Prolog into their own virtual ma-
chines that are executed in Java. W-Prolog [22] and others are implemented as
interpreter systems. Each system has strength and weakness for our require-
ments. MINERVA and Jinni might be more efficient but are not possible to pro-
duce standalone executables. MINERVA has also no support for multi-threaded
execution. Prolog Interpreters such as W-Prolog might be simpler but does not
give nice performances. We thus decided to adopt the approach of translating
Prolog into Java. This approach has the advantage of giving comparatively nice
speedup in performance and producing standalone executables.

5 Conclusion

In this paper, we have presented the Prolog Cafe system, a Prolog-to-Java source-
to-source translator system via the WAM. We have shown how Prolog Cafe trans-
late Prolog into Java and new features of smooth interoperation with Java and
explicit parallelism. In performance, our translator generates 2.7 times faster
code for a set of classical Prolog benchmarks than an existing Prolog-to-Java
translator jProlog. We have also given a brief introduction to the Multisat sys-
tem as an application of Prolog Cafe. Hence, we conclude that Prolog Cafe can be
well suited to develop Java-based intelligent applications such as mobile agent
programs. Prolog Cafe is distributed as open source software under GPL license.
The newest package (version is 0.9) is available from

http://kaminari.istc.kobe-u.ac.jp/PrologCafe/

There are some important future topics. Supporting ISO Prolog is necessary.
Eclipse plug-in for Prolog Cafe can be a promising tool for improving usability.
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Abstract. This article introduces the turtle++ library which combines
constraint-based and imperative paradigms and enables in this way con-
straint imperative programming (CIP) with c++. Integrating CIP into c++

allows to exploit the powerful expressiveness of the CIP paradigm within
a language widely used and accepted in practice. We discuss the main
concepts and implementation and illustrate programming with turtle++

by means of typical examples.

1 Introduction

Using imperative programming languages the user describes the precise steps to
compute a solution for a given problem. In contrast, in declarative languages
the programmer simply gives a problem specification, while the computation
mechanism of the language is responsible to provide solutions. In constraint pro-
gramming – as a member of the declarative paradigm – constraints, i.e. formulae
of first order predicate logic, are used for the problem description, specifying the
problem variables, their properties and relationships. These constraints are han-
dled by constraint solvers provided by the languages to obtain solutions.

The imperative and the constraint-based paradigm are qualified for different
tasks: Temporal orders of events are best specified using imperative concepts,
while constraints are better suited for search problems or partially unspeci-
fied tasks. Constraint imperative programming (CIP) [4] allows to combine both
paradigms and thus to use their concepts simultaneously within one language.

The following example origins from [8]. Program 1.1 uses a pure imperative
approach to describe a graphical element, e.g. in a user interaction, which can
be dragged with the mouse inside certain borders. Pressing a mouse-button
the vertical coordinate y of the graphical element is adapted within a min-
imum and a maximum range. This description cleanly reflects the temporal
– i.e. imperative – behaviour but requires also declarative properties, like the
range restrictions, to be expressed imperatively. They are ensured by explicit
tests which must be performed in each pass within a while-loop as long as the
button is pressed.

In contrast, Program 1.2 gives an according CIP implementation, already in
the syntax of turtle++. The initial instantiation of y by a so-called preferred
value (cf. Sect. 2.3) mouse.y gives an orientation for the optimization wrt. the
required constraints. It will be overwritten by border.min resp. border .max in
case the mouse exceeds a border. Program 1.2 is not only shorter, but expresses

M. Umeda et al. (Eds.): INAP 2005, LNAI 4369, pp. 12–24, 2006.
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Program 1.1. A user interface example in the imperative style

whi le ( mouse . p r e s s ed )
{ / / m e s s a g e p r o c e s s i n g i s l e f t o u t

i n t y = mouse . y ;
i f ( y > borde r . max )

y = borde r . max ;
i f ( y < borde r . min )

y = borde r . min ;
d raw e lement ( f i x x , y , g r a ph i c ) ;

}

Program 1.2. The user interface example using CIP

whi le ( mouse . p r e s s ed )
{

con s t r a i n ed <int> y = mouse . y ;
r e q u i r e ( y >= borde r . min && y <= borde r . max ) ;
d raw e lement ( f i x x , y ( ) , g r a ph i c ) ;

}

the relationship between the border-object and the y-coordinate in exactly the
way a programmer would think about it.

turtle++ [7] is a c++ library which inherited the main ideas of the lan-
guage Turtle1 [5] but was extended for smooth integration into c++. Meanwhile
turtle++ has been refined and extended by new constructs for a more con-
venient handling of value assignment (fixing/unfixing, cf. Sect. 2.4) and by a
boolean solver the two of which together allow to nicely express new kinds of
problem descriptions as demonstrated later on.

We think that the development of turtle++ may support both the spreading
and further development of the CIP approach since c++ is a widely used and
in practice accepted language whose semantics remain untouched by turtle++,
while the application programmer is allowed to use the benefits of constraint
programming in his or her professional work.

This paper deals with the turtle++ approach of integrating constraints and
constraint solvers with imperative language concepts. In Sect. 2 we introduce and
explain the main concepts of turtle++ and shortly touch its implementation.
Section 3 is dedicated to programming with our library. We draw a conclusion
and discuss related and future work in Sect. 4.

2 The Main Concepts of TURTLE++

The main concepts of the c++ library turtle++ are constrainable variables, con-
straint statements and user-defined constraints.
1 A CIP language as well developed at the Technical University of Berlin.
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Program 2.1. Variables and a constraint statement

i n t x = 0 ; / / a n o r m a l v a r i a b l e

con s t r a i n ed <int> y ; / / a c o n s t r a i n a b l e v a r i a b l e

r e q u i r e ( y <= x ) ; / / a c o n s t r a i n t s t a t e m e n t

2.1 Constrainable Variables

These are variables whose values can be determined by placing constraints on
them. A constrainable variable is declared by giving it a constrained type. In
Program 2.1 y is a constrainable variable, while x is a normal one.

Most of the time a constrainable variable acts like a normal variable: it can be
used in expressions and as a function argument. Only in a constraint statement
they differ from their normal counterparts. A normal (or imperative) variable
is treated like a constant, but a constrainable (or declarative) variable acts like
a variable in the mathematical sense, and the constraint solver may change its
value in order to satisfy all invoked constraints.

2.2 Constraint Statements

Whenever declarative and imperative languages are combined, one of the main
issues is the interaction of the integrated declarative concepts with the imperative
model of time. In turtle++ this is solved by introducing a lifetime for constraints
using the keyword require as shown in Program 2.1.

During program execution the run-time system manages a constraint store
which contains the currently required constraints. When a require is reached
during the execution of the program, the given constraint is added to this store
and taken into account for further computations - its lifetime starts.

The require -statement returns a handle to manage the constraints lifetime.
If the return value is ignored (as e.g. in Program 2.1), the imposed constraint
exists as long as all its constrainable variables. Otherwise, the lifetime of the con-
straint is also limited to the lifetime of the returned constraint handle. Constraint
handles are, thus, useful especially when imperative execution flow elements
(e.g. loops) and constraints are used together, as shown in Program 2.2. Here,
after every pass through the while-loop the constraint (a >= b) is removed. If
we had instead foregone the handle and simply used a single require -statement,
then each pass i of the while-loop would add a new constraint a >= bi to the
store.

Besides, constraint handles allow to explicitly overwrite a constraint (as will
be shown in Program 3.1) and to manipulate its strength. Constraints can be
labelled with strengths in constraint hierarchies which are taken into considera-
tion during the solving process and which allow to deal with over- and undercon-
strained problems. When a constraint is annotated with a strength, e.g. strong
or weak, it is added to the store with the given strength, otherwise with the
strongest strength mandatory.
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Program 2.2. A handle restricting the lifetime of its constraint a >= b

con s t r a i n ed <int> a ;
. . . / / s e t u p s om e i n i t i a l c o n s t r a i n t s o v e r a

whi le ( not done ( ) )
{

i n t b = compute someth ing ( ) ;
c o n s t r a i n t h a n d l e <int> z = r e q u i r e ( a >= b ) ;
. . .

/ / l e a v i n g t h e s c o p e o f z r e m o v e s ( a >= b ) f r o m t h e s t o r e

}

The run-time system actually does not handle a single constraint store but
several sub-stores. This allows not just search over constraint disjunctions (which
may appear in require statements as well as conjunctions, see [7]) but a more
appropriate and convenient handling of independent sets of constraints. A con-
straint sub-store is the set of all constraints over a set of constrainable variables,
which are linked. Two variables x and y are linked, if they either both appear in
one constraint or if x appears in a constraint containing a constrainable variable
linked to y. This allows to maintain independent sets of variables.

2.3 Obtaining Values from Constrainable Variables

The function call operator operator()() const is overloaded to obtain a con-
strainable variable value conveniently. When this operator is invoked, e.g. by

s t d : : cout << a ( ) ;

the constraint solver is started to determine a value of the appropriate variable,
here a, satisfying all constraints over a. When the store is overconstrained and
no value can be determined, an exception of type overconstrained error (derived
from std :: logic error ) is raised.

But more often underconstrained situations occur. For this purpose turtle++

supports a preferred value which can be assigned to a constrainable variable. If it
turns out that, while solving a store, more than one solution exists for a certain
constrainable variable, a solution closest to the preferred value (if possible for the
domain under consideration) is taken. An example is given by Program 2.3: For
the variable a there exist infinitely many solutions. Thus, the value 2.5 is chosen
which is closest to the preferred value 3 wrt. the linear constraint (a <= 2.5).

Even if a preferred value can be seen as a weakest constraint to a certain
degree, it actually isn’t. It does neither impose any constraint nor influence
calculations inside the constraint store in any other way. The concept of pre-
ferred values was mainly introduced to make programs easier and more intu-
itively predictable by providing a means to define the result of a transfer from
a non-deterministic constrained variable to a deterministic imperative variable.
In addition the concept is useful to formulate optimization problems as shown
in Sect. 3.3.
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Program 2.3. Obtaining a value

con s t r a i n ed <double> a ( 3 ) ; / / a s s i g n s a p r e f e r r e d v a l u e

r e q u i r e ( a <= 2 . 5 ) ;
s t d : : cout << a ( ) ; / / p r i n t s 2 . 5

Program 2.4. When computing a value for b variable a is implicitly fixed

con s t r a i n ed <int> a ( 2 ) , b ( 0 ) ;
r e q u i r e ( a == b ) ;
s t d : : cout << a ( ) ; / / p r i n t s 2

s t d : : cout << b ( ) ; / / a l s o p r i n t s 2

2.4 Implicit Fixing

turtle++ delays the computation of a value for a constrainable variable until a
read-action to the variable occurs. Once a value is determined for a constrainable
variable, this value must be taken into account for further calculations to ensure
consistency of the imposed constraints.

Consider e.g. Program 2.4. The output of a forces the computation of a
value for this constrainable variable. This assignment must be taken into con-
sideration in the following computation and, thus, turtle++ adds implicitly
a new constraint a == 2 to the store. This implicit addition of a constraint
variable == value to the store with the aim to ensure consistency for further
calculations is called implicit fixing.

Without implicit fixing the value of b would be evaluated to 0 and hence
violate the required constraint a == b. Due to this important side effect the
evaluation order of constrainable variables must be carefully considered, e.g. if
the third and fourth lines were exchanged, both would print 0.

An implicit fix is not immediately added to the constraint sub-store but kept
in a delay store inside the sub-store. If only one implicit fix exists in a sub-store,
and the same variable is evaluated again, the fix is erased before the re-evaluation
(and later in this process a new fix is added). E.g. in Program 2.5 in each pass
of the for-loop the just entered value of j is assigned as the preferred value of a
and is finally printed. While a gets implicitly fixed to j , b remains ”untouched”.
Thus, the implicit fix of a can be removed in the next iteration and eventually
the next value entered for j is printed.

If more than one implicit fix exists, always all must be taken into account.
Sometimes, one wants to fix a constrainable variable explicitly, which is pos-

sible just by the simple statement require ( variable == value).
Implicit fixes must be considered carefully, especially if more than one variable

is evaluated inside a loop. That’s why a constrainable variable can be unfixed
explicitly via the member function unfix () for one variable and unfix all () for
all variables in a sub-store, resp. (see also Program 3.1).
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Program 2.5. Implicit fixing and unfixing

con s t r a i n ed <int> a ( 2 ) , b ( 0 ) ;
r e q u i r e ( a == b ) ;
f o r ( i n t i = 0 ; i < 3 ; ++i )
{

i n t j ;
s t d : : c i n >> j ;
a = j ;
s t d : : cout << a ( ) ; / / p r i n t s j

}

Program 2.6. User-defined domain constraint

typedef con s t r a i n ed <int> i n t c ;

c o n s t r a i n t s o l v e r <int > : : e xp r dom ( const i n t c& x , i n t l , i n t r )
{

r e tu rn b u i l d c o n s t r a i n t ( x >= l && x <= r ) ;
}

i n t c a , b ;
r e q u i r e (dom (a , 0 , 9 ) ) ;
r e q u i r e (dom (b , −1, 1 ) ) ;

2.5 User-Defined Constraints and Dynamic Expressions

Often the declarative power of expression templates is sufficient to express the
constraints in a compact and readable manner. But some constraints are so
common that they deserve their own name. Such user-defined constraints can
be generated using the function template build constraint , which takes a con-
straint just like require , but only builds the internal representation of the given
expression without adding it to the constraint store. The naming of complex
static expressions enhances the readability of a program. Program 2.62 shows
the definition and usage of a domain constraint.

Besides this, it is often required to create constraints dynamically. Therefore
turtle++ provides a generic class dynamic expr, which can be assigned an ex-
pression and which itself can be part of an expression. In the latter case the
dynamic expression expands to its contents.

An example is given by Program 2.7. The constraint order is dynamically
generated over a vector v during a for-loop where the dynamic expression expr
is stepwise extended expanding its previous contents by new expressions.

Dynamic expressions are very useful for establishing constraints over a previ-
ously unknown number of constrained variables as in this example. Note, that
2 In upcoming examples we will rely on the definition of int c as displayed here without

explicitly repeating it again.
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Program 2.7. An ordered array using dynamic expressions

dynamic expr<int> o rd e r ( s td : : vec to r <i n t c >& v )
{

dynamic expr<int> exp r = ( t rue ) ;
f o r ( i n t i = 1 ; i < v . s i z e ( ) ; ++i )

exp r = ( exp r && v [ i −1] <= v [ i ] ) ;
r e tu rn exp r ;

}

i n t main ( )
{

s t d : : vec to r <i n t c > v ;
/ / . . . p o p u l a t e v

/ / d e c l a r a t i v e s t y l e :

r e q u i r e ( o r d e r ( v ) ) ; / / o r d e r i s a c o n s t r a i n t

}

this particular example could be expressed as well imperatively by a sequence
of require -statements as shown in Program 2.8. While this is possible because
we express a conjunction of constraints, other kinds of logic operations like dis-
junction or implication actually require the usage of dynamic expressions. I. e.,
Program 2.9 demonstrates the dynamic generation of a disjunction of constraints
which ensures that at least one variable of the vector v is equal to 1.

Comparing Program 2.7 and Program 2.8 again, we think, that moreover,
the usage of dynamic expressions improves the declarative expressiveness of the
source code.

2.6 Constraint Solvers

turtle++ currently comes with two solvers: a solver for linear arithmetics based
on the simplex method and a simple search-based boolean solver. Their usage is
demonstrated in Sect. 3 by means of examples. Furthermore, the user can extend
turtle++ by new solvers as described at [1].

Since the interface enables the implementation of a constraint solver responsi-
ble for more than one value type, hybrid domains are possible. Even if there is no
solver for hybrid constraints available, user-defined constraints may nonetheless
be hybrid (i.e. they may contain variables and operations of several domains).
In this case, within their definition user-defined constraints must separate ho-
mogeneous parts, which are then forwarded to the respective solvers.

2.7 Implementation of TURTLE++ as a Library for C++

Thanks to a lot of developments in the field of generic and template program-
ming resp. in the last decade, it became possible to define and use completely
new syntactic constructs in turtle++ while maintaining compatibility with the
original c++ language.
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Program 2.8. An ordered array without dynamic expressions

vo id r e q u i r e o r d e r ( s t d : : vec to r <i n t c >& v )
{

f o r ( i n t i = 1 ; i < v . s i z e ( ) ; ++i )
r e q u i r e ( v [ i −1] <= v [ i ] ) ;

}

i n t main ( )
{

s t d : : vec to r <i n t c > v ;
/ / . . . p o p u l a t e v

/ / i m p e r a t i v e s t y l e :

r e q u i r e o r d e r ( v ) ; / / r e q u i r e o r d e r i s a f u n c t i o n

}

Program 2.9. A disjunctive dynamic constraint

dynamic expr<int> c o n t a i n s ( s td : : vec to r <i n t c >& v , i n t x )
{

dynamic expr<int> exp r = ( f a l s e ) ;
f o r ( i n t i = 0 ; i < v . s i z e ( ) ; ++i )

exp r = ( exp r | | v [ i ] == x ) ;
r e tu rn exp r ;

}

i n t main ( )
{

s t d : : vec to r <i n t c > v ;
/ / . . . p o p u l a t e v

r e q u i r e ( c o n t a i n s ( v , 1 ) ) ;
}

turtle++ uses the features of generic programming in c++ to a wide extent.
By utilizing template mechanisms and operator overloading constraints can be
used in an intuitive declarative manner. The require statement is implemented
as a function template which simply expects an expression object, which can
contain a nearly arbitrarily complex expression. The expression object is created
from the expression and both can be treated separately. So the user can either
write down expressions and formulae in the usual intuitive way or build them
dynamically during program execution.

Furthermore, the pure generic interface enables the user to add or adapt
constraint solvers at will. This is especially important for user-defined domains
and offers a wide application field for turtle++.
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3 CIP with TURTLE++

In this section we illustrate constraint imperative programming with turtle++

by means of three small but expressive examples.

3.1 User Interaction

A typical example demonstrating the advantages of the combination of imper-
ative and constraint-based programming is user interaction, as already seen by
the introductory example. We want to consider here a further example which
demonstrates besides the usage of the boolean solver.

We consider a user interface for configuring a product, say a computer. The
choice of certain components (motherboards, cards, chips, etc.) may be com-
patible with particular others or may exclude them. We will express this by
boolean constraints. For simplification we consider a small setting with only three
components. Their choice can be (de)activated by means of buttons button[ i ] ,
i ∈ {0, 1, 2}, while the following compatibility constraints must be ensured:

Constraint 1. At least one component must be chosen resp. its button activated.
Constraint 2. The choice of button[0] implies the choice of button[1] .
Constraint 3. Activating button[2] excludes the second component, i.e. the choice

of button[1] .

Program 3.1 implements this setting. In lines 2-4 we require the three con-
straints given above. Line 5 initially activates button[0] . Within a while loop
(lines 8-25) the following actions are performed: The output (line 10) of the cur-
rent configuration by activated or deactivated buttons on the interface yields to
an initial computation (resp. a recomputation in later passes) of values for the
buttons consistent with the constraints 1, 2 and 3 and that of line 5. In line 11 we
await a button click, which generates a value for the variable i : 1 for button[0] ,
2 for button[1] , or 3 for button[2] . Then the constraint handle click button is
assigned a new constraint representing the last button click (line 17), where the
variable button[ i−1] stands for the clicked button. This variable is unfixed in
line 18 and all other value assignments for constrainable variables linked with
button[ i−1] (this concerns button[ i%3] and button[( i+1)%3]) are weakened set-
ting their strength to weak (line 19) to hold them as stable as possible.

3.2 Puzzles

It is possible, of course, to withdraw to one paradigm and use pure imperative
(by simply leaving out constrainable variables and constraints) or mostly declar-
ative programs. A standard example for the latter are crypto-arithmetic puzzles,
like the SEND-MORE-MONEY problem given in Program 3.2. The problem is
described (and computed) by constraints (lines 2-8)3 and imperative constructs
only service for I/O (lines 9-11).

3 Note that we apply the user-defined constraint dom from Program 2.6 here.
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Program 3.1. Configuration of three components

1 c on s t r a i n ed <bool> but ton [ 3 ] ;
2 r e q u i r e ( but ton [ 0 ] | | but ton [ 1 ] | | but ton [ 2 ] ) ; / / c o n s t r a i n t 1

3 r e q u i r e ( but ton [ 0 ] −> but ton [ 1 ] ) ;
/ / c o n s t r a i n t 2

4 r e q u i r e ( but ton [ 2 ] −> ! but ton [ 1 ] ) ;
/ / c o n s t r a i n t 3

5 c o n s t r a i n t h a n d l e <bool> c l i c k b u t t o n=r e q u i r e (but ton[ 0 ]==t rue);
6 bool done = f a l s e ;
7 i n t i ;
8 whi le ( ! done )
9 {

10 . . . / / o u t p u t b u t t o n c o n f i g u r a t i o n h e r e

11 . . . / / g e t b u t t o n c l i c k o n i h e r e

12 sw itch ( i )
13 {
14 case 1 :
15 case 2 :
16 case 3 :
17 c l i c k b u t t o n = r e q u i r e ( but ton [ i −1] == ! but ton [ i −1 ] ( ) ) ;
18 but ton [ i −1] . u n f i x ( ) ;
19 but ton [ i −1] . f i x a l l ( weak ) ;
20 break ;
21 de f au l t :
22 done = t rue ;
23 break ;
24 }
25 }

With the help of dynamic expressions it is also possible to create such puz-
zles dynamically at run-time so that the user provides the participating words,
like SEND, MORE and MONEY which are then composed into the puzzle. An
example is given by the function example dynamic puzzle at [1].

3.3 Optimization

Optimization is one of the main uses of constraint programming. In turtle++

preferred values for given expressions allow optimization in a simple way without
the need of special library functions. While this approach mainly works for small
and simple optimization problems, for more sophisticated problems one may use
constraint hierarchies as well provided by turtle++.

Our simple optimization pattern consists of four steps: Consider the rather
primitive knapsack problem in Program 3.3.

In step one we declare a constrainable variable and assign to it an absolute
minimum or maximum border as preferred value (line 6). In step two we define
the constraints (lines 7-10) wrt. which the objective function (line 11) will be



22 P. Hofstedt and O. Krzikalla

Program 3.2. A crypto-arithmetic puzzle

1 con s t r a i n ed <int> s , e , n , d , m, o , r , y ;
2 r e q u i r e (dom ( s , 1 , 9 ) ) ;
3 . . .
4 r e q u i r e (dom (y , 0 , 9 ) ) ;
5 r e q u i r e ( a l l d i f f e r e n t ( s , e , n , d ,m, o , r , y ) ) ;
6 r e q u i r e ( s ∗1000 + e ∗100 + n∗10 + d
7 + m∗1000 + o∗100 + r ∗10 + e
8 == m∗10000 + o∗1000 + n∗100 + e∗10 + y ) ;
9 s t d : : cout << ” s : ” << s ( ) ;

10 s t d : : cout << ”e : ” << e ( ) ;
11 . . .

Program 3.3. A knapsack problem: Implicit optimization by preferred values

1 vo id knapsack ( )
2 {
3 typedef con s t r a i n ed <double> doub l e c ;
4 double c a p a c i t y = 100 . 0 ;
5 doub l e c a , b , c ;
6 doub l e c packed ( c a p a c i t y ) ;
7 r e q u i r e ( packed <= cap a c i t y ) ;
8 r e q u i r e ( a == 1.0 | | a == 0 . 0 ) ;
9 r e q u i r e ( b == 1.0 | | b == 0 . 0 ) ;

10 r e q u i r e ( c == 1.0 | | c == 0 . 0 ) ;
11 r e q u i r e ( a ∗ 50 .0 + b ∗ 40 .0 + c ∗ 30 .0 == packed ) ;
12 s t d : : cout << ”used : ” << packed ( ) ;
13 s t d : : cout << ”a : ” << a ( ) ;
14 . . .
15 }

optimized (step three). Finally (step four), by reading packed first (i.e. before all
other constrainable variables in this sub-store) a value assignment closest to the
given preferred value is calculated. The implicit fixing also immediately limits
the other constrainable variables to values at the searched optimum.

The usage of preferred values for constrainable variables depends on the vari-
ables domain and the existence, form, and complexity of an optimization function
of the concerning solver. Accordingly, a solver may also allow to optimize wrt. a
certain optimization function or a number of variables.

4 Conclusion and Future Work

turtle++ arose from of the Turtle language [5] and was adapted and extended for
its smooth integration as library into c++ to increase the acceptance of declarative
concepts by users of an imperative language.
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One main difference between turtle++ and Turtle is the time point for the
computation of values for constrainable variables. While in Turtle this happens
during the execution of the require statement, in turtle++ we use the more
flexible but also more subtle approach of delayed bindings, implicit fixing and
unfixing. This gives the user a more fine-grain control over the constraints and
allows, in combination with the introduction of constraint handles, to redefine
constraints or to readjust their strength during computation. Moreover turtle++

provides dynamic expressions to create constraints dynamically at run-time.
Other constraint libraries for imperative languages are e.g. ILOG [2] for c++

and firstcs[6] and Koalog[3] for Java. As opposed to turtle++ libraries like ILOG
mostly do not utilize syntactic extension mechanisms present in the implemen-
tation language to the same extent, e.g. for constraint statements.

turtle++ attempts seamless integration of declarative concepts into an imper-
ative language and thus clearly differs from the other libraries which explicitly
separate the constraint-based parts from the imperative language constructs.
This becomes most obvious when mixing declarative and imperative particles
like in Program 3.1. We do not consider a declarative sub-procedure inside an
imperative main program or explicitly invoke a solver. Instead, the declarative
computation is integrated into the imperative one directly.

While firstcs and Koalog are FD-constraint libraries, turtle++ allows the han-
dling of linear optimization problems and boolean constraints. Finite domain
constraints are currently treated by user-defined constraints and the existing
solvers only (e.g. see Program 3.2). Since turtle++ can be easily extended with
new solvers, one interesting area of future research would be the integration of
an FD-solver including search and the computation of sets of solutions (which
is currently not supported because not compelling for linear optimization prob-
lems). The integration of search using backtracking relatives however, must be
considered very carefully because they strongly interfere with the imperative ap-
proach of turtle++. One possibility (as mainly chosen by the other libraries) is
again the separation of both paradigms by encapsulating the declarative parts.
A tighter integration in the style of turtle++ is, thus, a challenging aim.

Furthermore, we intend to investigate the enhancement of turtle++ with
new concepts like the extension of if -constructs with (user-defined) constraints.
This would allow to also check relations between partially and non-instantiated
constrainable variables but would require an entailment test on the condition.
This way, in addition to the a-priori declaration of constraints using the require
construct the user would be provided with an a-posteriori test of constraints.
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Abstract. Constraint programming techniques are successfully used in
various areas of software engineering for industry, commerce, transport,
finance etc. Constraint solvers for different data types are applied in val-
idation and verification of programs containing data elements of these
types. A general constraint solver for sequences is necessary to take into
account this data type in the existing validation and verification tools.
In this work, we present an original constraint solver for sequences im-
plemented in CHR and based on T. Frühwirth’s solver for lists with the
propagation of two constraints: generalized concatenation and size. Ex-
perimental results show its better efficiency compared to the intuitive
propagation algorithm based on subsequences. The applications of the
solver (with the validation and verification tool BZTT) to different soft-
ware engineering problems are illustrated by the example of a waiting
room model.

Keywords: constraint solver, sequences, validation, verification.

1 Introduction

Research work of the last ten years has shown the effectiveness and fruitful-
ness of constraint logic programming in different areas of software engineering.
Representing of the system states by constraints allows to group the states and
to avoid their complete enumeration, impossible for a big or infinite system.
Before-After predicates allow to represent each operation of the system in terms
of constraints defining the system state before and after the operation execution.
The constraint solvers are successfully used in formal model validation based on
the symbolic evaluation to detect a too strong invariant, a too weak precondition
or an inexecutable behavior. Detecting of contradictions between the program and
its formal specification needs a constraint solver to compare the two constraint
sets extracted from the program and from the specification. In automatic test
generating, the solvers allow to generate tests satisfying the chosen test criterion,
which usually can be stated in terms of constraints.

The development of constraint solvers for some data types has already per-
mitted the symbolic evaluation of formal models containing data elements of
these types. For example, the tool BZTT [5] uses the solver CLPS-B [4] and
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allows the animation and test generation for formal models containing integers,
sets, functions and relations. BZTT was used to validate and verify software in
different industrial projects for industry, transport, commerce and finance [4]
(see also references in [4]), e.g. for PSA Peugeot Citroën, Schlumberger, Thales.
The model evaluated by BZTT is written in a logic notation with sets like B [1]
or Z [15]. Sequences are one of the data types used in these notations and repre-
senting finite lists of elements such as stacks, queues, communication channels,
sequences of transitions or any other data with consecutive access to elements.

Nowadays there exists no validation and verification tool with an integrated
constraint solver for sequences. The main motivation of this work is to develop
such a solver, which is necessary to take into account sequences during the vali-
dation and verification of software. This solver must treat all different operations
on sequences. It will be integrated into the existing constraint solvers for other
data types such as CLPS-B [4] and used in validation and verification tools such
as BZTT [5].

The problem of constraint solving for sequences is very close to that of words
or lists. The fundamental result of Makanin [14] shows that the satisfiability of
word equations (where the concatenation is the unique operation) is decidable.
Kościelski and Pacholski [11] showed that for a given constant c > 2 the prob-
lem of the existence of a solution of length ≤ cd for an equation of length d is
NP -complete. Therefore there does not exist any fast algorithm for word equa-
tions in the general case. The decidability of the existential theories of words
is close to the borderline of decidability. Durnev [7] showed that the positive
∀∃3-theory of concatenation is unsolvable. The decidability of word equations
with an additional equal-length predicate is still an open problem. We refer the
reader to [2,10] for more detail on the word equations.

The general constraint solving problem for sequences is even more compli-
cated than that for words, because sequences generalize words and are usually
considered with more operations. Therefore it is impossible to provide a gen-
eral and efficient constraint solver for sequences terminating for all constraint
problems. Nevertheless, even a partial constraint solving technique of reason-
able complexity would be extremely useful for applications. We know very few
results in the general context. Prolog III [6] implements concatenation and size
for lists. A representation of sequences by PQR trees is proposed in [3], but this
approach is limited to bijective sequences (i.e. permutations of a given finite
set E).

Our work aims to study the problem of constraint solving for sequences from
the practical point of view. Since we cannot develop an efficient solver for any
constraint problem with sequences, it is important to provide at least a partial
constraint solving technique for the problems which appear in practice. This
paper presents a constraint solving technique which implements 11 basic opera-
tions on sequences. It was developed in Constraint Handling Rules (CHR) [8] in
SICStus Prolog. The CHR allow a very clear and easily modifiable implemen-
tation. The complete solver can be consulted and executed from the author’s
webpage [12], and the essential rules are given in the paper. We discuss the
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efficiency of our solver and compare it to another propagation technique based
on subsequences. An application of the solver to model animation and valida-
tion shows that even this partial constraint solving technique can be successfully
applied in practice.

The paper is organized as follows. In Section 2 we define sequences and
operations on sequences appearing in the constraints. Section 3 describes our
constraint solver for sequences. Section 4 shows some experimental results and
compares the solver with another one. The applications of the solver to software
validation and verification are illustrated by the specification of a waiting-room
system in Section 5. We conclude and present the future work in Section 6.

2 Sequences and Constraints on Sequences

Definition. Let E be a set. A sequence over E is a finite list of elements of E.
The size (length) of a sequence S is the number of elements of S. The empty
sequence (of size 0) is denoted by [ ].

Example. Let E = {1, 2, 3}, S1 = [ ], S2 = [3], S3 = [1, 2, 3], S4 = [2, 3, 1],
S5 = [1, 1, 2, 1]. Then the Si are sequences over E.

Let us recall the usual operations on sequences which are used, for example,
in the formal notations B [1] and Z [15]. We give in brackets an example with
the notation commonly used in B. For the convenience of the reader, we prefer
to use this logic notation (e.g. size (S) = N) rather than that of Prolog (e.g.
S size N). Similarly, S size N, N #>= 5 may be abbreviated by size (S) ≥ 5.

1. the first element (first [1, 2, 2, 2, 3] = 1);
2. the last element (last [1, 2, 2, 2, 3] = 3);
3. the front, or deleting of the last element (front [1, 2, 2, 2, 3] = [1, 2, 2, 2]);
4. the tail, or deleting of the first element (tail [1, 2, 2, 2, 3] = [2, 2, 2, 3]);
5. prefix (1 → [2, 2, 2, 3] = [1, 2, 2, 2, 3]);
6. append ([1, 2, 2, 2] ← 3 = [1, 2, 2, 2, 3]);
7. the size (size [1, 2, 2, 2, 3] = 5);
8. take the first n elements ([1, 2, 2, 2, 3] ↑ 2 = [1, 2]);
9. remove the first n elements ([1, 2, 2, 2, 3] ↓ 2 = [2, 2, 3]);

10. the concatenation ([1, 2, 2] ∩ [2, 3] = [1, 2, 2, 2, 3]).
11. the reverse (rev ([1, 2, 3]) = [3, 2, 1]).

In this paper, we focus our attention on the resolution of constraints for
sequences with the operations 1–11, using an external numerical constraint solver
such as CLP(FD) to solve the numerical constraints on the sequence size. The
existing constraint solvers can be used for constraints of other data types.

Examples. Let E be a set and 1, 2 ∈ E.
1. { S′ ← 1 = S, first (S) = 1, tail (S′) = [2] } has the solution S = [1, 2, 1],

S′ = [1, 2].
2. { front (S) = [1, 1, 1], size (S) = 5 } is unsatisfiable, since the first constraint

implies size (S) = 3 + 1 = 4.
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3. The constraint front (S) = [1] has the solutions { S = [1, x] | x ∈ E }.
We have here infinitely many solutions iff E is infinite. A set of constraints on
sequences can have infinitely many solutions not only for an infinite set E, but
also if E is finite. Set E = {1, 2}. The constraint [1] ∩ S = S ∩ [1] has infinitely
many solutions: [ ], [1], [1, 1], [1, 1, 1], . . .

3 Constraint Solver for Sequences

In this section we present a technique of constraint solving for sequences. It was
implemented in the CHR language [8,9] in SICStus Prolog, and can be consulted
and executed from [12]. The implementation in CHR has the advantage to be
very clear and easy to experiment with. We describe the main part of the solver
(after simple rewriting of some constraints in terms of others) directly by the
corresponding CHR rules.

The algorithm is inspired by the generalized concatenation for lists [9] realized
by Thom Frühwirth. The generalized concatenation S = conc (S1, S2, . . . , Sk) is
equivalent to (k − 1) simple concatenations of the sequences S1, S2, . . . , Sk, that
is, to S = S1 ∩ S2 ∩ . . . ∩ Sk. The first step of the algorithm is rewriting of the
constraints 1–6, 8–10 in terms of conc and size according to the rules of Figure 1,
where T and Y denote new variables standing for a sequence and an element
respectively. This rewriting is executed at most once for each new constraint and
leaves in the constraint store the constraints conc , size and rev only.

first (S) = X ⇔ S = conc ([X], T ).
last (S) = X ⇔ S = conc (T, [X]).

front (S) = S1 ⇔ S = conc (S1, [Y ]).
tail (S) = S1 ⇔ S = conc ([Y ], S1).
X → S1 = S ⇔ S = conc ([X], S1).
S1 ← X = S ⇔ S = conc (S1, [X]).
S ↑ N = S1 ⇔ S = conc (S1, T ), size (S1) = N.
S ↓ N = S2 ⇔ S = conc (T, S2), size (T ) = N.
S1 ∩ S2 = S ⇔ S = conc (S1, S2).

Fig. 1. Rewriting rules

The second step of the algorithm treats these three constraints. The CHR rules
for this part of the algorithm are given in Figure 2. Recall that a simplification
rule C1,...,Ci<=> D1,...,Dj in CHR replaces the constraints C1,...,Ci in the
constraint store by the list of constraints or Prolog goals D1,...,Dj. A guarded
rule C1,...,Ci<=> Guard| D1,...,Dj is applied if in addition the Prolog goal
Guard is true.

The rule C1,...,Ci==> D1,...,Dj will add (or execute) the constraints (or
Prolog goals) D1,...,Dj if the constraint store contains the constraints C1,...,
Ci , which are not deleted. We do not detail the passive constraint declaration
#Id ... pragmapassive(Id), which is just an optimization and is not crucial.
We refer the reader to [8] for more detail on the CHR language. The rule r01 aims
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:- use_module(library(clpfd)).
:- use_module(library(chr)).

handler sequences.

constraints conc/2, size/2, rev/2, labeling/0.
operator(700,xfx,conc). % ’List conc Seq’ means conc(List)=Seq
operator(700,xfx,size). % ’Seq size N’ means size(Seq)=N

r01@ rev(R,S) <=> reverse(R,S).
r02@ [] conc L <=> L=[].
r03@ [R] conc L <=> R=L.
r04@ [R|Rs] conc [] <=> R=[], Rs conc [].
r05@ [[X|R]|Rs] conc L <=> L=[X|L1], [R|Rs] conc L1.
r06@ Rs conc L <=> delete([],Rs,Rs1) | Rs1 conc L.
r07@ Rs conc L <=> delete(L,Rs,Rs1) | Rs1 conc [].
r08@ R conc L ==> lenPropagate(R,L).
r09@ [] size N <=> N#=0.
r10@ [_|L] size N <=> N#=M+1, L size M.
r11@ L size N <=> ground(N) | N1 is N, length(L,N1).
r12@ (X size N1)#Id \ X size N2 <=> N1=N2 pragma passive(Id).
r13@ labeling, ([R|Rs] conc L)#Id <=> true |

( var(L) -> length(L,_) ; true),
( R=[], Rs conc L ; L=[X|L1], R=[X|R1], [R1|Rs] conc L1 ),
labeling pragma passive(Id).

reverse([],[]).
reverse(R,L):- R size N, L size N, X size 1,

[X,R1] conc R, [L1,X] conc L, reverse(R1,L1).

delete( X, [X|L], L).
delete( Y, [X|Xs], [X|Xt]) :- delete( Y, Xs, Xt).

lenPropagate([], []).
lenPropagate([R|Rs],L) :- R size NR, L size NL, L1 size NL1,

NL #= NR + NL1, lenPropagate(Rs,L1).

Fig. 2. The essential part of the solver in CHR

to propagate the constraint rev using an additional Prolog predicate reverse.
The rules r02–r05 propagate the generalized concatenation Rs conc L until the
first element of Rs is a non valuated variable. If it is the case, we can jump over
this variable only by deleting empty sequences [] or the sequence L itself in Rs
as shown in rules r06–r07.

If it is still not sufficient for a constraint conc [R1, R2, ..., Ri] = L, the rule r08
and lenPropagate establish the relation size (R1)+ . . .+size (Ri) = size (L) be-
tween the sizes of the sequences, which can help in propagation. The
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propagation for the constraint L size N (where N can be an arithmetic expres-
sion) is provided by the rules r08–r11.

To avoid repetitions, the rule r12 replaces the constraint X size N2 in presence
of X size N1 by N1 #= N2. The rule r13 defines the labeling constraint, which is
written at most once at the very end of the constraint list. It tries to find all
possible solutions of the constraint problem and does not necessarily terminate.

4 Experimental Results

To evaluate the efficiency of our constraint solver (called in this section also
Solver 1) we apply it to big constraint sets and compare the results to an intuitive
propagation technique (called below Solver 2) based on subsequences in the
beginning and the end of each sequence. The basic constraints of Solver 2 are
size, ↑, ↓ and rev. The CHR implementation of both solvers are available at [12].

The constraint order being important for the resolution time, we define con-
straint lists rather than constraint sets, putting the constraints in a precise order.

Let N ≥ 1, and let Ctail (R, N) be the list of the following 2N + 1 constraints
on the sequence R:

first (R) = N, tail (R) = RN−1,
first (RN−1) = N − 1, tail (RN−1) = RN−2,

. . .
first (R1) = 1, tail (R1) = R0,

R0 = [ ].

Let Cinv
tail (R, N) be the list of the same constraints, where the lines are put in

the inverse order:

R0 = [ ],
first (R1) = 1, tail (R1) = R0,

. . .
first (RN−1) = N − 1, tail (RN−1) = RN−2,

first (R) = N, tail (R) = RN−1.

Both Ctail (R,N) and Cinv
tail (R,N) have the unique solution R = [N, N−1, . . . , 2, 1].

Let Cfront (R, N) be the list of the 2N + 1 constraints:

last (R) = N, front (R) = RN−1,
last (RN−1) = N − 1, front (RN−1) = RN−2,

. . .
last (R1) = 1, front (R1) = R0,

R0 = [ ]

and let Cinv
front (R, N) be the list of the same constraints with the inverse order of

the lines. Their unique solution is R = [1, 2, . . . , N − 1, N ].
To mix both types of constraints, we also consider the list Calt(R, N) alter-

nating the lines of Ctail (R, N) and of Cfront (R, N) and containing the first line
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Time of resolution, sec.
N Solver 1 Solver 2
Ctail (R, N) / Cinv

tail (R,N)
10 0 / 0 0.08 / 0
20 0 / 0 1.2 / 0.03
50 0 / 0 42.78 / 0.34
100 0 / 0 1460 / 2.4
500 0.03 / 0.11 ? / 305.5
Cfront (R, N) / Cinv

front (R,N)
10 0.13 / 0.08 0.08 / 0.02
20 0.56 / 0.31 0.97 / 0.13
50 5.65 / 2.19 42.62 / 3.17
100 47.57 / 9.86 1367 / 50.78
500 ? / 490.8 ? / ?

Calt(R, N) / Cinv
alt (R,N)

10 0.06 / 0.05 0.03 / 0.02
20 0.27 / 0.17 0.16 / 0.09
50 1.78 / 1.11 2.63 / 1.64
100 9.31 / 5 37.26 / 20.49
500 ? / 242.9 ? / ?

Fig. 3. Comparison of the resolution time

of Ctail (R, N), the second line of Cfront (R, N), the third line of Ctail (R, N), etc.
As above, Cinv

alt (R, N) puts the lines of Calt(R, N) in the inverse order. In both
cases, R = [N, N − 2, . . . , N − 3, N − 1] is the unique solution.

The choice of these constraint lists is motivated by constraint problems ap-
pearing in practice. Indeed, sequences often model data structures with consec-
utive access to elements, e.g. consecutive adding or removing of elements at the
beginning or at the end of a sequence. In the context of software validation and
verification, the constraint lists Ctail /Cinv

tail come from consecutive adding or re-
moving at the beginning of a sequence, Cfront /Cinv

front come from those at the end
of a sequence, while Calt/Cinv

alt mix both types of access. The reader will easily
see that similar constraint problems may be obtained during the animation and
validation of the model of Figure 4 introduced in Section 5.1 below.

Figure 3 shows the time of resolution (in seconds) for both constraint solvers
applied to the constraint lists. The experimentations were realized on an Intel
Pentium 4 computer with 2.40GHz, 376 Mb RAM. Unknown resolution time
(greater than 30 minutes) is denoted by “?”. The resolution time for the con-
straint lists with the direct and the inverse constraint order are separated by “/”.

We see that our constraint solving algorithm (Solver 1) can be a little bit
slower for small constraint sets while the resolution time is anyway less than 1
sec because of the rewriting step. But it becomes faster as soon as the resolution
time becomes greater than 1-2 sec (for N ≥ 40, i.e. for the number of constraints
≥ 80). For several hundreds of constraints (N ≥ 100), Solver 2 becomes too slow
or even goes out of memory, whereas our algorithm is much faster.



32 N. Kosmatov

A very important characteristic for a solver is its ordering factor, i.e. to which
extent the solver depends on the ordering of the constraints. Let us define the
ordering factor (on constraint lists of length L) as the maximal ratio t/tinv,
where t, tinv > 0 are the time of resolution for some constraint list (of length
L) in the direct and in the inverse order of constraints respectively. The results
of Figure 3 show that the ordering factor for Solver 1 on the tested constraint
lists with N = 100 (i.e. of length 2N + 1 = 201) is about (47/9.8) ∼ 5, whereas
that of Solver 2 can reach (1460/2.4) ∼ 600. It shows that our constraint solving
algorithm is less dependent on the constraint ordering, and therefore guarantees
better efficiency in the worst case.

Note finally that Solver 1 has a more powerful propagation capacity than
Solver 2 because it is not limited to the propagation at the beginning and the
end of a sequence, but also takes into account the information in the middle of
a sequence.

5 Applications to Software Validation and Verification

This section illustrates the applications of the constraint solver as part of a
validation and verification tool such as BZTT to different problems in software
validation and verification.

5.1 Waiting Room Example

Consider the example of a waiting room system specification given in Figure 4
(containing some errors which were introduced on purpose and will be detected
and corrected below). This simple specification is written in B notation [1] and
models the automatic client queue managing in a shop, travel agency etc. Sup-
pose that each client goes first to one of several agents of the first type (say,
sellers), than to one of several agents of the second type (say, cashiers). In this
example, we consider two sellers A and B and one cashier C. In addition, seller
B is the manager of the shop who takes clients only if the queue is rather long.
The clients are represented by names which, for simplicity, are taken in the finite
set NAMES. A system state is represented by the status free or occupied of
each agent (variables sellerA, sellerB, cashierC), the name of the last client
called by each agent (variables clientA, clientB, clientC), the queue of clients
to sellers and the queue of clients to the cashier (variables qSeller and qCashier
whose type is sequences over the set NAMES). Initially, all agents are free,
the queues are empty sequences [ ] and the names of the latest called clients are
arbitrary elements of NAMES. The invariant property must be verified in all
system states. In this example, the invariant, denoted below by Inv, defines the
possible values of variables and the maximal queue length.

The evolution of the system is described by operations, which are defined by
generalized substitutions and may have preconditions, input and output values.
A new client name first registers himself in the system (or is registered by the
receptionist not modelled here) who adds him at the end of qSeller, provided
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MACHINE WAITINGROOM
SETS STATES = {free, occupied};

NAMES = {n1, n2, n3, n4, n5, n6, n7, n8, n9, n10, n11, n12, n13, n14, n15}
VARIABLES

sellerA, sellerB, cashierC, clientA, clientB, clientC, qSeller, qCashier
INVARIANT

sellerA ∈ STATES ∧ sellerB ∈ STATES ∧ cashierC ∈ STATES ∧
clientA ∈ NAMES ∧ clientB ∈ NAMES ∧ clientC ∈ NAMES ∧
qSeller ∈ seq (NAMES) ∧ qCashier ∈ seq (NAMES) ∧
size(qSeller) ≤ 10 ∧ size(qCashier) ≤ 5

INITIALISATION
sellerA := free ‖ sellerB := free ‖ cashierC := free ‖
clientA :∈ NAMES ‖ clientB :∈ NAMES ‖ clientC :∈ NAMES ‖
qSeller := [ ] ‖ qCashier := [ ]

OPERATIONS
new(name) =

PRE name ∈ NAMES ∧ size(qSeller) ≤ 10
THEN qSeller := qSeller ← name
END

callA =
PRE size(qSeller) > 0 ∧ sellerA = free
THEN sellerA := occupied ‖ clientA := first (qSeller) ‖ qSeller := tail (qSeller)
END

callB=
PRE size(qSeller) > 12 ∧ sellerB = free
THEN sellerB := occupied ‖ clientB := first (qSeller) ‖ qSeller := tail (qSeller)
END

endA=
PRE sellerA = occupied
THEN sellerA := free ‖ qCashier := qCashier ← clientA
END

endB=
PRE sellerB = occupied
THEN sellerB := free ‖ qCashier := qCashier ← clientB
END

callC=
PRE size(qCashier) > 0 ∧ cashierC = free
THEN cashierC := occupied ‖ clientC := first (qCashier) ‖

qCashier := tail (qCashier)
END

endC=
PRE cashierC = occupied
THEN cashierC := free
END

END

Fig. 4. Waiting room specification in B
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that name ∈ NAMES and the queue is not too long (operation new). The
seller A can take the first client in the queue qSeller, provided that sellerA is
free and qSeller is not empty (operation callA). The seller B can take the first
client in the queue qSeller, provided that sellerB is free and qSeller is rather
long (operation callB). An occupied seller can finish serving his client by putting
him at the end of qCashier and changing the status to free (operations endA,
endB). The cashier C can take the first client from qCashier, provided that
cashierC is free and qCashier is not empty (operation callC). While being
occupied, the cashier C can finish serving his client by changing the status to
free (operation endC).

Pnew : Inv ∧ name ∈ NAMES ∧ size(qSeller) ≤ 10 ∧ qSeller′ = qSeller ← name
PcallA : Inv ∧ size(qSeller) > 0 ∧ sellerA = free∧

sellerA′ = occupied ∧ clientA′ = first (qSeller) ∧ qSeller′ = tail (qSeller)
PcallB : Inv ∧ size(qSeller) > 12 ∧ sellerB = free∧

sellerB′ = occupied ∧ clientB′ = first (qSeller) ∧ qSeller′ = tail (qSeller)
PendA : Inv ∧ sellerA = occupied ∧ sellerA′ = free∧

qCashier′ = qCashier ← clientA
PendB : Inv ∧ sellerB = occupied ∧ sellerB′ = free∧

qCashier′ = qCashier ← clientB
PcallC : Inv ∧ size(qCashier) > 0 ∧ cashierC = free ∧

cashierC′ = occupied ∧ clientC′ = first (qCashier) ∧ qCashier′ = tail (qCashier)
PendC : Inv ∧ cashierC = occupied ∧ cashierC′ = free

Fig. 5. Before-After predicates

5.2 Applications

The following examples briefly illustrate the applications of the solver with the
BZTT tool in different areas of software validation and verification.

1. Representing of the system states and operations by constraints. Figure 5
shows the Before-After predicates corresponding to the operations and describ-
ing all possible transitions of the system in terms of constraints. The Before
part for each operation contains the invariant Inv and the precondition of the
operation. The After part is the postcondition defining the state after the op-
eration and containing only constraints of the form X ′ = . . . , where X ′ denotes
the new value of the variable X after the operation. For unchanged variables, we
omit the trivial constraints X ′ = X for short. This representation of the system
states and operations in terms of constraints allows to group the states and to
avoid their enumeration. Note that this enumeration is impossible even in this
simplified example with small numbers (card (NAMES) = 15) because of the
great number of sequences over NAMES.

2.Model animation based on the symbolic evaluation. Due to the constraint rep-
resentation of the states and operations (Before-After predicates of Figure 5),
the animation is not limited to the completely valuated states, but can be also
applied to partially valuated ones.
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3. Formal model validation based on the symbolic evaluation: detecting of a too
strong invariant, a too weak precondition or an inexecutable behavior. The simple
satisfiability verification of the Before part of each Before-After predicate
allows to detect that the operation callB is inexecutable. Indeed, the solver
detects that the Before predicate of callB

. . . ∧ size(qSeller) ≤ 10 ∧ . . . ∧ size(qSeller) > 12 ∧ . . .

is unsatisfiable. To correct this error, we can replace size(qSeller) > 12 by
size(qSeller) > 5 in the precondition of the operation callB.

Another error in the specification is a too weak precondition size(qSeller) ≤
10 in Pnew or a too strong invariant condition size(qSeller) ≤ 10 in Inv. Indeed,
from a state with size(qSeller) = 10, the operation new can lead to a state with
size(qSeller′) = 11, which does not satisfy the invariant. To detect such errors,
it is sufficient to verify if the invariant property is always verified after each op-
eration. In other words, we should check whether the Before-After predicate of
each operation is incompatible with ¬Inv′, where Inv′ is the invariant condition
stated for the variables after the operation. For the operation new, the condition
Pnew ∧ ¬Inv′ rewritten in DNF form, contains the disjunct

. . . ∧ size(qSeller) ≤ 10 ∧ qSeller′ = qSeller ← name ∧ size(qSeller′) > 10,

so the solver easily detects that it is satisfiable for size(qSeller) = 10. To correct
this error, we can, for example, replace size(qSeller) ≤ 10 by size(qSeller) < 10
in the precondition of the operation new.

4. Generating of tests satisfying a chosen criterion. Various test coverage criteria
are used to guide the (automatic) test generation or to evaluate a given set
of tests. These criteria usually can be expressed in terms of constraints, so a
constraint solver can be efficiently used for test generation. To detect domain
errors, it is necessary to use boundary coverage criteria, which are useful for
other error types as well. A new family of boundary coverage criteria for discrete
domains and corresponding generation methods were proposed in [13]. They
allow to find tests on the boundary of the domain of possible values of variables.
Some of the criteria aim to reach the minimal and maximal values of each variable
in the generated tests. These criteria can be easily adapted for sequences by
minimizing and maximizing the length of each sequence. For example, the set
with the following four tests for the operation endA will satisfy the MD (multi-
dimensional) criterion [13] for sequence lengths (we omit here sellerA = occupied
and the values of other variables):

qSeller = [], qCashier = [];
qSeller = [n1, n2, . . . , n9, n10], qCashier = [];
qSeller = [], qCashier = [n1, n2, n3, n4, n5];

qSeller = [n1, n2, . . . , n9, n10], qCashier = [n11, n12, n13, n14, n15].

5. Validation of the formal model by tests. The execution of the generated tests
followed by the invariant verification can be used to validate the model. For
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example, the execution of the operation endA on the following test (which may
be generated according to the MD criterion):

qSeller = [], qCashier = [n1, n2, n3, n4, n5], sellerA = occupied, clientA = n6

will lead to the state with qCashier′ = [n1, n2, n3, n4, n5, n6], where the in-
variant condition size(qCashier) ≤ 5 is not satisfied. This too strong invariant
could be also detected as shown in 3 above. To correct this error we can delete
the unjustified condition size(qCashier) ≤ 5 from the invariant.

6. Testing of an implementation of the formal model. Due to the constraint
representation of the states and operations of the system, in black-box testing
the constraint solver allows to obtain an oracle predicting the correct state after
executing of the tests on the implementation. In white-box testing, the constraint
solver gives in addition the possibility to detect the contradictions between the
model and the implementation by comparing the constraint sets extracted from
the model (see Figure 5) and from the implementation.

Integration of the constraint solver for sequences into a validation and ver-
ification tool such as BZTT [5] will make these operations automatic or semi-
automatic and will provide a convenient graphical interface. We refer the reader
to [4] for more detail on the application of constraint solving to different problems
of software engineering in the BZTT method.

6 Conclusion and Future Work

We presented the problem of constraint solving for sequences and proposed a
constraint solving technique for the usual operations used in such notations as B
and Z. Our experiments show that our method is rather efficient on big constraint
sets and gives satisfactory results even on sets of several hundreds of constraints.
It is due to the uniformity of the approach: although we express some simple
constraints in terms of a more complicated and more general constraint conc ,
it minimizes the number of different constraints and the number of constraint
handling rules and finally provides a much faster solver for big constraint sets.
The example in Section 5 shows various applications of the solver to software
engineering in a validation and verification tool such as BZTT. In this example,
the solver was called by hand since it has not yet been completely integrated
into BZTT. All the other steps (formal model parsing, generating of Before-After
predicates, dealing with constraint sets etc.) are implemented and can be done
automatically.

The future work will include the following:

– to integrate the solver into BZTT like it was already done for the existing
solver CLPS-B [4];

– to apply the solver as part of the BZTT to validation and verification of
real-sized software with sequences.
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Abstract. This article merges two approaches: one dealing with persis-
tence for logic programs, as provided by a relational database back-end
and another which addresses the issues of logic program structuring, by
way of the parametric context. We claim that these two can be effectively
combined to obtain a language which offers significant gains in expres-
siveness over previous work. This claim is experimentally backed by the
applications that have been developed using these tools.

1 Introduction

Contexts: The idea of Contextual Logic Programming (CxLP) was introduced
in the late 1980s by Monteiro and Porto [7] and is related to similar efforts such
as that by Miller described in [6]. The purpose of CxLP was initially to deal
with Prolog’s traditionally flat predicate namespace, which seriously hindered its
usability in larger scale projects. The impact of these extensions has mostly failed
to make it back into the mainstream language, as the most widely distributed
implementations only provide a simple, SICStus-like module mechanism, if any.

A more recent proposal [3] rehabilitates the ideas of Contextual Logic Pro-
gramming by viewing contexts not only as shorthands for a modular theory
but also as the means of providing dynamic attributes which affect that the-
ory: we are referring to unit arguments, as described in Abreu and Diaz’s work.
It is particularly relevant for our purposes to stress the context-as-an-implicit-
computation aspect of CxLP, which views a context as a first-class Prolog entity
– a term, behaving similarly to an object in OOP languages.

Persistence: having persistence in a Logic Programming language is a required
feature if one is to use it to construct actual information systems; this could con-
ceivably be provided by Prolog’s internal database but is best accounted for by
software designed to handle large quantities of factual information efficiently, as
is the case in relational database management systems. The semantic proximity
between relational database query languages and logic programming languages
have made the former privileged candidates to provide Prolog with persistence,
and this has long been recognized.

ISCO [2] is a proposal for Prolog persistence which includes support for mul-
tiple heterogeneous databases and which access to technology beyond relational
databases, such as LDAP directory services or DNS. ISCO has been successfully
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used in a variety of real-world situations, ranging from the development of a
university information system to text retrieval or business intelligence analysis
tools.

ISCO’s approach for interfacing to DBMSs involves providing Prolog declara-
tions for the database relations, which are equivalent to defining a corresponding
predicate, which is then used as if it were originally defined as a set of Prolog
facts. While this approach is convenient, its main weakness resides in its present
inability to relate distinct database goals, effectively performing joins at the
Prolog level. While this may be perceived as a performance-impairing feature, in
practice it’s not the show-stopper it would seem to be because the instantiations
made by the early database goals turn out as restrictions on subsequent goals,
thereby avoiding the filter-over-cartesian-product syndrome.

Contexts and persistence: considering that it is useful to retain the regular Pro-
log notation for persistent relations which is an ISCO characteristic, we would
like to explore the ways in which contexts can be taken advantage of, when lay-
ered on top of the persistence mechanisms provided by ISCO. In particular we
shall be interested in the aspects of common database operations which would
benefit from the increase in expressiveness that results from combining Prolog’s
declarativeness and the program-structuring mechanisms of Contextual Logic
Programming.

We shall illustrate the usefulness of this approach to Contextual Logic Pro-
gramming by providing examples taken from a large scale application, written in
GNU Prolog/CX, our implementation of a Contextual Constraint Logic Program-
ming language. More synthetic situations are presented where the constructs
associated with a renewed specification of Contextual Logic Programming are
brought forward to solve a variety of programming problems, namely those which
address compatibility issues with other Prolog program-structuring approches,
such as existing module systems. We also claim that the proposed language and
implementation mechanisms can form the basis of a reasonably efficient devel-
opment and production system.

The remainder of this article is structured as follows: section 2 recapitulates
on ISCO, while section 3 presents our revised specification of Contextual Logic
Programming, stressing the relevance of unit arguments. In section 4 we show
some uses for a unified language, which uses both persistence and contexts.
Finally, section 5 draws some conclusions and attempts to point at unsolved
issues, for further research.

2 Persistence with ISCO

It is not the purpose of this article to introduce the ISCO language, but a short
review of its main features is useful for the discussion ahead.

ISCO has been described in [2] and comes as an evolution of the Logic de-
scription language presented in [1]. It is a mediator language in that an ISCO
program may transparently access data from several distinct sources in a uni-
form way: all behave as regular Prolog predicates. Some relevant advantages
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ISCO holds over competing approaches are its ability to concurrently interface
to several legacy systems, its high performance by virtue of being derived from
GNU-Prolog and its simplicity.

Predicate declarations: predicates that are to be associated with an external
representation must be declared. This is necessary because DBMSs need to have
table fields named and typed and none of this information is derivable from a
regular Prolog predicate.

Example 1 (ISCO class teacher)

class teacher.
name: text.
department: text.
degree: text.

A class teacher can be declared in ISCO as in example 1. This defines predicate
teacher/3, which behaves as a database predicate but relies on an external
system (e.g. an RDBMS) to provide the actual facts.

Class declarations in ISCO may reflect inheritance, although that isn’t shown
in the previous example. Several features of SQL have been mapped into ISCO:
keys and indexes, foreign keys and sequences to name a few.

Operations: classes in ISCO stand for persistent predicate declarations. The way
these may be used is similar to what is done in Prolog for “database” predicates:

– non-deterministic sequential access to all clauses,
– insertion of new facts ( la assertz/1),
– removal of specific facts ( la retract/1)

The use of relational database back-ends spurred the adoption of an “update-
like” operation in ISCO, which has no traditional Prolog counterpart.

These operations may specify constraints on their arguments to limit the
tuples they apply to. These may be actual CLP(FD) constraints or more specific
syntactic constructs, designed to provide a minimal yet useful set of features to
tap into the potential efficiency provided by the RDBMS: for example, there are
notations to specify solution ordering or substring matching.

Outlook: ISCO-based logic programs access the RDBMS-resident relations one-
at-a-time, i.e. each predicate maps directly to queries onto the corresponding
table. This results in joins being performed at the Prolog level, which may im-
pair efficiency in some cases. This cannot be easily dealt with, as calls to class
predicates may be mixed with regular Prolog goals, so that it’s hard to de-
termine beforehand what compound SQL query could be generated to effect
a proper database-side join. Using Draxler’s Prolog-to-SQL compiler[4] could
improve this situation somewhat, but it has yet to be done.
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3 Overview of Contextual (Constraint) Logic
Programming

Contextual Logic Programming (CxLP) [7] is a simple yet powerful language
that extends logic programming with mechanisms for modularity. In CxLP a
finite set of Horn clauses with a given name is designated by unit. In [3] we
presented a new specification for CxLP, which emphasizes the OOP aspects by
means of a stateful model, allowed by the introduction of unit arguments. Using
the syntax of GNU Prolog/CX, consider a unit named teacher to represent some
basic facts about the teaching at a University:

Example 2 (CxLP unit teacher)

:-unit(teacher).

name(N) :- teacher(N, _, _).
department(D) :- teacher(_, D, _).
degree(D) :- teacher(_, _, D).

teacher(john, cs, phd).
teacher(bill, cs, msc).

The only difference between the code of example 2 and a regular logic program is
the first line that declares the unit name. Consider also another unit to represent
information about courses, in example 3:

Example 3 (CxLP unit course)

:-unit(course).

teacher(N) :- course(N, _).
course(C) :- course(_, C).

course(john, ai).
course(bill, lp).

A set of units is designated as a contextual logic program. With the units above
we can build a program P = {teacher, course}. If we consider that teacher
and course designate sets of clauses, then the resulting program is given by the
union of these sets.

For a given CxLP program, we can impose an order on its units, leading to
the notion of context. Contexts are implemented as lists of unit designators and
each computation has a notion of its current context. The program denoted by
a particular context is the union of the predicates that are defined in each unit.
We resort to the override semantics to deal with multiple occurrences of a given
predicate: only the topmost definition is visible.

To construct contexts, we have the context extension operation given by the
operator :> . The goal U :> G extends the current context with unit U and
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resolves goal G in the new context. For instance, to find out about the academic
qualification of the person who taught the Logic Programming course (lp), we
could ask:

teacher :> course :> (course(N, lp), teacher(N, , DEG))
In this goal, we start by extending the initially empty ([]) context with unit
teacher, obtaining context [teacher]. This context is again extended with unit
course, yielding the context [course, teacher], and it is in the latter context
that goal course(N, lp), teacher(N, , DEG) is derived.

3.1 Units with Arguments

In [3] we add units arguments as a significant part of the CxLP programming
model: a unit argument can be interpreted as a “unit global” variable, i.e. one
which is shared by all clauses defined in the unit. Unit arguments help avoid the
annoying proliferation of predicate arguments, which occur whenever a global
structure needs to be passed around. For instance, the teacher unit could be
rewritten as in example 4:

Example 4 (CxLP unit teacher with arguments)

:- unit(teacher(NAME, DEPARTMENT, QUALIFICATIONS)).

name(NAME).
department(DEPARTMENT).
qualifications(QUALIFICATIONS).

teacher(john, cs, phd).
teacher(bill, cs, msc).

item :- teacher(NAME, DEPARTMENT, QUALIFICATIONS).

In this modified version, we have three unit argument NAME, DEPARTMENT and
QUALIFICATIONS, along with three unary predicates to access these arguments.
There is a new predicate item/0 that instantiates all unit arguments using facts
from the database.

To answer the same question as before, and considering a similar change was
done to unit course we could say:

course(N, lp) :> item, teacher(N, , DEG) :> item.
The way in which this query works is substantially different, though, because

we are now instantiating variables which occur in the units, not in the goals. In
fact, the goals are now bare.

3.2 Contextual Constraint Logic Programming

It was a natural thing to try to combine contextual and constraint logic program-
ming, yielding what we call Contextual Constraint Logic Programming or CCxLP.
This paradigm subsumes CLP [5] and enriches CxLP, by allowing unit arguments
and contexts to be constrained variables.
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Considering again the GNU Prolog/CX implementation, where the CLP scheme
is particularized to Finite Domains (CLP(FD)) and reified Booleans (CLP(B)),
we can define the unit of example 5 to represent the 24–Hour timekeeping system:

Example 5 (CxLP unit time)

:- unit(time(HOUR, MINUTE, SECOND)).

args :- fd_domain(HOUR, 0, 23),
fd_domain(MINUTE, 0, 59),
fd_domain(SECOND, 0, 59).

hour(HOUR).
minute(MINUTE).
second(SECOND).

Using unit time to express the 9-to-5 working hours, we can simply do:
time(T) :> (args, hour(H), H #>= 9, H # =< 17).

which will result in variable T having variable subterms which are constrained
variables which correspond to the time period in question. This sort of situation
is explored in more depth in [8].

3.3 On the Implementation of Contexts

GNU Prolog implements the Prolog language with a flat namespace, leaving it
up to the standard development environment tools, in particular the link editor,
to resolve predicate name references. This approach is clearly inadequate in a
dynamic setting such as that which is associated with contextual Logic Programs.
To briefly recapitulate on [3], the target WAM variant used in GNU Prolog/CX
has been extended with two new instructions which have to be sensitive to the
current context; these are: cxt call(P/N,V) and cxt execute(P/N,V) where
P/N is the predicate to call and V is a variable (i.e. a WAM register specifier)
designating the context to use. Both instructions first look for a definition for P/N
in the global predicate table (containing all built-in predicates and predicates
not defined inside a unit). If no global definition is found, the current context is
scanned until a definition is found. This process is summarized in figure 1.

There is no need to add further instructions to the WAM instruction set
architecture, as all the remaining functionality may be carried out by accessing
regular Prolog data structures using the available instruction set. For example,
the K and CK registers which are specific to the Contextual LP extention to
the WAM can simply be mapped to fixed WAM Xi registers, thereby benefiting
from the save-restore management which is already being performed by the GNU
Prolog compiler pl2wam. This particular option proved optimal in terms of the
generated code quality, because the context registers are not backed up into the
Yi registers unless they actually need to.

The present implementation of GNU Prolog/CX also includes dynamic unit
loading under Linux and MacOS X. This feature overcomes the limitation that
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trail value of K and CK if needed (testing their time-stamp)
K ← V

CK ← K

if there is a definition for P/N in the global table then
goto this definition

while K is of the form [E|K’] do // ie. K is not empty
let T be the predicate table associated to <functor/arity> of E
if there is a definition for P/N in T then

goto this definition
K ← K’

end
error P/N is an undefined predicate

Fig. 1. Context search procedure

was previously felt where programs would need to be linked with the entire set
of units which would be used at runtime. Dynamic loading in GNU Prolog/CX
was greatly simplified because contextual execution already requires a lookup
step to be performed, at call-time: the predicate lookup table which is used in
this process can also be dynamically loaded and associated with a unit identifier
(a compound term.)

4 Contexts in ISCO

University of Evora’s Integrated Information System, SIIUE, is implemented in
GNU Prolog/CX [3] and ISCO [2]. It relies on a relational database management
system – PostgreSQL in the occurrence – for which an efficient, although very
low-level, interface has been provided. We selected this approach rather than,
for instance, resorting to the Draxler Prolog-to-SQL query generator [4] because
the database is totally generated from within Prolog, both schema and data.

One “selling point” on ISCO is that modeling and implementation of informa-
tion systems and related applications should be performed directly at the Logic
Programming level, so we also want to hide the fact that there is an underlying
relational database at all: it’s only being used as a persistence provider.

Following an “extreme-contextual” approach, it was decided by design that
every predicate which represents a problem-domain relation would also have
an associated unit, of the same name and arity according to the number of
arguments in the relation. This would hold whether the predicate is implemented
as a set of facts backed by the persistency mechanism, or as a regular predicacte
with non-fact clauses, as would be the case for a computed relation.

Taking up the definition of example 1 (page 40), class teacher should now
compile to code like that of example 6:

Example 6 (CxLP & ISCO unit teacher with arguments)

:- unit(teacher(NAME, DEPARTMENT, QUALIFICATIONS)).
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name(NAME).
department(DEPARTMENT).
qualifications(QUALIFICATIONS).

item :- teacher(NAME, DEPARTMENT, QUALIFICATIONS).

teacher(A, B, C) :- <<SQL ACCESS CODE>>

The point is that all the code in this unit is generated by the ISCO compiler,
which will include yet a few more predicates, in particular those required to deal
with insertion, removal and tuple updates.

Following the CxLP approach, constrained queries to persistent relations are
specified by constructing a context that constitutes a complete specification of
the query: this context can be viewed as an implicict computation, in which the
goal item will activate the intended query.

Example 7 (CxLP & ISCO constraing unit)

:- unit(where(CONDITION)).
item :- CONDITION, :^ item.

Example 7 shows how a context component – a unit – may be used to impact
the meaning of the item goal: it retains the semantics provided by the remainder
of the context, after being put in a conjunction with an arbitrary goal, specified
as a unit argument to unit where/1. The :^ operator is analogous to the super
keyword in OO languages. An example of using this approach:

teacher(N,D,Q) :> where(member(Q, [bsc, msc]))
:> :< TAs,

TAs :< item

The first goal binds variable TAs to a context which will generate all teachers
which don’t hold a PhD. degree. This is achieved with the solutions for the item
predicate.

The :< unary operator unifies its argument with the current context while
the similarly named binary operator effects a context switch.

In spite of its simplicity, this example is representative of the way programs are
coded in ISCO and GNU Prolog/CX, with contexts representing generators being
built and saved in a variable in which the item goal is subsequently evaluated:
this can be thought of as the creation and storage of an object, followed by
sending of messages to that object.

An Application: a simple yet illustrative example is that of maintaining a browser
session. A session is a sequence of related web pages, pertaining to a specific
interaction, as identified by user input. Sessions are represented by server-side
information which persists across individual pages and is referenced by a client-
side (CGI) variable.
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A system such as Universidade de Évora’s SIIUE [1] requires sessions. In
order to provide session support using ISCO and GNU Prolog/CX, we resorted
to a thin PHP layer, which collects all variables, be they provided in the URL,
in a POST, as cookies or as a server-side variable. These are then supplied to the
GNU Prolog/CX program as a unit, cgi/1, which provides predicates to access
and enumerate variables.

The sequence of web pages is represented and managed using a sequence of
contexts, each representing what may be done at a particular stage. The way a
particular link which advances the session is represented is quite simple, as it
only requires that:

– the current context be available, as a session variable,
– the link specify the next context, possibly as an extension to the current one,
– every such context should behave uniformly, allowing for the same predicate

to render the HTML code.

5 Conclusions and Directions for Future Work

ISCO and GNU Prolog/CX have proven to be a good match, as they both provide
useful extensions to Prolog, in particular if what we have in mind is the con-
struction of complex information systems. This is certainly the case for SIIUE,
which – at the time of this writing – total about 38000 lines of GNU Prolog/CX
code in over 400 units, the persistent database currntly sports over 8 million
tuples in 200 relations, a couple of which having over 1 million tuples. SIIUE is
daily operated on by several thousand users.

This system has already been applied in a variety of situations, beyond the
one that spurred its development, SIIUE. The range of application domains
is incessantly growing. There are very promising developments in the fields of
business intelligence and information retrieval, for which prototype systems have
already been implemented.

One aspect which remains challenging is the development of a particular ap-
plication with ISCO and GNU Prolog/CX, from scratch. We are presently look-
ing into ways of integrating Logic Programming-based tools, such as ISCO and
CxLP, into Content-Management Systems such as Plone or Joomla. It is our
belief that these CMS will benefit from having plug-ins with the expressiveness
of Prolog.

At present, ISCO joins are always performed on the Prolog side, thereby
throwing away good opportunities for query optimization on the DBMS server
side. We are presently working on this issue, and will possibly resort to Christoph
Draxler’s [4] Prolog-to-SQL compiler, although the task is made more difficult
because ISCO allows for CLP(FD,B) constraints to apply to variables.

Another approach which we are presently exploring involves associating more
than just GNU Prolog’s native FD constraints to query variables, by making use
of an attributed-variable extension to GNU Prolog.
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Abstract. Rough Non-deterministic Information Analysis (RNIA)
is a framework for handling rough sets based concepts, which are defined
in not only DISs (Deterministic Information Systems) but also NISs
(Non-deterministic Information Systems), on computers. RNIA is
also recognized as a framework of data mining from uncertain tables.
This paper focuses on programs in prolog, and briefly surveys a software
tool for RNIA.

1 Introduction

Rough set theory offers a new mathematical approach to vagueness and un-
certainty, and the rough sets based concepts have been recognized to be very
useful [1,2,3,4]. This theory usually handles tables with deterministic informa-
tion, which we call Deterministic Information Systems (DISs). Many ap-
plications of this theory to information analysis, data mining, rule generation,
machine learning and knowledge discovery have been investigated [5,6,7,8,9].

Non-deterministic Information Systems (NISs) and Incomplete Infor-
mation Systems have been proposed for handling information incompleteness in
DISs [10,11,12,13,14,15,16,17]. In [10,11,12], the necessity of non-deterministic
information is shown. In [13,14], Lipski showed a question-answering system
besides an axiomatization of logic. The relation between rough logic and incom-
plete information is clarified in [15], and relational algebra with null values is
also discussed in [17].

We have also proposed a framework RNIA depending upon not only DISs
but also NISs, and we have realized a software tool. For realizing this tool, we
developed several effective algorithms, and we employed prolog for implementa-
tion. Because, it is necessary to handle non-deterministic cases in NISs, it may
be difficult to apply a procedural language like C for realizing this tool. As far as
the author knows, very little work deals with NISs nor incomplete information
on computers. Throughout this paper, we show several examples, which clarify
the role of this software tool for RNIA.

M. Umeda et al. (Eds.): INAP 2005, LNAI 4369, pp. 48–65, 2006.
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2 Basic Definitions and Information Analysis in
Deterministic Information Systems

This section surveys basic definitions on rough sets and rough sets based infor-
mation analysis according to [1,2,3,4].

2.1 Basic Definitions

A Deterministic Information System (DIS) is a quadruplet (OB, AT, {V ALA|
A ∈ AT }, f), where OB is a finite set whose elements are called objects, AT
is a finite set whose elements are called attributes, V ALA is a finite set whose
elements are called attribute values and f is such a mapping that f : OB×AT →
∪A∈AT V ALA which is called a classification function.

For ATR={A1, · · · , An} ⊂ AT , we call (f(x, A1), · · · , f(x, An)) a tuple (for
ATR) of x ∈ OB. If f(x, A)=f(y, A) holds for every A ∈ ATR ⊂ AT , we see
there is a relation between x and y for ATR. This relation is an equivalence rela-
tion over OB. Let [x]ATR denote an equivalence class {y ∈ OB|f(y, A)=f(x, A)
for every A ∈ ATR}, and let eq(ATR) denote the family of all equivalence
classes for ATR. We identify an equivalence relation for ATR with eq(ATR). A
formula [A, f(x, A)] implies that f(x, A) is the value of the attribute A. This is
called a descriptor.

Now, let us show some rough sets based concepts defined in DISs [1,3].

(i) The Definability of a Set: If a set X ⊂ OB is the union of some equivalence
classes in eq(ATR), we say X is definable (for ATR) in DIS. Otherwise, we
say X is rough (for ATR) in DIS. For example, if X=[x1]{A}∪ [x2]{A} holds, X
is characterized by a formula [A, f(x1, A)] ∨ [A, f(x2, A)]. If X is not definable
for any ATR, it is impossible to characterize X by means of conditions on
descriptors.
(ii) The Consistency of an Object: Let us consider two disjoint sets CON ⊂
AT which we call condition attributes and DEC ⊂ AT which we call decision
attributes. An object x ∈ OB is consistent (with any other object y ∈ OB in
the relation from CON to DEC), if f(x, A)=f(y, A) holds for every A ∈ CON
implies f(x, A)=f(y, A) holds for every A ∈ DEC.
(iii) Dependencies among Attributes: We call a ratio deg(CON, DEC)=
|{x ∈ OB| x is consistent in the relation from CON to DEC }|/|OB| the degree
of dependency from CON to DEC. Clearly, deg(CON, DEC)=1 holds if and
only if every object x ∈ OB is consistent.
(iv) Rules and Criteria (Support, Accuracy and Coverage): For any
object x ∈ OB, let imp(x, CON, DEC) denote a formula called an implication:
∧A∈CON [A, f(x, A)] ⇒ ∧A∈DEC [A, f(x, A)]. In most of work on rule generation,
a rule is defined by an implication τ : imp(x, CON, DEC) satisfying some con-
straints. A constraint, such that deg(CON, DEC)=1, has been proposed in [1].
Another familiar constraint is defined by three values in the following:

support(τ)= |[x]CON ∩ [x]DEC |/|OB|,
accuracy(τ)=|[x]CON ∩ [x]DEC |/|[x]CON |,
coverage(τ)=|[x]CON ∩ [x]DEC |/|[x]DEC |.
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(v) Reduction of Condition Attributes in Rules: Let us consider such an
implication imp(x, CON, DEC) that x is consistent in the relation from CON
to DEC. An attribute A ∈ CON is dispensable in CON , if x is consistent in
the relation from CON − {A} to DEC.

Rough set theory makes use of equivalence classes for ATR. Every definition
from (i) to (v) is examined by means of applying equivalence classes. As for the
definability of a set X ⊂ OB, X is definable (for ATR) in a DIS, if and only if
∪x∈X [x]ATR=X holds.

Now, let us show the most important proposition, which connects two equiv-
alence classes [x]CON and [x]DEC with the consistency of x.

Proposition 1 [1]. For every DIS, (1) and (2) in the following are equivalent.
(1) An object x ∈ OB is consistent in the relation from CON to DEC.
(2) [x]CON ⊂ [x]DEC .

According to Proposition 1, the degree of dependency from CON to DEC is
equal to |{x ∈ OB|[x]CON ⊂ [x]DEC}|/|OB|. As for criteria support, accuracy
and coverage, they are defined by equivalence classes [x]CON and [x]DEC . As
for the reduction of attributes values in rules, let us consider such an implication
imp(x, CON, DEC) that x is consistent in the relation from CON to DEC.
Then, an attribute A ∈ CON is dispensable, if [x]CON−{A} ⊂ [x]DEC holds.

In this way, definitions from (i) to (v) are uniformly computed by means of
applying equivalence classes in DISs.

2.2 Rough Sets Based Information Analysis in Deterministic
Information Systems

Let us see an outline of rough sets based information analysis according to Table 1,
which shows a relation between attributes Head(ache), Temp(erature) and Flu
over a set Patient of objects. This table may be too small, but it will be sufficient
to know rough sets based concepts.

Table 1. A deterministic information system

Patient Head(ache) Temp(erature) F lu

p1 no very high yes

p2 yes very high yes

p3 no normal no

We identify a tuple with a set of implications, for example,
imp1:[Head,no]⇒[Flu,yes],
imp2:[Head,no]∧[Temp,very high]⇒[Flu,yes]

are extracted from patient p1, and
imp3:[Head,no]⇒[Flu,no]

is extracted from p3. Implication imp1 contradicts imp3, because the same con-
dition [Head, no] concludes the different decisions [Flu, yes] and [Flu, no]. How-
ever, imp2 is consistent with implications from any other tuple. Most of rough
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sets based rules are defined by means of this concept of ‘consistency’ [1,2,3,4].
We usually define rules in a DIS by consistent implications.

Three measures, support, accuracy and coverage are also applied to defining
rules in DISs [1,2,4,8]. Each value of every measure is between 0 and 1. Impli-
cation imp1 occurs once in Table 1, so support(imp1)=1/3. This means imp1
represents about 33% data in Table 1. A formula [Head, no] occurs twice and
[Flu, yes] occurs once under the condition of [Head, no], so accuracy(imp1)=1/2.
This ratio 1/2 means the degree of the consistency of imp1. Similarly, a for-
mula [Flu, yes] occurs twice and [Head, no] occurs once under the condition of
[Flu, yes], so coverage(imp1)=1/2.

Equivalence classes in DISs are usually employed to examine every concept
[1,2,3,4,5,6,7]. In Table 1, both p1 and p3 satisfy [Head, no], so p1 and p3 belong
to the same class. Patient p2 only satisfies [Head, yes], so p2 belongs to another
class. In this way, we have equivalence classes h1={p1, p3} and h2={p2} on an
attribute Head. We similarly have equivalence classes t1={p1, p2} and t2={p3}
on Temp, and f1={p1, p2} and f2={p3} on Flu.

According to Proposition 1, the concept of the consistency is examined by the
inclusion of equivalence classes. The relation h1 
⊂ f1 implies that p1, p3 ∈ h1
are inconsistent for attributes Head and Flu, and the relation t1 ⊂ f1 implies
p1, p2 ∈ t1 are consistent for attributes Temp and Flu.

Data dependency between attributes is also examined by equivalence classes.
For attributes CON={Head, T emp} and DEC={Flu}, we have two families of
all equivalence classes. eq(CON)={{p1}, {p2}, {p3}} and eq(DEC)={{p1, p2},
{p3}}, respectively. For every X ∈ eq(CON), there exists Y ∈ eq(DEC) such
that X ⊂ Y . Therefore, every object is consistent with other object. In this case,
the degree of dependency from CON to DEC is 1.

3 Rough Non-deterministic Information Analysis

A Non-deterministic Information System (NIS) is also a quadruplet (OB,
AT, {V ALA|A ∈ AT }, g), where g : OB × AT → P (∪A∈AT V ALA) (a power set
of ∪A∈AT V ALA). Every set g(x, A) is interpreted as that there is a real value in
this set but this value is not known. Especially if the real value is not known at
all, g(x, A) is equal to V ALA.

NISs were proposed by Pawlak, Or�lowska and Lipski in order to handle
information incompleteness in DISs [10,11,12,13,14].

In Table 2, it is possible to obtain a DIS by replacing every set with a value
in every set. There are 16 possible DISs, which we name derived DISs. Table 1

Table 2. A non-deterministic information system

Patient Head(ache) Temp(erature) F lu

p1 {no} {very high} {yes}
p2 {yes, no} {high, very high} {yes}
p3 {no} {normal, high} {yes, no}
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is a derived DIS from NIS in Table 2. According to the interpretation to NISs,
there exists a derived DIS with real information in these 16 derived DISs. Two
modalities certainty and possibility, which are defined by means of all derived
DISs, are introduced into NISs.
(Certainty). If a formula α holds in every derived DIS from a NIS, α also
holds in the unknown real DIS.
(Possibility). If a formula α holds in some derived DISs from a NIS, there
exists such a possibility that α holds in the unknown real DIS.

We have coped with several issues related to these two modalities, for ex-
ample, the definability of a set in NISs [18,19], the consistency of an object in
NISs, data dependency in NISs [20], rules in NISs [21], reduction of attributes
in NISs [22], etc. An important problem is how to compute two modalities de-
pending upon all derived DISs from a NIS. A simple method, such that every
definition is sequentially computed in all derived DISs from a NIS, is not suit-
able, because the number of derived DISs from a NIS increases in exponential
order. We have solved this problem by means of applying either inf and sup
information or possible equivalence relations [19,20,21].

4 An Overview of a Tool for RNIA

Now, we sequentially refer to a software tool handling NISs. This tool mainly
consists of the following:
(1) Programs for checking the definability of a set
(2) Programs for equivalence relations
(3) Programs for data dependency
(4) Programs for rule generation
Programs are implemented in prolog and C, and they are realized on a worksta-
tion with 450 MHz UltraSparc CPU.

4.1 An Exemplary Non-deterministic Information System

Table 3 is an artificial database, which is automatically generated by using a
random number generation program. The following is the real prolog data ex-
pressing Table 3. According to this syntax, it is possible to handle any NISs.

% more data.pl

object(10,8).

data(1,[3,[1,3,4],3,2,5,5,[2,4],3]).

data(2,[2,[3,4],[1,3,4],4,[1,2],[2,4,5],2,2]).

data(3,[[4,5],5,[1,5],5,2,5,[1,2,5],1]).

: : :

data(9,[2,3,5,3,[1,3,5],4,2,3]).

data(10,[4,2,1,5,2,[4,5],3,1]).

In Table 3, there are 12(= 22 × 3) derived DISs for attributes {A, B}, and
we see there exists a DIS, which contains real information, in 12 derived DISs.
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Table 3. An exemplary NIS. Here, OB={1, 2, · · · , 10} and AT={A,B, · · · , H}. For
object 1 and attribute A, the attribute value is definite, and it is 3. For object 1 and
attribute B, there exists a set {1,3,4}. We interpret that either 1, 3 or 4 is the real
attribute value, but it is impossible to decide the real value due to the information
incompleteness.

OB A B C D E F G H

1 {3} {1,3,4} {3} {2} {5} {5} {2,4} {3}
2 {2} {3,4} {1,3,4} {4} {1,2} {2,4,5} {2} {2}
3 {4,5} {5} {1,5} {5} {2} {5} {1,2,5} {1}
4 {1} {3} {4} {3} {1,2,3} {1} {2,5} {1,2}
5 {4} {1} {2,3,5} {5} {2,3,4} {1,5} {4} {1}
6 {4} {1} {5} {1} {4} {2,4,5} {2} {1,2,3}
7 {2} {4} {3} {4} {3} {2,4,5} {4} {1,2,3}
8 {4} {5} {4} {2,3,5} {5} {3} {1,2,3} {1,2,3}
9 {2} {3} {5} {3} {1,3,5} {4} {2} {3}
10 {4} {2} {1} {5} {2} {4,5} {3} {1}

For attributes {A, B, C, D, E, F, G, H}, there are (more than 7 billion) derived
DISs. It will be hard to enumerate 7346640384 derived DISs sequentially.

4.2 Definability of a Set in NISs

In Table 3, there are two derived DISs for attribute A. If the attribute value is
4 in object 3, the equivalence relation (or the family of all equivalence classes)
is {{1}, {2, 7, 9}, {3, 5, 6, 8, 10}, {4}}. Otherwise, the equivalence relation is {{1},
{2, 7, 9}, {3}, {5, 6, 8, 10}, {4}}. We name such equivalence relation a possible
equivalence relation (pe-relation), and name every element in a pe-relation a
possible equivalence class (pe-class). In a DIS, there exists an equivalence rela-
tion for ATR ⊂ AT , however there may exist some possible equivalence relations
for ATR in a NIS.

In a NIS, the definability of a set depends upon every derived DIS, and two
modalities are introduced into the definability of a set. In programs, we identify
an attribute with the ordinal number of this attribute, for example, we identify at-
tributes B and C with 2 and 3, respectively. As for descriptors, we identify [B,2]
and [C,3] with [2,2] and [3,3], respectively. Let us show the real execution of pro-
grams.

% more attrib atr.pl

atr([1,2,3]).

% prolog

?-consult(tool.pl).

yes

?-translate atr. [Operation 1]

File Name for Read Open:’data.pl’.

Attribute Definition File:’attrib atr.pl’.
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EXEC TIME=0.076(sec)

yes

?-class([6,7]). [Operation 2]

[1] (EQUIVALENCE)RELATION:[[6],[7]] for ATR=[1,2,3]

POSITIVE SELECTION: CONDITION OF 6:[4,1,5], CONDITION OF 7:[2,4,3]

NEGATIVE SELECTION: CONDITION OF 2:[2,4,3], CONDITION OF 5:[4,1,5]

Possibly definable !!

EXEC TIME=0.002(sec)

yes

?-class([3,4]).

[1] (EQUIVALENCE)RELATION:[[3],[4]] for ATR=[1,2,3]

POSITIVE SELECTION: CONDITION OF 3:[4,5,1], CONDITION OF 4:[1,3,4]

NEGATIVE SELECTION: NO

[2] (EQUIVALENCE)RELATION:[[3],[4]] for ATR=[1,2,3]

: : :

[4] (EQUIVALENCE)RELATION:[[3],[4]] for ATR=[1,2,3]

POSITIVE SELECTION: CONDITION OF 3:[5,5,5], CONDITION OF 4:[1,3,4]

NEGATIVE SELECTION: NO

Certainly definable !!

EXEC TIME=0.006(sec)

yes

According to this execution, a set {6, 7} is possibly definable, namely there
exist some DISs which make a set {6, 7} definable. On the other hand, a set
{3, 4} is certainly definable, namely this set is definable in all derived DISs.

In Operation 1, data.pl is translated to inf and sup information according to
the attribute definition file attrib atr.pl. Intuitively, inf is a set of objects with
certain information and sup is a set of objects with possible information, for ex-
ample, inf(6, {A, B, C}, (4, 1, 5))={6}, sup(6, {A, B, C}, (4, 1, 5))={5, 6}, inf(7,
{A, B, C}, (2, 4, 3))={7} and sup(7, {A, B, C}, (2, 4, 3))={2, 7}. For such inf and
sup, every equivalence class CL, which depends upon an object x, attributes
ATR and its tuple, satisfies inf(x, ATR, tuple) ⊂ CL ⊂ sup(x, ATR, tuple).

In Operation 2, the definability of a set {6, 7} is examined. Three lists are ini-
tialized to EQ={}(Equivalence Relation), PLIST={}(Positive Selection List)
and NLIST={}(Negative Selection List). In {6, 7}, the first object 6 is picked
up. Here, the applicable equivalence classes of object 6 are {6}(=inf) and
{5, 6}(=sup). Since {5, 6} 
⊂ {6, 7}, {6} is selected, and lists are revised to
EQ={{6}} and PLIST={[6, (4, 1, 5)]}. At the same time, {5, 6} is rejected,
and object 5 must have the different tuple from (4,1,5). Since there exist other
tuples except (4,1,5) in object 5, [5,(4,1,5)] is added to the list of the negative
selection, namely NLIST={[5, (4, 1, 5)]}. The same procedure is repeated for
a new set {7}(={6, 7} − {6}). Similarly, just an equivalence class {7}(=inf) is
applicable to this new set. The tuple (2,4,3) does not violate the current selec-
tions, so [7,(2,4,3)] is added to the list of the positive selection, and [2,(2,4,3)]
is added to the list of the negative selection. Namely, we have EQ={{6}, {7}},
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PLIST={[6, (4, 1, 5)], [7, (2, 4, 3)]} and NLIST={[5, (4, 1, 5)], [2, (2, 4, 3)]}. Since
we have an empty set in the next step, we know a set {6, 7} is definable accord-
ing to selections. The order of the translation program depends upon |derived
DISs|×|OB|2, and the order of program class(SET ) depends upon the number
of derived DISs, which make SET definable. We show program class0, which
is the main part of program class.

class0(ATT,SET,EQ,EQ Ans,PLIST,PLIST Ans,NLIST,NLIST Ans)

:-SET==[],EQ Ans=EQ,PLIST Ans=PLIST,NLIST Ans=NLIST.

class0(ATT,[X|X1],EQ,EQ Ans,PLIST,PLIST Ans,NLIST,NLIST Ans)

:-candidate(ATT,[X|X1],CAN,PLIST,PLIST1,NLIST,NLIST1),

minus([X|X1],CAN,REST),

class0(ATT,REST,[CAN|EQ],EQ Ans,PLIST1,PLIST Ans,NLIST1,NLIST Ans).

ATT:Attributes, SET:A set of objects, EQ,PLIST,NLIST:Temporary lists,
EQ Ans,PLIST Ans,NLIST Ans:Obtained lists for pe-classes, PLIST and NLIST,
CAN:A candidate of pe-class including object X, REST:REST=[X|X1]-CAN.

In program class0, candidate(ATT,SET,CAN,PLIST,PLIST1,NLIST,NLIST1) finds
a pe-class CAN which satisfies the next two conditions.

(1) CAN ⊂ SET , and inf ⊂ CAN ⊂ sup.
(2) This CAN makes no contradiction for PLIST and NLIST .

The details of this algorithm are in [18,19].

4.3 Possible Equivalence Relations in NISs

A set of all pe-classes is a kind of reduced information from databases, and
these pe-classes contain enough information to calculate most of rough set con-
cepts.

Let us consider methods to obtain all kinds of pe-relations for any set of at-
tributes. The first method is as follows;

(Method 1). Because OB is definable in all derived DISs, we solve the defin-
ability of a set OB, and we pick up a pe-relation from the variable EQ.

However, Method 1 depends upon |derived DISs|, and the number of derived
DISs increases in exponential order. So, we propose the second method.
(Method 2). Let peq(A) be a pe-relation for a set A of attributes and peq(B) be
a pe-relation for a set B of attributes. Then, {M ⊂ OB|M = CLA∩CLB , CLA ∈
peq(A), CLB ∈ peq(B)} be a pe-relation for a set A∪B. According to this prop-
erty, we first generate all pe-relations for each attribute, and we execute program
merge for obtaining all kinds of pe-relations.

For handling equivalence relations in C language, we introduced two arrays
head[] and succ[]. For example, we express a class {1, 2, 3} by head[1]=head[2]=
head[3]=1, succ[1]=2, succ[2]=3 and succ[3]=0. Program merge generates new
arrays headA∪B[] and succA∪B[] from headA[], succA[], headB[] and succB[].
The order of merge is o(|OB|) in the best case, and the order is o(|OB|2) in the
worst case [20]. In Method 2, it also seems necessary to apply program merge
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|derived DISs| times. However in reality, lots of pe-relations become the same
pe-relation, and the cases of applying merge are drastically reduced.

Let us show the real execution according to Method 2.

?-translate.

File Name for Read Open:’data.pl’.

EXEC TIME=0.242(sec)

yes

?-pe. [Operation 3]

<< Attribute 1 >>

[1] [[1],[2,7,9],[3,5,6,8,10],[4]] 1

[2] [[1],[2,7,9],[3],[4],[5,6,8,10]] 1

POSSIBLE CASES 2

<< Attribute 2 >>

[1] [[1,5,6],[2,4,9],[3,8],[7],[10]] 1

[2] [[1,5,6],[2,7],[3,8],[4,9],[10]] 1

: : :

<< Attribute 8 >>

[1] [[1,6,7,8,9],[2,4],[3,5,10]] 1

[2] [[1,6,7,8,9],[2],[3,4,5,10]] 1

: : :

[54] [[1,9],[2],[3,4,5,6,7,8,10]] 1

POSSIBLE CASES 54

EXEC TIME=1.520(sec)

yes

In Operation 3, all pe-relations of each attribute are generated, and pe-
relations are stored in files from 1.pe to 8.pe. For attribute 1 which means
attribute A, there are two pe-relations {{1}, {2, 7, 9}, {3, 5, 6, 8, 10}, {4}} and
{{1}, {2, 7, 9}, {3}, {4}, {5, 6, 8, 10}}. There are 54 derived DISs and 54 kinds
of pe-relations for attribute 8.

% more 1.rs [Operation 4]

object(10).

attrib(1).

cond(1,1,1,3).

pos(1,1,1).

cond(2,1,1,2).

pos(2,1,1).

cond(3,1,1,4).

: : :

inf([1,1,1],[1,1,1],[[1],[1]]).

sup([1,1,1],[1,1,1],[[1],[1]]).

inf([2,1,1],[2,1,1],[[2,7,9],[1,1,1]]).
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inf([7,1,1],[2,1,1],[[],[]]).

inf([9,1,1],[2,1,1],[[],[]]).

: : :

inf([8,1,1],[5,1,1],[[],[]]).

inf([10,1,1],[5,1,1],[[],[]]).

% more 1.pe

10 1 2 2 1 0 2 7 9 0 3 5 6 8 10 0 4 0 -1 1 1 0 2 7 9 0 3 0

4 0 5 6 8 10 0 -1 1

% more merge.dat

123.pe

3

1.pe

2.pe

3.pe

% merge [Operation 5]

Merging

1.pe...

2.pe...

3.pe...

EXEC TIME=0.010(sec)

% more 123.pe

10 3 216 4 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 10 0 -1 120

1 0 2 0 3 0 4 0 5 6 0 7 0 8 0 9 0 10 0 -1 60 1 0 2 7 0 3 0

4 0 5 0 6 0 8 0 9 0 10 0 -1 24 1 0 2 7 0 3 0 4 0 5 6 0 8 0

9 0 10 0 -1 12

In Operation 4, inf and sup information is displayed. The contents in the file
1.pe are also displayed. Every number 0 discriminates each pe-class. In Operation
5, all pe-relations for attributes {A, B, C} are generated. Program merge gen-
erates new pe-relations based on a set of pe-relations, which are defined in a file
named merge.dat. In the generated file 123.pe, there are 216 derived DISs and 4
kinds of pe-relations, i.e., 120 pe-relations of {{1}, {2}, · · · , {10}}, 60 pe-relations
of {{1}, {2}, · · · , {5, 6}, · · ·, {10}}, 24 pe-relations of {{1}, {2, 7}, {3}, · · · , {10}}
and 12 pe-relations of {{1}, {2, 7}, {3}, · · · , {5, 6}, · · · , {10}}.

Let us show execution time for other NISs in Table 4. In Table 5, N1 denotes
the number of derived DISs for ATR={A, B, C}, and N2 denotes the number
of distinct pe-relations.

4.4 Degrees of Dependency in NISs

In a DIS, the degree of dependency deg(CON, DEC) from CON to DEC is
an important criterion for measuring the relation from CON to DEC. The
concept of the consistency can be characterized by the inclusion relation of
equivalence classes according to Proposition 1, i.e., object x is consistent if and
only if [x]CON ⊂[x]DEC for [x]CON ∈eq(CON) and [x]DEC ∈eq(DEC). Thus,
the numerator in the degree is | ∪ {[x]CON |[x]CON ⊂[x]DEC}|, which is easily
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Table 4. Definitions of NISs

NIS |OB| |AT | Derived DISs

NIS1 30 5 7558272(= 27 × 310)
NIS2 50 5 120932352(= 211 × 310)
NIS3 100 5 1451188224(= 213 × 311)

Table 5. Execution time (sec). M1 means Method 1 and M2 means Method 2. If there
exist lots of pe-relations, Method 2 seems more effective than Method 1.

NIS translate(in prolog) pe(in prolog) merge(in C) N1 N2
NIS1 M1 : 0.134/M2 : 0.308 M1 : 13.351/M2 : 1.415 M1 : 0/M2 : 0.690 5832 120
NIS2 M1 : 0.200/M2 : 0.548 M1 : 7.489/M2 : 8.157 M1 : 0/M2 : 0.110 5184 2
NIS3 M1 : 0.483/M2 : 1.032 M1 : 56.300/M2 : 16.950 M1 : 0/M2 : 2.270 20736 8

calculated by using eq(CON) and eq(DEC). The order of this calculation de-
pends upon the size of object |OB|.

In a NIS, there exist some derived DISs, so there exist the minimum and
the maximum degree of dependency. Predicate depratio means ‘dependency with
consistent ratio for every object’.

% depratio [Operation 6]

File Name for Condition:123.pe

File Name for Decision:8.pe

------ Dependency Check ---------------------------

CRITERION 1(Num of Consistent DISs/Num of All DISs)

Number of Derived DISs:11664

Number of Derived Consistent DISs:8064

Degree of Consistent DISs:0.691

CRITERION 2(Total Min and Max Degree)

Minimum Degree of Dependency:0.600

Maximum Degree of Dependency:1.000

------ Consistency Ratio for Every Object ---------

Object 1:1.000(=11664/11664)

Object 2:0.889(=10368/11664)

Object 3:1.000(=11664/11664)

: : :

Object 9:1.000(=11664/11664)

Object 10:1.000(=11664/11664)

EXEC TIME=0.040(sec)

yes

In Operation 6, the degree of dependency from attributes {A, B, C} to {H}
is examined. For a set of attributes {A, B, C, H}, there are 11664 derived DISs.
Therefore, it is necessary to obtain each degree of dependency in 11664 derived
DISs. For solving this problem, we apply pe-relations. In reality, there exist only
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Table 6. Execution time(sec). N3 denotes the number of derived DISs for
{A, B, C, E}, and N4 denotes the number of combined pairs of pe-relations in {A, B, C}
and {E}.

NIS depratio N3 N4
NIS1 0.080 104976 2160
NIS2 0.060 279936 108
NIS3 0.130 4478976 1728

4 pe-relations for a set of attributes {A, B, C}. and 54 pe-relations for {H}. It is
possible to know all degree of dependency by means of checking the combinations
of 4 and 54 pe-relations. The number of combinations is 216(=4×54).

According to these two criterion values, we define the data dependency from
CON to DEC in NISs. In Operation 6, 69% of all derived DISs are consistent,
and the minimum degree of dependency is 0.6. We may agree the dependency
from {A, B, C} to {H}. In Table 6, let us show execution time of depratio from
{A, B, C} to {E} in other NISs.

4.5 Support, Accuracy and Coverage of Rules in NISs

Three measures support, accuracy and coverage in DISs are extended to mini-
mum and maximum of them, for example, minacc and maxacc.

Let us consider an implication imp4:[2,5]∧[5,2]⇒[8,1] from object 3 in Ta-
ble 3. This implication imp4 appears in all 17946 derived DISs for attributes
{B, E, H}, so the minimum and the maximum values of three measures are
definable for attributes {B, E, H}. The calculation of values depends upon all
17946 derived DISs, however it is possible to obtain these values due to the
following results.

For a NIS, let us consider an implication τ :[CON, ζ] ⇒ [DEC, η]. Let INA
denote a set [sup(x, CON, ζ)−inf(x, CON, ζ)]∩sup(x, DEC, η), and let OUTA
denote a set [sup(x, CON, ζ)− inf(x, CON, ζ)]− inf(x, DEC, η). Let INC de-
note a set [sup(x, DEC, η) − inf(x, DEC, η)] ∩ sup(x, CON, ζ), and let OUTC
denote a set [sup(x, DEC, η)− inf(x, DEC, η)]− inf(x, CON, ζ). Then, the fol-
lowing holds [21]. Including the definitions of inf(object, attributes, tuple) and
sup(object, attributes, tuple), some definitions are in [21].

(1) minsup(τ)=|inf(x, CON, ζ) ∩ inf(x, DEC, η)|/|OB|.
(2) maxsup(τ)=|sup(x, CON, ζ) ∩ sup(x, DEC, η)|/|OB|.
(3) minacc(τ)= (|inf(x,CON,ζ)∩inf(x,DEC,η)|)

(|inf(x,CON,ζ)|+|OUTA|) .

(4) maxacc(τ)= (|inf(x,CON,ζ)∩sup(x,DEC,η)|+|INA|)
(|inf(x,CON,ζ)|+|INA|) .

(5) mincov(τ)= (|inf(x,CON,ζ)∩inf(x,DEC,η)|)
(|inf(x,DEC,η)|+|OUTC|) .

(6) maxcov(τ)= (|sup(x,CON,ζ)∩inf(x,DEC,η)|+|INC|)
(|inf(x,DEC,η)|+|INC|) .

In this way, it is possible to obtain these values by using inf and sup information.
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?-threevalues(3,[[2,5],[5,2]]). [Operation 7]

[(0.1,0.1),(1.0,1.0),(0.142,0.333)]

EXEC TIME=0.001(sec)

yes

In Operation 7, the minimum and the maximum values of support, accuracy
and coverage for imp4 are sequentially (0.1,0.1), (1.0,1.0) and (0.142,0.333). Since
the minimum value of accuracy is 1.0, imp4 is consistent in all derived DISs.

4.6 Certain and Possible Rules in NISs

In Table 3, let us consider imp4 in the previous subsection and imp5:[1,4]∧[2,5]⇒
[8,1] from object 3. Implication imp4 is definite, and imp4 is consistent in all
derived DISs. In this case, we say imp4 is globally consistent (GC). On the
other hand imp5 is indefinite, since [1,4] is selected from [1,4]∨[1,5]. Implication
imp5 is consistent in some derived DISs, and we say imp5 is marginal (MA).
According to this consideration, we define 6 classes of implications in Table 7.

Table 7. Six classes of implications in NISs

GC(Globally Consistent) MA(Marginal) GI(Globally Inconsistent)
Definite DGC DMA DGI

Indefinite IGC IMA IGI

In DISs, there exist only two classes DGC and DGI. These two classes are
extended to 6 classes in NISs. In Table 7, implications in DGC class are not
influenced by the information incompleteness, therefore we name implications in
DGC class certain rules. We also name implications in either IGC, DMA or
IMA classes possible rules.

For an implication imp, we may sequentially examine the consistency of imp
and we know the class which imp belongs to. However, this method depends
upon all derived DISs. There exists another method, which depends upon inf
and sup information, to examine the class [21].

For imp4, sup(3, {B, E}, (5, 2))=sup(3, {B}, (5)) ∩ sup(3, {E}, (2))={3, 8} ∩
{2, 3, 4, 5, 10}={3}, and inf(3, {H}, (1))={3, 5, 10} holds. In this case, the inclu-
sion relation sup(3, {B, E}, (5, 2)) ⊂ inf(3, {H}, (1)) also holds, and this implies
imp4 is GC. Similarly for imp5, sup(3, {A, B}, (4, 5))={3, 8} holds. In this case,
the inclusion relation sup(3, {A, B}, (4, 5)) ⊂ inf(3, {H}, (1)) does not hold,
and this implies imp5 is not GC. However, inf(3, {A, B}, (4, 5))={3, 8} and
sup(3, {H}, (1))={3, 4, 5, 6, 7, 8, 10} holds, and the inclusion relation inf(3, {A,
B}, (4, 5)) ⊂ sup(3, {H}, (1)) holds. This implies imp5 is MA.

4.7 Minimal Certain Rules in NISs

Let us consider two implications imp6:[2,2]⇒[8,1] and imp7: [2,2]∧[3,1]⇒[8,1]
from object 10. Both implications are certain rules, and imp6 is simpler than



On a Rough Sets Based Data Mining Tool in Prolog: An Overview 61

imp7, because [3,1] is added to the condition part of imp6. A minimal certain
rule is a certain rule whose condition part is simpler than any other certain rules.

Now, we focus on minimal certain rule generation. Implication imp7 from
object 10 belongs to DGC class, so it is possible to generate minimal cer-
tain rules from object 10. In this case, we employ a discernibility function
DFDGC(10) of object 10. We have extended a discernibility function in DISs [23]
to a discernibility function in NISs. For the decision attribute {H}, we employ
inf(10, {H}, (1))={3, 5, 10}. In DGC class, it is necessary to discriminate each
object in {1, 2, 4, 6, 7, 8, 9}={1, · · · , 10}−inf(10, {H}, (1)) from inf(10, {H}, (1)).
Since sup(10, {A}, (4))={3, 5, 6, 8, 10} and 1 
∈ sup(10, {A}, (4)), the condition
[A,4] can discriminate object 1 from object 10. Similarly, each condition [B,2],
[C,1], [D,5], [E,2] and [G,3] can discriminate object 1 from object 10. In this
way, a disjunction ([A,4]∨[B,2]∨[C,1]∨[D,5]∨ [E,2]∨[G,3]) becomes a condition,
which discriminate object 1 from object 10. Let DISC(10, 1) denote this dis-
junction. A discernibility function DFDGC(10) is ∧i=1,2,4,6,7,8,9DISC(10, i).

Theorem 2. [22] Let us suppose that an implication [CON, ζ] ⇒ [DEC, η]
from object x belongs to DGC class. For a minimal solution SOL of DFDGC(x),
∧[A,ζA]∈SOL[A, ζA] ⇒ [DEC, η] is a minimal certain rule from x.

4.8 Minimal Certain Rule Generation in NISs

We have proposed some algorithms to obtain a minimal solution of DFDGC(x).
The details are in [22]. Let us show real execution.

% more attrib rule.pl

decision([8]).

decval([1]).

condition([1,2,3,4,5,6,7]).

File attrib rule.pl defines the implication: condition ⇒ [8, 1].

?-translate rule. [Operation 8]

File Name for Read Open:’data.pl’.

Attribute Definition File:’attrib rule.pl’.

EXEC TIME=0.076(sec)

yes

?-init.

DECLIST:<inf=[3,5,10]>

Certain Rules come from [3,5,10]

EXEC TIME=0.003(sec)

yes

In Operation 8, inf and sup information is created. Then, program init ex-
amines objects, which a certain rule can be generated from. In this case, we
know that certain rules are generated from objects 3, 5 and 10.
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?-minimal. [Operation 9]

<<Minimal Certain Rules from object 3>>

DF:[[1,[2,5],[4,5],[5,2]], · · ·,[9,[2,5],[4,5],[5,2],[6,5]]]
<<Minimal Certain Rules from object 5>>

DF:[[1,[1,4],[4,5]], · · ·,[8,[2,1],[7,4]],[9,[1,4],[2,1],[4,5],[7,4]]]
<<Minimal Certain Rules from object 10>>

[2,2]=>[8,1][324/324(=6/6,54/54),DGC:Common]

Rule covers objects [10], [(0.1,0.1),(1.0,1.0),(0.142,0.333)]

EXEC TIME=0.015(sec)

yes

In Operation 9, program minimal tries to generate minimal certain rules,
whose condition part consists of only core or common descriptors. As for objects
3 and 5, there is no such minimal certain rule, and every discernibility function
in each object is displayed. For object 10, there exists such a minimal certain
rule, which is imp6. For objects 3 and 5, we apply interactive method.

?-solall(5). [Operation 10]

Input Descriptors to Start Exhaustive Search:5.

Exhaustive Search for less than 32 Cases !!

<<Minimal Certain Rules from object 5>>

Core Descriptors:[]

DF without Core:[[1,[1,4],[4,5]],[2,[1,4],[2,1],[4,5],[7,4]],

[4,[1,4],[2,1],[4,5],[7,4]],[6,[4,5],[7,4]],[7,[1,4],[2,1],[4,5]],

[8,[2,1],[7,4]],[9,[1,4],[2,1],[4,5],[7,4]]]

Currently Selected Descriptors:[]

[Loop:1]

Descriptors in DF:[[1,4],[2,1],[4,5],[7,4]]

Exhaustive Search for [[1,4],[2,1],[4,5],[7,4]]

Finally Selected Descriptors:[]

[4,5]&[7,4]=>[8,1][5832/5832(=108/108,54/54),DGC]

This rule covers objects [5],Coverage=0.333

[(0.1,0.1),(1.0,1.0),(0.142),(0.333)]

[2,1]&[4,5]=>[8,1][972/972(=18/18,54/54),DGC]

This rule covers objects [5],Coverage=0.333

[(0.1,0.1),(1.0,1.0),(0.142),(0.333)]

[1,4]&[7,4]=>[8,1][3888/3888(=72/72,54/54),DGC]

This rule covers objects [5],Coverage=0.333

[(0.1,0.1),(1.0,1.0),(0.142,0.333)]

EXEC TIME(for Exhaustive Search)=0.014(sec)

yes

In Operation 10, minimal certain rules from object 5 are handled. Predicate
solall(x) means ‘Solve all solutions from object x’. In Loop 1, there are four
descriptors in this discernibility function, and this value is less than 5. Therefore,
exhaustive search begins for all subsets of four descriptors. Three minimal certain
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Table 8. Definitions of NISs

NIS |OB| |AT | |V ALA| derived DISs

NIS4 50 10 10 1.57 × 1018

NIS5 100 10 10 7.01 × 1035

NIS6 300 10 10 6.74 × 1086

Table 9. Execution time(sec) of programs. The object column implies the number
of objects, in which some minimal certain rules are generated. The execution time of
minimal depends upon the number of objects.

NIS translate rule minimal object solall

NIS4 0.896 0.723 7 0.764
NIS5 6.503 3.589 16 1.370
NIS6 49.892 35.345 21 2.943

rules are generated, and these rules are all minimal certain rules from object 5. If
the condition of the threshold value is not satisfied, we select another descriptor
and the absorption law is applied to reducing the discernibility function. Then,
the next loop is invoked.

Let us show execution time for other NISs in Table 8. In Table 9, the object
column implies the number of objects, in which some minimal certain rules are
generated. The execution time of minimal depends upon the number of objects.
Program solall are also applied to an object in each NIS. In this execution, the
threshold value was fixed to 10. Since |AT |=10, this program began to enumer-
ate 1024(= 210) subsets without specifying any descriptors, and generated all
minimal certain rules. According to Table 9, we may employ a threshold value
10 for NISs, which consists of more than 10 attributes.

5 Concluding Remarks

An overview of a tool in prolog and a framework of Rough Non-deterministic
Information Analysis (RNIA) are surveyed according to [19,20,21,22]. We follow
rough sets based concepts in DISs and propose a framework of RNIA. NISs,
which were proposed by Pawlak, Or�lowska and Lipski, have been recognized to
be one of the most important framework for handling incomplete information.
Therefore, RNIA will also be an important framework for rough sets based
information analysis under incomplete information.
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Abstract. Not-first/not-last detection is the pendant of edge-finding in
constraint-based disjunctive and cumulative scheduling. Both methods
provide strong pruning algorithms in constraint programming. This pa-
per shows that the not-first/not-last detection algorithm presented by
Nuijten that runs in time O(n3k) is incorrect and incomplete, where n
is the number of tasks and k is the number of different capacity require-
ments of these tasks. A new correct and complete detection algorithm
for cumulative scheduling is then presented which runs in O(n3 log n).

1 Introduction

The allocation of activities or tasks on cumulative resources is a practical prob-
lem of strong relevance. It arises in resource constraint project scheduling as
well as in production planning if resources like water, electric power, consum-
ables or even human skills have to be considered. Furthermore, its underlying
energetic reasoning is also valid for other constraint-based allocation problems,
e.g. alternative disjunctive resources scheduling or non-overlapping placement of
rectangles in a restricted two-dimensional area. Thus, this problem seems to be
well-considered in constraint-based scheduling (e.g. in [3,4,5,9]).

Generalised pruning rules exist that are adapted from disjunctive resource
scheduling as well as algorithms performing these generalised rules — overload
checking, (extended) edge-finding, and not-first/not-last detection. However, a
detailed examination of some of these algorithms presented in [3,9] showed that
they are incomplete, i.e. pruning, which is possible regarding their rules, is not
performed by the corresponding algorithms, resulting in weak search space re-
ductions. Mercier and van Hentenryck [8] and ourselves independently recognised
the incompleteness of (extended) edge-finding and, in parallel, worked out com-
plete algorithms that have the same runtime complexity (not presented here).

To our knowledge, this paper shows some new and not yet published results:
the incorrectness and the incompleteness of the not-first/not-last detection algo-
rithms presented in [9]. While a correction of these algorithms is rather simple, the
definition of efficient and complete algorithms is sophisticated: a new O(n3 log n)
not-first/not-last detection algorithm is presented where n is the number of the
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considered activities. This algorithm uses balanced binary trees similar to the re-
cent algorithms for disjunctive resource scheduling presented in [10,11].

The paper is organised as follows. The next section formally defines the
considered cumulative resource scheduling problem. Not-last detection is then
presented and a more general pruning rule is derived which is based on some
observations reported in the appendix. It follows an examination of Nuijten’s
algorithm for not-first detection showing its incorrectness and incompleteness
by examples. Following this, a new complete not-last detection algorithm is pre-
sented and its correctness and completeness is formally proven. For efficiency,
this algorithm uses balanced binary trees. The paper concludes with a summary
of the performed work and future activities.

2 The Cumulative Resource Scheduling Problem

The (non-preemptive) cumulative resource scheduling problem (CRSP) rep-
resents the fact that some activities or tasks i, j, t, . . . requiring capaci-
ties ci, cj , ct, . . . have to be scheduled on a common resource offering a constant
capacity C such that the tasks are processed without interruption and without
exceeding the capacity of the resource at any time. It should be noted that the
CRSP is more general than the non-overlapping placement problem for some
rectangles of heights ci, cj, ct, . . .. There, the rectangles are indivisible in any
direction; however, in cumulative scheduling the tasks are decomposable with
respect to their capacity requirements (cf. Figure 1).

Formally, the cumulative resource scheduling problem is defined as follows:

Definition 1 (adopted from [8]). A cumulative resource scheduling problem
(CRSP) is specified by a cumulative resource of capacity C and a finite task set T .
Each task t ∈ T is specified by its release date rt, its due date or deadline dt, its
processing time pt, and its capacity requirement ct, all being natural numbers.

τ

C

Fig. 1. A solution of a sample cumulative resource scheduling problem
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The problem is to find a schedule, i.e. a solution that assigns a start time st

to each task so that its start time and its end time, st + pt, are feasible

∀t ∈ T : rt ≤ st ≤ st + pt ≤ dt

and the cumulative constraint

∀τ :
∑

t∈T,st≤τ<st+pt

ct ≤ C

is satisfied for all time units τ . The CRSP is solvable if such a schedule exists.
Otherwise it is unsolvable. Finally, n denotes |T |, and et := ct · pt denotes the
energy of a task t.

In the following, we assume an underlying CRSP with its resource and tasks as
specified in Definition 1, unless otherwise stated.

We also generalise the notions of release dates, due dates or deadlines, and
energies for task sets, i.e.

rΩ := min
j∈Ω

rj , dΩ := max
j∈Ω

dj , and eΩ :=
∑

j∈Ω

ej

where Ω is any task set, especially the empty set. In this special case let

r∅ := ∞, d∅ := −∞, and e∅ := 0 .

In general, CRSPs are NP-complete. Here, we refer to the argumentation of
Baptiste et al. in [2] that CRSPs are generalisations of decision variants of two
NP-complete problems (see [6]): the One-Machine Problems (C = 1, ci = 1) and
the m-Machine Problems (C = m, ci = 1). Therefore CRSPs are NP-complete
in the strong sense [6]. Thus, constraint solvers for CRSPs check a necessary
condition for solvability and further use pruning rules to get rid of infeasible
start times or end times that are not part of any solution. Obviously, a CRSP
has no schedule if there is a subset of tasks which requires within its release date
and its deadline more energy than available. This leads directly to the following
definition:

Definition 2 (E-Feasibility or Overload Freeness). A CRSP is E-feasible
or overload free if ∀Ω ⊆ T : C · (dΩ − rΩ) ≥ eΩ.

In addition to the edge-finding rules, not-first/not-last detection is another fun-
damental technique to reduce infeasible start times in disjunctive as well as in
cumulative scheduling.

Due to the symmetry of the not-first and not-last detection, the work pre-
sented in this paper focuses on the pruning of the tasks’ end times while using
the not-last detection rule. The adaptation of the results for the not-first detec-
tion is straight forward.
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3 The Not-Last Detection Rule

The not-last detection rule is a pendant to one of the two instances of the edge-
finding rules. One instance of edge-finding detects an “edge”, i.e. a task that ends
after some other tasks end — the “edge” is the latest task. Not-last detection
finds a task that must end before at least one of some other tasks starts, i.e. the
detected task is not the latest. In other words, there is no feasible schedule of
the underlying CRSP such that the end time of the detected task is greater than
the latest start times of the other tasks.

Definition 3 (Latest Start Times). The latest start time of a task t is defined
as lstt := dt − pt. The latest start time of a task set Ω is defined as lstmaxΩ :=
max{lstt | t ∈ Ω}.
With these notions, the core of the not-last detection rule is formally given by
the following proposition:

Proposition 1 (adopted from [3,9]). Let a CRSP be specified by a task set T
and the capacity C. Then, for each Ω ⊂ T and each task i ∈ T \ Ω it holds: If

lstmaxΩ < di ≤ dΩ and eΩ + ci(dΩ − max(lsti, rΩ)) > C(dΩ − rΩ),

is satisfied then all end times later than lstmaxΩ are inconsistent, i.e. for all
schedules of the CRSP the condition si + pi ≤ lstmaxΩ holds.

Proof. The proof is shown in [3,9]. 	

Within this proof of correctness the restriction di ≤ dΩ is not used and thus
omittable. A formal proof of this observation is given in Proposition 2 in Ap-
pendix A. This results in a simplified formulation of the detection rule:

Definition 4 (The Not-Last Detection Rule). Let a CRSP be specified by
a task set T and the capacity C. It thus holds ∀Ω ⊂ T ∀i ∈ T \ Ω:

lstmaxΩ < di ∧ eΩ + ci(dΩ − max(lsti, rΩ)) > C(dΩ − rΩ)
⇒ si + pi ≤ lstmaxΩ .

It should be noted that the resulting, more general rule potentially prunes more
end times. Consider the following instance of a CRSP where the resource has a
capacity C = 2 and the task set is T = {a, b, c} with

task r d c p e lst
a 5 9 1 3 3 6
b 5 10 1 4 4 6
c 1 11 1 5 5 6

Obviously, after Proposition 1 no pruning for task c is made, but for the more
general rule the due date of task c is pruned by 6. More precisely, it holds



70 A. Schutt, A. Wolf, and G. Schrader

lstmax{a,b} = 6 < dc, e{a,b} = 7, r{a,b} = 5, d{a,b} = 10 and max(lstc, r{a,b}) = 6.
Immediately, it follows: 7 + (10 − 6) = 11 > 2(10 − 5) = 10, i.e. dc ≤ 6 holds.

From the not-last detection rule it is derived that

min
Ω⊆T |α

lstmaxΩ with

α :⇔ i �∈ Ω ∧ lstmaxΩ < di ∧ eΩ + ci(dΩ − max(lsti, rΩ)) > C(dΩ − rΩ)

is the least upper bound on the due date of task i with respect to this rule.
A greedy algorithm in time O(n4) is derivable from this rule and outlined

briefly: for each task (overall n) all task intervals (cf. [5]) (overall O(n2)) are con-
sidered, in which all maximal task sets (overall O(n)) confer possibly latest start
times are calculated for pruning the task’s due date by the least upper bound.

4 Examination of Nuijten’s Algorithm

Algorithm 1 shows CalcLB and its adaptations for the calculation of the lower
bounds LB2 of the tasks’ start times with respect to the not-first detection
rule (see Section 4.4.4 in [9]). For compatibility, some notations are adapted
to the notions used in this paper. We especially use E (for energy) instead
of A (for area) and EET /eet (earliest end time) instead of ECT /ect (earliest
completion time), where the earliest end time of a task t is eett := rt + pt and
mineetΩ := minj∈Ω eetj of a task set Ω. Furthermore, all calculations which are
solely used for edge-finding are shadowed, i.e. are in grey. Consequently, the calcu-
lations for “pure” not-first detection in CalcLB have cubic runtime complexity.

Nuijten claims that this algorithm calculates for each task i ∈ T of a given
CRSP

LB2[i] = max
Ω⊂T |β

mineetΩ where

β :⇔ i �∈ Ω ∧ rΩ ≤ ri < mineetΩ ∧
eΩ + ci(min(eeti, dΩ) − rΩ) > C(dΩ − rΩ).

However, this is incorrect: consider the following instance of a CRSP where the
resource has a capacity C = 2 and the task set is T = {a, b} with

task r d c p e eet
a 7 13 1 5 5 12
b 10 14 1 4 4 14

Obviously, there are exactly two feasible schedules for this CRSP: sa = 7, sb = 10
and sa = 8, sb = 10.

Initially, X [1] = Y [1] = a and X [2] = Y [2] = b hold in CalcLB (cf. Algo-
rithm 1). During the first iteration over y the value of EET [1] in line 8 is undefined
because EET [1] is not initialised. This can be fixed by replacing line 4 by

4 for j := 1 to n + 1 do EET [j] := ∞;
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Algorithm 1. CalcLB extended for Not-First Detection
Data: X is an array of tasks sorted by increasing release dates
Data: Y is an array of tasks sorted by increasing due dates
for y := 1 to n do1

if y = n ∨ dY [y] �= dY [y+1] then2

E := 0; l := −∞; for c ∈ Sc do gc := −∞;3

EET [n] := ∞;4

for i := n downto 1 do5

if dX[i] ≤ dY [y] then6

E := E + eX[i];7

EET [i] := min(EET [i], eetX[i]);8

if dX[i] > l then l := dX[i];9

forall c ∈ Sc do10

rest := E − (l − rX[i](C − c);11

if rest/c > 0 then gc := max(gc, rX[i] + �rest/c�;12

forall c ∈ Sc do G[i][c] := gc;13

H := −∞;14

for x := 1 to n do15

if dX[x] > dY [y] then16

if E + eX[x] > C(dY [y] − rX[x]) then17

LB[x] := max(LB[x], G[x][cX[x]];18

if H + (eX[x]/C) > dY [y] then19

LB[x] := max(LB[x], G[1][cX[x]];20

else21

H := max(H, rX[x] + E/C);22

E := E − eX[x];23

E′ := E;24

for w := x − 1 downto 0 do25

if dX[w] ≤ dY [y] then26

if EET [w] ≤ rX[x] then break;27

E′ := E′ + eX[w];28

if E′ + min(eetX[x], dY [y]) > C(dY [y] − rX[w]) then29

LB2[X[x]] := max(LB2[X[x]], EET [w]);30

Further calculation fails at line 26 because dX[0] is not defined, which can be fixed
by changing 0 to 1 in line 25:

25 for w := x − 1 downto 1 do . . .

Then calculation fails again in line 30 because LB2[b] is not initialised; which is
fixable by adding a proper initialisation:

Data: LB2 is a array of the new release dates of tasks i initialised by its
current release date ri

Thus, the first iteration results in LB2[b] = 12, which is obviously incorrect. The
reason is the wrong condition in line 29, which has to be replaced according to
condition β:
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29 if E′ + cX[x](min(eetX[x], dY [y])−rX[w])>C(dY [y] − rX[w]) then . . .

Furthermore, the loop (lines 25 to 30) verifies whether the not-first detection rule
holds for a set Ωu := {v ∈ T | ru ≤ rv ∧ du ≤ dY [y]} and the task X [x]. This is an
substantial error, because the sets Ωu \ {v ∈ Ωu | eetv ≤ rX[x]} have to verified.

The following instance of a CRSP, where the resource has a capacity C = 2 and
the task set is T = {a, b, c, i}, shows by example, that under consideration of the
previous corrections the algorithm does not detect the satisfaction of the rule for
the task i and the set {a, c}:

task r d c p e eet
a 1 6 1 5 5 6
b 2 3 1 1 1 3
i 3 8 1 3 3 6
c 4 5 1 1 1 5

If y = 3 and x = 3 in the loop (lines 15 to 30), then E′ = 1 and EET [1] =
EET [2] = 3 before the loop in line 25. In the first iteration of this loop (w = 2)
the conditions in lines 26 and 27 apply, so the loop (lines 25 to 30) is abandoned
and no new lower bound for X [x] = i is calculated. If the if-statement in line 27,
which causes the break, will be removed, then the corrected condition in line 30
holds for w = 1. Due to the order of the array X (task b is before a) LB2[i] are set
to 3, which is no new lower bound for i. The following four corrections are made
to fix this error:

1. In line 24 the new variable EET ′ is introduced, which is initialised with
EET [x + 1].

2. The condition rX[x] < eetX[w] is connected with the condition in line 26 by
conjunction.

3. The condition of the if-statement in line 27 is replaced by EET ′ =
min(EET ′, eetX[w]).

4. The term EET [w] in line 30 is replaced by EET ′.

Algorithm 2 reflects these and further corrections. The additional corrections
(underlined) are necessary for the correct computation of the minimal eets of the
considered sets.

To show incompleteness, consider this corrected Algorithm 2 and another in-
stance of a CRSP, where the resource has a capacity C = 2 and the task set is
T = {a, b, c} with

tasks r d c p e eet
a 7 9 1 1 2 9
b 5 12 1 5 5 10
c 6 14 2 4 8 10

This CRSP has exactly one solution: sb = 5, sa = 7, si = 10.
Now if we consider the task set Ω = {b} then minj∈Ω eetj = 10 holds, and the

other values of Ω are rΩ = 5, dΩ = 12, and eΩ = 5. An evaluation of β shows
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Algorithm 2. CalcLB extended for Not-First Detection (corrected)
Data: X is an array of tasks sorted by increasing release dates
Data: Y is an array of tasks sorted by increasing due dates
Data: LB2 is an array of the new release dates of tasks i initialised by its

current release date ri

for y := 1 to n do1

if y = n ∨ dY [y] �= dY [y+1] then2

E := 0; for j := 1 to n + 1 do EET [j] := ∞;3

for i := n downto 1 do4

if dX[i] ≤ dY [y] then5

E := E + eX[i];6

EET [i] := min(EET [i + 1], eetX[i]);7

else EET [i] := EET [i + 1];8

for x := 1 to n do9

if dX[x] ≤ dY [y] then E := E − eX[x];10

E′ := E; EET ′ := EET [x + 1];11

for w := x − 1 downto 1 do12

if dX[w] ≤ dY [y] and rX[x] < eetX[w] then13

EET ′ = min(EET ′, eetX[w]);14

E′ := E′ + eX[w];15

if E′ + cX[x](min(eetX[x], dY [y]) − rX[w]) > C(dY [y] − rX[w])16

then LB2[X[x]] := max(LB2[X[x]], EET ′);

that this condition is satisfied for i = c, i.e. c �∈ Ω, 5 ≤ rc = 8 < 9 and 5 +
2(min(10, 12)− 5) = 15 > 2(12− 5) = 14. It follows that LB2[c] is at least greater
than or equal to eetb, i.e.LB2[c] ≥ 10. However, Algorithm 2computesLB2[c] = 9.
The reason is that during the calculation of the EET s in the loop from line 4 to 8,
eeta = 9 is considered before eetb = 10 because X [3] = a, X [2] = c, and X [1] = b
hold, which results always inEET [w] = 9 andEET ′ = 9 (before the loop in line 25)
during the computation of LB2[c] := max(LB2[c], EET ′) in line 16.

The same problem arises if rc, than eeta is considered before eetb by calculation
of EET ′ in the loop (lines 25 to 30).

Consequently, CalcLB — corrected or not — is incomplete: only some lower
bounds but in general not the greatest lower bounds of start times are computed.
Thus, any pruning of the start times of tasks which are “not-first” with respect to
some other tasks is suboptimal with respect to the not-first detection rule.

In [3] a private communication of Nuijten is mentioned where a possibly other,
not-first/not-last detection algorithm with cubic complexity is merely mentioned.
Nonetheless, to our knowledge, such an algorithm has not yet been published.

5 A Complete Not-Last Detection Algorithm

This section presents a correct and complete algorithm with a time complexity
of O(n3 log n) and linear space complexity which implements the not-last rule as
defined in Definition 4.
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The concept of Algorithm 3 is to iterate over all necessary task intervals [p, q] :=
{t ∈ T | rp ≤ rt ∧ dt ≤ dp} and to find for every task i (and interval) the subset
Ω∗ ⊆ [p, q] with the smallest lstmaxΩ∗\{i} for which the not-last rule holds. In
order to find Ω∗, we need only check O(n) subsets because we know that if an Ω
satisfies the not-last rule then these maximal task sets {j ∈ [p, q] | lstj ≤ k =
lstmaxΩ} (i.e. the set with maximal number of tasks with respect to one latest
start time) will satisfy the not-last rule, too. Thus, it is sufficient to check the
maximal set for all k ∈ {lstj | j ∈ [p, q]}. Obviously, the checks can be done
in linear time (e.g. when lists are used). In our case, however, we use a balanced
binary tree similar to an idea of Viĺım in [10,11], in order to reduce the complexity.
Therefore, all checks are done in O(log n). The concept will be explained in the
following.

Algorithm 3. Not-Last Detection in O(n3 log n)
Input : LST is an array of tasks sorted by increasing latest start times
Private: Θ is a balanced binary tree of tasks Ω balanced by C(dy − rx) − eΩ

Result: UB′ is an array of the new upper bound of due dates of all tasks
foreach i ∈ T do UB′[i] := di;1

foreach x ∈ T do2

foreach y ∈ T do3

if rx > ry or dx > dy then continue;4

Θ := ∅, E := C(dy − rx);5

for z := 1 to n do6

i := LST [z], emin(i) := ci(dy − max(lsti, rx));7

if lsti ≥ dy then break;8

if rx ≤ ri and di ≤ dy then9

if emin(i) ≤ E then emin(i) := ci(dy − di);10

E := E − ei;11

if E < 0 then no feasible schedule exists, exit;12

insert i in the Θ-tree by E(i) := E;13

for z := 1 to n do14

i := LST [z];15

if lsti ≥ dy then break;16

search j in the Θ-tree such that:17

E(j) = max{E(j′) | j′ ∈ Θ : emin(i) > E(j′)};
if such j exists then UB′[i] := min(UB′[i], lstj);18

In Algorithm 3 the necessary task intervals are determined by the two outer
loops. The balanced binary tree is created in the first innermost loop and traversed
in the second loop in order to find a maximal pruning of the due date of one task.
The first innermost loop iterates over an array of tasks sorted by increasing latest
start times. Thus, the maximal task sets are built step-by-step beginning with the
task with the smallest latest start time.

Every node of the binary tree will represent one of these task sets or — more
precisely — the energy E(Ω) not needed by a particular task set Ω in the task
interval under consideration. We will call this not needed energy the free energy,
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and the tree is balanced according to this free energy. For two maximal tasks Ω1 ⊆
Ω2 ⊆ T apply not only lstmaxΩ1 ≤ lstmaxΩ2 but also E(Ω1) ≥ E(Ω2). Thus,
it is possible to find a task set Ω∗ ⊆ T within O(n) task sets with not more than
O(log n) steps. This found task set, namely the maximising task set, will maximise
the right side of

0 > C(dq − rp) − ci(dp − max(lsti, rp)) − eΩ∗\{i} ,

which is the difference of the free energy and the minimal needed energy of the
task i. In this case, we are looking to prune the due date of task i. The found set
satisfies the following condition:

lstmaxΩ∗\{i} = minΩ⊆T\{i}|α lstmaxΩ with
α :⇔ Ω ⊆ [p, q] ∧ lstmaxΩ ≤ di ∧ eΩ − ci(dq − max(lsti, rp)) > C(dq − rp) .

The task sets considered by Algorithm 3 are determined exactly by one task
(which is the last task added to the task set in an execution of the algorithm).
Because of this, the nodes not only represent task sets but also its task determined
them. Following Viĺım in [10,11] we will call the represented task set Θ and the
balanced binary tree a Θ-tree, and we will also not differentiate between a task and
the node representing this task. Any kind of balancing with respect to an order
would do it for our purpose (as long as it allows the insertion and deletion of a
node within O(log n) and the access to the root within O(1) time).

task 1
E(1) = 10

task 3
E(3) = 23

task 7
E(7) = 27

task 6
E(6) = 17

task 2
E(2) = 5

task 5
E(5) = 8

task 4
E(4) = 3

Fig. 2. Example of a Θ-tree

Figure 2 shows an example of a Θ-tree for the task interval [p, q]. A node con-
tains a task j (respectively, the task set determined by that task) and the free en-
ergy E(j) := C(dq−rp)−eΩj in the interval, where j represents the task set Ωj . In
other words, the free energy E(j) is the energy which is not needed by the task set
Ωj (with respect to the capacity of the resource). To give an idea how the Θ-tree is
used, we assume a task i. Obviously, the minimal energy occupied by this task in
the task interval emin(i) can be computed by emin(i) = ci(dq −max(lsti, rp)). If
task i ∈ [p, q], it has to be inserted into the tree in order to represent the cor-
responding task set. Before insertion we have to differentiate two cases. First,
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emin(i) can be greater than the free energy E. In this case the not-last rule al-
ready holds with the previously inserted nodes, and it suffices to search for the
maximising set Ω∗ within these already created nodes. Hence, emin(i) does not
have to be changed. In the second case, when emin(i) is less than the free energy
E, the maximising set Ω∗ can only be found in the nodes inserted after task i was
inserted (if at all). Thus, the minimal needed energy of task i reduced the free en-
ergy of all these subsequently inserted nodes. It follows that in the search for the
maximising set Ω∗ the energy emin(i) has to be reduced by the needed energy of
task i. In order to find the maximising task set Ω∗ the tree has to be traversed (in
O(log n) steps) as follows.

The search starts at the root. At every visited node j the condition 0 > E(j)−
emin(i) is checked. If it is satisfied, the node j is noted and the search goes on with
the right child. In the other case the search continues with the left child (without
noting node j). In case node j is a leave the last recently noted node (after also
checking the condition for the node j, of course) indicates the task set searched
for, namely the maximising task set.

Suppose we have a task with emin(i) = 19 and a Θ-tree as shown in Figure 2,
then the maximising set would be Ω6. But for a task with emin(i) = 2 such a
maximising task set would not exist.

Theorem 1. Algorithm 3 is correct, complete, and runs in O(n3 log n). After its
computation it holds: UB′[i] = UB[i] := min(di, minΩ⊆T\{i}|α lstmaxΩ) with
α :⇔ lstmaxΩ < di ∧ eΩ + ci(dΩ − max(lsti, rΩ)) > C(dΩ − rΩ).

A formal proof of this theorem is given in Appendix A.

6 Conclusion

This paper revised not-first and not-last detection for cumulative scheduling. The
detection is the pendant of edge-finding in constraint-based disjunctive and cu-
mulative scheduling. Both methods provide strong pruning algorithms for con-
straint programming systems. The detection algorithms update the release and
due dates of tasks that must be scheduled at least after or before a task of a set
of other tasks. Three contributions are made in the paper. First, it is pointed out
that Nuijten’s detection algorithm is incorrect and incomplete because the algo-
rithm only finds some update, but in general not the best. Second, a more general
not-last detection rule is proposed which omits an unnecessary condition without
loss of the correctness of this rule. Because of this, more release and due dates can
be pruned. Finally, a novel not-last detection algorithm is presented, which is cor-
rect, complete and runs in time O(n3 log n), where n is the number of tasks. The
key design is to iterate over all task intervals and search the best update for a task
and a interval via balanced binary trees.

Future work focuses on an efficient implementation of the presented algorithm
in our constraint solving system firstcs [7]. This implementation will be tested on
some CRSP benchmarks examined in [1]. It will then be used, among other things,
as an implicit constraint for alternative resources allocations and non-overlapping
placements of rectangles in a two-dimensional area.
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A Theoretical Results

In the following it is shown that not-last detection without the restriction di ≤ dΩ

for the considered task i and task set Ω ⊆ T \ {i} is still correct:

Proposition 2. Let an E-feasible CRSP determined by a task set T and an overall
capacity C of its cumulative resource be given. Further, let Ω ⊂ T and let i �∈ Ω be
another task in T . If it holds

lstmaxΩ < di ∧ eΩ + ci(dΩ − max(lsti, rΩ)) > C(dΩ − rΩ)

then there is no feasible schedule of this CRSP where si + pi > lstmaxΩ holds.
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Proof. It is assumed that there is a feasible schedule of the considered CRSP satis-
fying si+pi > lstmaxΩ. Obviously, it holds eΩ ≤ C(dΩ−rΩ) because the CRSP is
E-feasible. Thus, ci(dΩ −max(lsti, rΩ)) must be positive, i.e. dΩ > max(lsti, rΩ)
and thus dΩ > lsti ≥ si.

Assuming the task i finishes at si + pi < dΩ. Further, all tasks in Ω will start
before i finishes, i.e. lstmaxΩ < di. Thus the energy ci(dΩ − si − pi) cannot be
occupied by any task in Ω ∪{i} in the time window [rΩ , dΩ), however, the energy
ci(si + pi − max(si, rΩ)) is occupied by the task i , i.e.

eΩ + ci(dΩ − si − pi) + ci(si + pi − max(si, rΩ))
= eΩ + ci(dΩ − max(si, rΩ))
≥ eΩ + ci(dΩ − max(lsti, rΩ))

holds.
Let us assume that the task i finishes at si +pi ≥ dΩ. Further all tasks in Ω will

start before i finishes (i.e. lstmaxΩ < di). Thus the energy ci(dΩ − max(si, rΩ))
is occupied by the task i in the time window [rΩ , dΩ), i.e.

eΩ + ci(dΩ − max(si, rΩ)) ≥ eΩ + ci(dΩ − max(lsti, rΩ))

holds, too.
In conclusion, eΩ+ci(dΩ−max(lsti, rΩ)) ≤ C(dΩ−rΩ) must hold in both cases

if the schedule is feasible. However, it does not hold, i.e. the schedule is infeasible.
	


Obviously, this generalisation is transformable to the symmetric not-first-
detection.

In the following, we show that Theorem 1 holds, i.e. that Algorithm 3 is correct,
complete, and has a complexity of O(n3 log n), and we restrict our attention to
E-feasible CRSPs only. In order to do that, first we have to prove a property of
the nodes in the balanced tree. Let p, q ∈ T be tasks with rp ≤ rq and dp ≤ dq, and
let LST be an array of tasks sorted by increasing latest start times. Furthermore,
let Ωz := Ω(z,p,q) = {j ∈ [p, q] | j = LST [z′]∧z′ ≤ z} with z ∈ [1, n] and Ω0 := ∅.
It follows that lstmaxΩz ≤ lstLST [z]. If LST [z] ∈ [p, q] then it equals.

Proposition 3. If x = p, y = q in Algorithm 3 and if it is before line 3 then it
holds before the zth iteration of the loop (lines 3–3):

Ωz−1 = Θ ∧ E = C(dq − rp) − eΩz−1 and (1)
∀j ∈ Θ : E(j) = C(dq − rp) − eΩk

where j =: LST [k] (k ≤ z − 1) . (2)

Proof. Induction over the sorted array LST .
Basis z = 1: For x = p and y = q the first innermost loop was not iterated

at all. From this it follows that Θ = ∅ and E = C(dq − rp) (see line 3). Because
Ω1−1 = Ω0 = ∅ the basis holds.

Inductive step z → z + 1: Let u = LST [z]. The induction hypothesis is, that
for all z′ < z + 1 before the z′th loop iteration the conditions (1) and (2) hold.
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Because the tasks in the array LST are sorted by increasing latest start times, it
holds that Ωz−1 = Ωz \ {LST [z]}. In order to show the induction step two cases
have to be considered, namely u ∈ Ωz and u �∈ Ωz .

First we consider the case u ∈ Ωz . In this case the condition in line 3 is true
for the zth loop iteration. According to the induction hypothesis E was updated
with C(dq − rp)− eΩz−1 − eu = C(dq − rp)− eΩz (line 3), and u was inserted into
the tree Ωz−1 with this energy E. Thus, the conditions (1) and (2) hold.

The second case is u �∈ Ωz , and the condition in line 3 during the zth loop
iteration is not true. Because of this, E remains the same and u is not added to
the tree. Because Ωz = Ωz−1 and by the induction hypothesis the proposition
holds. 	

Proof (Theorem 1). First, the correctness and completeness of Algorithm 3 is
shown, followed by the proof for its runtime.

The algorithm is correct and complete if the following holds for every task i ∈ T :

UB′[i] = UB[i] := min(di, min
Ω⊆T\{i}|α

lstmaxΩ)

with α :⇔ lstmaxΩ < di ∧ eΩ + ci(dΩ − max(lsti, rΩ)) > C(dΩ − rΩ).

Let i ∈ T be any task. First UB′[i] ≤ UB[i] is shown. If UB[i] = di, then it holds
that UB′[i] ≤ di because of line 3 and 3. Without loss of generality, let UB[i] < di.
Then a task set exists Ω ⊆ T \ {i} for which the following holds:

UB[i] = lstmaxΩ ∧ eΩ + ci(dΩ − max(lsti, rΩ)) > C(dΩ − rΩ). (3)

Let p, q ∈ Ω be the tasks with rp = rΩ and dq = dΩ, and let u := LST [zu] ∈
T be the last task in the array LST with lstu = UB[i] and u ∈ [p, q]. Hence,
Ω ⊆ Ωzu , thus, the condition (3) also holds for the set Ωzu . Furthermore, let z
be the number with i = LST [z]. According to Proposition 3 it follows that before
the second innermost loop the tree Θ corresponds to the set Ωn and for all tasks
j ∈ Θ : E(j) = C(dq − rp) − eΩv with j = LST [v]. Now we have to differentiate
between the cases zu < z and zu ≥ z.

Assume zu < z applies. Then u ∈ Θ before the zth iteration of the loop (lines 3–
3) and the condition emin(i) ≤ E in line 3 is not satisfied due to:

ci(dq − max(lsti, rp)) > C(dq − rp) − eΩzu
≥ C(dq − rp) − eΩz−1 = E.

For this reason emin(i) = ci(dq − max(lsti, rp)) after the loop. So the algorithm
finds in the zth iteration of the second innermost loop an j with:

E(j) = max{E(j′) | j′ ∈ Θ : emin(i) > E(j′)} ≥ E(u).

Thus, the condition in line 3 holds, and the value UB′[i] is updated to
min(UB′[i], lstj). As a result of E(j) ≥ E(u) and Proposition 3 it follows that
Ωzj ⊆ Ωzu \ {i} with j = LST [zj]. So UB′[i] ≤ lstj ≤ lstu = UB[i] holds for
zu < z.
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Assume zu ≥ z applies. If i �∈ [p, q] or ci(dq − max(lsti, rp)) > E in the zth
iteration of the loop (lines 3–3) then emin(i) = ci(dq − max(lsti, rp)) after the
loop and the same consequences as in case zu < z applies for the zth iteration of
the loop (lines 3–3). If i ∈ [p, q] and ci(dq − max(lsti, rp)) ≤ E then emin(i) =
ci(dq − di) after the loop and for all zj′ < z applies:

ci(dq − di) ≤ ci(dq − di) + ei = ci(dq − max(lsti, rp)) ≤ E ≤ E(j′).

So the algorithm finds in the zth iteration of the second innermost loop an j ∈ Θ
with E(j) ≥ E(u), thus, Ωz ⊆ Ωzj ⊆ Ωzu holds. Remark: ci(dq − di) > E(u)
applies because of i ∈ Ωzu . And UB′[i] is updated by min(UB′[i], lstj) ≤ lstu.
Consequently, UB′[i] ≤ UB[i] holds.

Now UB′[i] ≥ UB[i] is shown by antithesis. If UB′[i] < UB[i] then tasks
p, q, u ∈ T \ {i} exist, and the following holds for x = p and y = q in the zth
loop iteration (lines 3–3):

lstu = UB′[i] < di ∧ u ∈ Θ ∧ E(u) = max{E(j′) | j′ ∈ Θ : emin(i) > E(j′)}.

But with Proposition 3 it follows that (independent of zu < z or zu ≥ z):

eΩzu\{i} + ci(dq − max(lsti, rp)) > C(dq − rp) ≥ C(dΩzu\{i} − rΩzu\{i})

with u = LST [zu]. Thus, the not-last rule would be true for the task i and the set
Ωzu \ {i}. This leads to the contradiction:

UB[i] ≤ lstu = UB′[i] < UB[i].

Thus, it holds that UB′[i] = UB[i]. In other words, the Algorithm 3 ist correct
and complete.

It remains to show that the runtime is O(n3 log n). The runtime has to be de-
rived from the four nested for loops, respectively, from the operations in the in-
nermost loops. The lines 3–3 will be repeated at most n3 times. As we mentioned
before, the insertion of a new node in the Θ-tree (line 3) as well as the search for
a node j (line 3) will take O(log n) time. Thus, it follows that the total runtime is
O(n3 log n). 	
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Abstract. Calc/Cream is a constraint programming system with a
spreadsheet front-end implemented on OpenOffice.org Calc and Java lan-
guage. Constraint problems are described by users as cell expressions on
a spreadsheet, and solutions are searched by the constraint solver and
shown as cell values by the system. It is also possible to use Basic macros
to customize the system.

1 Introduction

Constraint programming is widely used to develop various applications including
constraint satisfaction problems and optimization problems, such as production
planning and scheduling, etc.

Constraint programming is originally studied as an extension of logic pro-
gramming languages. However, after 1990’s, several constraint programming ex-
tensions of OOL (C++ and Java) are proposed including ILOG Solver[1], ILOG
JSolver[2,3], Koalog[4], JACK[5], JCL[6], and Cream[7,8].

However, developing constraint programming applications is still a difficult
task. It is important to provide a programming environment which is easy to
use for constraint application developers.

In this paper, we describe a constraint programming system with a spread-
sheet front-end implemented on OpenOffice.org Calc[9] and Java language. In
this Calc/Cream system1 developed as a port of HECS system[10,11]2, users can
write their constraint problems as cell expressions on a spreadsheet.

There are several works on constraint spreadsheet systems, such as Chew and
David[12], Hyvönen[13], Intellisheet[14], and Knowledgesheet[15].

Compared with these systems, Calc/Cream is more flexible because it is
developed as a simple add-in of OpenOffice.org Calc which is an open-source
software and the functionality of the original spreadsheet system is not
modified.

1 http://bach.istc.kobe-u.ac.jp/cream/calc.html
2 http://kaminari.istc.kobe-u.ac.jp/hecs/
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2 Cream: Class Library for Constraint Programming in
Java

2.1 Features of Cream

Cream[7,8] is a class library helping Java programmers to develop intelligent
programs requiring constraint satisfaction or optimization on finite domains.

The followings are features of Cream.

– 100% Pure Java: Whole programs are written in Java.
– Open source: Cream is distributed as a free software with source code 3.
– Natural description of constraints: Various constraints can be naturally de-

scribed within Java syntax.
– Easy enhancements: Programmers can easily enhance/extend constraint de-

scriptions and satisfaction algorithms.
– Various optimization algorithms: In addition to complete search algorithms,

various local search algorithms are available, such as Simulated Annealing
and Taboo Search, etc.

– Cooperative local search: Several local search solvers can be executed in
parallel for cooperative local search.

2.2 Example Program of Cream

Fig. 1 shows an example program of Cream.

import jp.ac.kobe_u.cs.cream.*;

public class FirstStep {
public static void main(String args[]) {

// Create a constraint network
Network net = new Network();
// Declare variables
IntVariable x = new IntVariable(net);
IntVariable y = new IntVariable(net);
// x >= 0
x.ge(0);
// y >= 0
y.ge(0);
// x + y == 7
x.add(y).equals(7);
// 2x + 4y == 20
x.multiply(2).add(y.multiply(4)).equals(20);
// Solve the problem
Solver solver = new DefaultSolver(net);
Solution solution = solver.findFirst();
int xv = solution.getIntValue(x);
int yv = solution.getIntValue(y);
System.out.println("x = "+xv+", y = "+ yv);

}
}

Fig. 1. Example program of Cream

3 http://bach.istc.kobe-u.ac.jp/cream/
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– Network is a class for constraint network consisting of constraint variables
and constraint conditions. New constraint network is created by the con-
structor invocation new Network().

– New constraint variable in the network net is created by the constructor new
IntVariable(net).

– New constraint x ≥ 0 is added by executing a method x.ge(0). Similarly,
constraints y ≥ 0, x + y = 7, 2x + 4y = 20 are added to the network.

– After adding all variables and constraints to the network, a constraint solver
(using constraint propagation and backtrack) is created by the constructor
new DefaultSolver(net).

– First solution is searched by solver.findFirst().
– The value of the variable x is extracted from the solution by using a method

call solution.getIntValue(x).

2.3 Other Features of Cream

The followings are other unique features of Cream.

– Serialized Constraint: Serialized constraint can be used to describe a con-
dition in which given intervals are not overlapped each other (useful for
scheduling problems).

– Optimization: A setObjective method can be used to specify an objective
variable for optimization problems.

– Local Search Algorithms: Local search algorithms including Simulated An-
nealing (SASearch) and Taboo Search (TabooSearch) can be used for some
optimization problems.

– Cooperative local search: A ParallelSolver can be used for cooperative
local search in which several local search solvers can be executed in parallel.

2.4 Java Classes of Cream

As shown in the previous example program, Cream consists of following classes.

– Network class implements constraint networks. A constraint network consists
of variables, constraints, and an objective variable (optional).

– Variable class implements variables. A variable is a component of a con-
straint network. A variable is constructed with an initial domain which spec-
ifies the set of elements over which the variable ranges.

– IntVariable class is a subclass of the Variable class, and implements in-
teger variables.

– Domain is an abstract class for domains.
– IntDomain class implements integer domains.
– Constraint is an abstract class for constraints. The subclass should imple-

ment satisfy method which makes the constraint to be arc-consistent.
– IntComparison, IntArith, and IntFunc classes implements constrains on

integer variables.
– Serialized class implements a constraint where given integer intervals are

not overlapped each other.
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– Solver is an abstract class for constraint solvers.
– DefaultSolver is a branch-and-bound solver.
– LocalSearch is a random-walk solver for problems including Serialized

constraints.
– SASearch is a subclass of LocalSearch, and implements Simulated Anneal-

ing search.
– TabooSearch is a subclass of LocalSearch, and implements Taboo search.
– ParallelSolver is a subclass of Solver, and executes several solvers in

parallel.

For more details of Cream implementation, please refer to to the Cream web
page[7].

3 Calc/Cream: Constraint Spreadsheet

3.1 Features of Calc/Cream

Calc/Cream is a constraint programming system with a spreadsheet front-end
implemented on OpenOffice.org Calc and Java language.

In Calc/Cream, constraint problems are described by users as cell expressions
on a spreadsheet, therefore users do not need to study the use of programming
languages.

Calc/Cream is developed as a simple add-in of OpenOffice.org Calc and the
functionality of the original spreadsheet system is not modified.

3.2 Example of Calc/Cream

Fig. 2 shows an example of Calc/Cream solving an old Japanese elementary
school problem:

There are some cranes and tortoises. They are 7 in total, and their legs
are 20 in total. How many cranes and tortoises are there?

The number of cranes is assigned to the cell B2, the number of tortoises is
assigned to the cell B3, and a solution satisfying B2+B3=7 and 2*B2+4*B3=20 will
be searched by the solver.

The left hand side of the Fig. 2 shows cell expressions described by a user.
By pressing a START button (not shown in the figure), a solution satisfying

A B C

1 Number Legs

2 Crane 0 =B2*2

3 Tortoise 0 =B3*4

4 Total 7 20

5 Condition =B2+B3=B4 =C2+C3=C4

6 =CVARIABLES(B2:B3;0;100) =CONSTRAINTS(B2:C5)

A B C

1 Number Legs

2 Crane 4 8

3 Tortoise 3 12

4 Total 7 20

5 Condition TRUE TRUE

6 ... ...

Fig. 2. Example of Calc/Cream (Cranes and Tortoises)
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cell expressions specified by CONSTRAINTS is searched by changing cell values
specified by CVARIABLES.

In this example, a solution satisfying the following conditions is searched.

– The cell value of C2 is equal to B2*2.
– The cell value of C3 is equal to B3*4.
– The cell value of B2+B3=B4 is true.
– The cell value of C2+C3=C4 is true.
– The cell values of B2 and B3 are within the interval [0, 100].

The right hand side of the Fig. 2 shows the search result.
Fig. 3 shows an example finding a solution of a semi magic square problem

which assigns different numbers of 1–9 to cells B2–D4 so that the summations of
each rows and columns are equal to 15.

A B C D

1 =CNOTEQUALS(B2:D4) =SUM(B2:B4)=15 =SUM(C2:C4)=15 =SUM(D2:D4)=15

2 =SUM(B2:D2)=15 0 0 0

3 =SUM(B3:D3)=15 0 0 0

4 =SUM(B4:D4)=15 0 0 0

5 =CVARIABLES(B2:D4;1;9)

6 =CONSTRAINTS(A1:D4)

Fig. 3. Example of Calc/Cream (Semi Magic Square)

CVARIABLES(B2:D4;1;9) means each cell value of B2–D4 is an integer from
1 to 9, and CNOTEQUALS(B2:D4) means these have different values each other.
Expressions such as SUM(B2:D2)=15means the summation of each row or column
is equal to 15.

3.3 How Calc/Cream Works

The following shows how Calc/Cream works after pressing the “Start” button.

– The spreadsheet is scanned, and cells containing variables and constraints
are parsed to tree structures, and they are added to constraint network of
Cream.

– Cream solver is invoked to start solving.
– Values of the obtained solution is written back to the spreadsheet.

The following StarBasic macro performs the above procedure.

Const JAVA_SERVICE = "com.sun.star.loader.Java2"
Const CREAM_SERVICE = "jp.ac.kobe_u.cs.cream.uno.CreamAddins"

Dim object_cream As Object
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Sub CStartButton
# Create UNO service to use Cream
CreateUnoService(JAVA_SERVICE)
object_cream = CreateUnoService(CREAM_SERVICE)

# Scan spreadsheet and add constraints
Dim sheetIndex(0) As Object
sheetIndex() = Array(0, 1, 2)
object_cream.CScanDocument(ThisComponent, sheetIndex())

# Start Cream solver
If Not object_cream.CStart() Then

MsgBox "No Solutions !!"
EndIf

End Sub

The following macro implements the Next button.

Sub CNextButton
CreateUnoService(JAVA_SERVICE)
object_cream = CreateUnoService(CREAM_SERVICE)

If Not object_cream.CNext() Then
MsgBox "No More Solutions !!"

End If
End Sub

4 Summary

This paper presents Cream class library for constraint programming in Java,
and Calc/Cream constraint spreadsheet system which is developed as an add-in
of OpenOffice.org Calc.

Both systems are still under development, and further enhancements are
planned in near future.
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Abstract. Overload checking is an important method for unary as well
as for cumulative resource constraints in constraint-based scheduling,
as it tests for a sufficient inconsistency property. While an algorithm
with time complexity O(n log n) exists that is known for unary resource
constraints, to our knowledge no such algorithms have been established
to date for overload checking in cumulative constraints on n tasks. In this
paper, an O(n log n) overload checking algorithm is presented as well as
its application to a more specific problem domain: the non-overlapping
placement of n rectangles in a two-dimensional area. There, the runtime
complexity of overload checking is O(n3 log n).

1 Introduction

The allocation of activities or tasks on cumulative resources is a practical prob-
lem of strong relevance. It arises in resource constraint project scheduling as
well as in production planning if continuous or non-attributable resources like
water, electric power, or even human skills are to be taken into account. Thus,
this problem is well-considered in constraint-based scheduling (e.g. in [1,3,5]).
Generalised pruning rules exist that are adopted from the rules for unary re-
source which may only be allocated or used exclusively. These generalised rules
are overload checking, (extended) edge-finding and not-first/not-last detection.
To our knowledge, only algorithms are known that have quadratic or cubic run-
time complexity with respect to the number of the considered tasks.

This paper presents a new O(n log n) overload checking algorithm which
proves the absence of an overload, i.e. the required workload for some tasks
is never greater than the available capacity. Here, n is the number of considered
tasks.

The paper is organised as follows. The next section formally defines the con-
sidered cumulative resource scheduling problem. Further, the term overload is
defined and the corresponding checking rule is formulated in a general sense,
i.e. for all non-empty subsets of the considered set of tasks. It is shown that
only n specific subsets of tasks need be taken into account. In Section 3 efficient
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implementation issues are considered. Specifically, it is shown that structuring
the tasks in balanced binary trees allows for an efficient O(n log n) calculation
of these maximal values adopting some recent approaches for the unary resource
constraint problem [7,8]. Section 4 applies the presented overload checking de-
veloped for cumulative scheduling problems to a more specific problem domain:
the non-overlapping placement of rectangles in a two-dimensional area. Finally,
Section 5 concludes the work presented in this paper, summarises ongoing work
and shows the directions of future work.

2 The Cumulative Resource Scheduling Problem

The (non-preemptive) cumulative resource scheduling problem represents the fact
that some activities or tasks t1, . . . , tn requiring capacities c(t1), . . . , c(tn) have
to be scheduled on a common resource offering a constant capacity C, such that
the tasks are processed without interruption and without exceeding the capacity
of the resource at any time. More formally, the problem is defined as follows:

Definition 1 (adopted from [3]). A task t is a non-interruptible activity
having a non-empty set of potential start times St, i.e. a finite integer set which
is the domain of its variable start time. Furthermore, a task t has a fixed duration
d(t) and a fixed required capacity c(t), both of which are positive integer values.1

Given a non-empty set of tasks T = {t1, . . . , tn} (n ≥ 1) and a common
resource offering a capacity C, i.e. a positive integer value, the problem is to
find a schedule, i.e. some start times s(t1) ∈ St1 , . . . , s(tn) ∈ Stn such that the
cumulative constraint

∀τ :
∑

t∈T,s(t)≤τ<s(t)+d(t)

c(t) ≤ C

is satisfied, i.e. for each point in time τ the sum of the tasks’ capacity require-
ments is not greater than the resource’s capacity.

The cumulative resource scheduling problem is solvable if such a schedule
exists. Otherwise it is unsolvable.

Finally, a cumulative resource scheduling problem is determined by this set of
tasks T and the capacity C of the resource where they have to be scheduled.

In the following, we assume that such a set of tasks T and such a resource with
capacity C is given, unless otherwise stated.

For each task t ∈ T its earliest start time is est(t) and its latest completion
time is lct(t). Given the actual set of potential start times St of a task t ∈ T it
holds est(t) := min(St) and lct(t) := max(St) + d(t). In extension, we define for
each non-empty subset of tasks M of T (M �= ∅, M ⊆ T ):

est(M) := min
t∈M

{est(t)} and lct(M) := max
t∈M

{lct(t)} .

1 A generalisation where only the workload c(t) · d(t) of the task t is fixed is possible,
too.
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Further, the workload of M is defined as

W (M) :=
∑

m∈M

c(m) · d(m) .

2.1 Overload Checking

A necessary condition for the existence of a schedule for a cumulative resource
scheduling problem determined by a set of tasks T and the capacity C is that each
non-empty subset of tasks M �= ∅, M ⊆ T is not overloaded, i.e. the workload of
the tasks in M is not greater than the available energy:

W (M) ≤ C · (lct(M) − est(M)) .

Here, the available energy is the product of the resource’s capacity and the
available time beginning at the earliest start time of the considered tasks and
finishing at their latest completion time.

Proposition 1. No schedule exists for the cumulative resource scheduling prob-
lem determined by a set of tasks T and the capacity C, if there is a non-empty
subset of tasks M �= ∅, M ⊆ T such that there is an overload, i.e.

W (M) > C · (lct(M) − est(M))

holds.

Proof. We assume that there is a schedule for this problem, meaning that espe-
cially for M := {ti1 , . . . , tik

} there are start times s(ti1) ∈ Sti1
, . . . , s(tik

) ∈ Stik

such that the cumulative constraint

∀τ :
∑

t∈M,s(t)≤τ<s(t)+d(t)

c(t) ≤ C

is a fortiori satisfied. Thus, if we accumulate the workload of all tasks in M , it
immediately follows that

∑

est(M)≤τ<lct(M)

⎛

⎝
∑

t∈M,s(t)≤τ<s(t)+d(t)

c(t)

⎞

⎠ = W (M)

≤ C · (lct(M) − est(M)) ,

i.e. there is no overload, which contradicts W (M) > C ·(lct(M)−est(M)). Thus,
there is no schedule for the considered problem. 	

A naive overload checking of all 2n − 1 non-empty subsets of T is not nec-
essary. As in the unary case, the consideration of at most n2 task intervals
[4,5,9] is sufficient. Recent advances [7,8] consider only n task intervals satisfy-
ing some optimality criterion. We show that in the cumulative case it is sufficient
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(and necessary) to consider n task intervals satisfying some adapted optimality
criterion.

If for each i = 1, . . . , n a non-empty subset of tasks

Pi ⊆ {t | t ∈ T ∧ lct(t) ≤ lct(ti)}
is known such that C · est(Pi) + W (Pi) is maximal, i.e.

C · est(Pi) + W (Pi)
= max({C · est(N) + W (N) | N �= ∅ ∧ N ⊆ {t | t ∈ T ∧ lct(t) ≤ lct(ti)}}) ,

then these n sets of tasks have to be checked for an overload:

Proposition 2. Let a cumulative resource scheduling problem be determined by
a set of tasks T and a capacity C.

Then, there is a set of tasks M �= ∅, M ⊆ T such that W (M) > C · (lct(M)−
est(M)) holds if and only if C · est(Pi) + W (Pi) > C · lct(ti) holds for an i ∈
{1, . . . , n} and a set of tasks Pi ⊆ {t | t ∈ T ∧ lct(t) ≤ lct(ti)}, with C · est(Pi) +
W (Pi) = max({C · est(Q) + W (Q) | Q �= ∅ ∧ Q ⊆ {t | t ∈ T ∧ lct(t) ≤ lct(ti)}}).

Proof. We assume that there is a set of tasks M �= ∅, M ⊆ T such that W (M) >
C · (lct(M) − est(M)) and thus C · est(M) + W (M) > C · lct(M) holds. Then,
let ti be the task in M (t ∈ M) such that lct(ti) = lct(M) holds. Obviously,
M ⊆ {t | t ∈ T ∧ lct(t) ≤ lct(ti)} holds and by the definition of Pi it follows that
C · est(Pi) + W (Pi) ≥ C · est(M) + W (M) > C · lct(M) and thus C · est(Pi) +
W (Pi) > C · lct(ti).

Now, if we assume that C · est(Pi) + W (Pi) > C · lct(ti) holds for an i ∈
{1, . . . , n} and a non-empty set of tasks Pi ⊆ {t | t ∈ T ∧ lct(t) ≤ lct(ti)}, where
C ·est(Pi)+W (Pi) is maximal. Obviously, for M := Pi it holds that C ·est(M)+
W (M) > C · lct(ti) ≥ C · lct(M) and thus W (M) > C · (lct(M) − est(M)). 	

The following interesting property of some sets of tasks which is especially valid
for the sets Pi shows that these sets are task intervals:

Lemma 1. Let a cumulative resource scheduling problem be determined by a
non-empty set of tasks T and the capacity C and let a set of tasks M �= ∅, M ⊆ T
be given. Further, let P �= ∅, P ⊆ M be a subset of tasks such that C · est(P ) +
W (P ) is maximal with respect to all non-empty subsets of M , i.e.

C · est(P ) + W (P ) = max
N �=∅,N⊆M

{C · est(N) + W (N)} .

Then, for each task t ∈ M with est(P ) ≤ est(t) it holds that t ∈ P , i.e.

P = {t | t ∈ M ∧ est(t) ≥ est(P )} .

Proof. Let us assume that there is a task t ∈ M \P with est(P ) ≤ est(t). Then,
est(P ∪ {t}) = est(P ) and W (P ∪ {t}) = W (P ) + c(t) · d(t) > W (P ) hold. Thus,
C · est(P ∪ {t}) + W (P ∪ {t}) > C · est(P ) + W (P ) holds, i.e. C · est(P ) + W (P )
is not maximal with respect to all non-empty subsets of M . This means that for
each task t ∈ M with est(P ) ≤ est(t) it holds that t ∈ P . 	

Thus, Pi = {t | t ∈ T, est(Pi) ≤ est(t), lct(t) ≤ lct(ti)} holds for i = 1, . . . , n.
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3 Implementation Issues

Let a cumulative resource scheduling problem be given which is determined by
a set of tasks T = {t1, . . . , tn} with n ≥ 1 and a capacity C. We now assume
that the tasks t1, . . . , tn are sorted in not-descending order with respect to their
earliest start times, i.e. it holds that est(t1) ≤ · · · ≤ est(tn).

Furthermore, it is assumed that for each non-empty subset of tasks M of T
(M �= ∅, M ⊆ T ) there is a corresponding balanced binary tree such that the
following holds:

∀ti ∈ M ∀tj ∈ Left(ti) : est(tj) ≤ est(ti) ,

∀ti ∈ M ∀tj ∈ Right(ti) : est(tj) ≥ est(ti) ,

∀ti ∈ M : Left(ti) ∩ Right(ti) = ∅
∀ti ∈ M : ti �∈ Left(ti) ∪ Right(ti)
∃tr ∈ M : Left(tr) ∪ {tr} ∪ Right(tr) = M .

Each node in the balanced tree named by the corresponding task ti ∈ M is
annotated with:

– the accumulated work W (ti) to be performed in the subset of tasks in the
subtree rooted by the task node ti;

– the maximal energy level E(ti) of all non-empty subsets of tasks in the
subtree rooted by the task node ti.

To be precise, W (ti) and E(ti) are abbreviations:

W (ti) := W ({ti} ∪ Left(ti) ∪ Right(ti)) ,

E(ti) := E({ti} ∪ Left(ti) ∪ Right(ti)) .

While W (M) is the sum of required work c(t) · d(t) of all tasks t in M , E(M)
is the maximum of the “base energy level” C · est(N) plus the accumulated
work W (N) of all non-empty subsets N of the tasks in M (cf. Proposition 3).

To be complete and well-defined, we use the following conventions:

max(∅) := −∞ ,

W (∅) := 0 ,

E(∅) := −∞ .

Within the tree representing the non-empty subset of tasks M we define:

W (ti) := W (Left(ti)) + c(ti) · d(ti) + W (Right(ti)) ,

E(ti) := max({E(Left(ti)) + c(ti) · d(ti) + W (Right(ti)) ,

C · est(ti) + c(ti) · d(ti) + W (Right(ti)),
E(Right(ti))}) .

The following example shows how these values are computed in a concrete
balanced binary tree:
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Example 1. If there are tasks T = {t1, . . . , t5} with earliest start times (est)
2, 3, 4, 5, 6 and workloads (c · d) 21, 15, 8, 9, 18, and the overall capacity of the
cumulative resource is C = 5, then the values W and E are computed from the
leaves to the root within the corresponding balanced binary tree presented in
Figure 1.

t1 : est = 2, c · d = 21
W = 21, E = 31

t3 : est = 4, c · d = 8
W = 8, E = 28

�
�

�
�

�

������

t2 : est = 3, c · d = 15
W = 44, E = 54

t5 : est = 6, c · d = 18
W = 18, E = 48

������

�����������

t4 : est = 5, c · d = 9
W = 71, E = 81

Fig. 1. A balanced binary tree of tasks and their corresponding workloads and energies

The next proposition shows that the intended values are actually computed as
follows:

Proposition 3. Let M := {ti}∪ Left(ti)∪Right(ti) be a non-empty set of tasks
in the subtree rooted by the task node ti. Then, it holds that

W (ti) := W (M) =
∑

s∈M

c(s) · d(s) ,

E(ti) := E(M) = max({C · est(N) + W (N) | N ⊆ M ∧ N �= ∅}) .

Proof. By induction over the size of M .
Let |M | = 1, i.e. M := {ti} is a non-empty set of tasks in the subtree consisting

of the task node ti. By definition and conventions it holds that

W (ti) := W (M) = 0 + c(ti) · d(ti) + 0

=
∑

s∈M

c(s) · d(s) ,

E(ti) := E(M) = max({−∞, C · est(ti) + c(ti) · d(ti) + 0,−∞})
= C · est(ti) + W (ti)
= max({C · est(N) + W (N) | N ⊆ M ∧ N �= ∅})

because, there is only one such N , namely {ti} .

Now, let |M | = n + 1 and ti be the root in the binary tree which corresponds
to M . Then, by induction hypothesis

W (M) := W (Left(ti)) + c(ti) · d(ti) + W (Right(ti))
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=
∑

t∈Left(ti)

c(t) · d(t) + (c(ti) · d(ti)) +
∑

t∈Right(ti)

c(t) · d(t)

=
∑

t∈Left(ti)∪{ti}∪Right(ti)

c(t) · d(t)

=
∑

t∈M

c(t) · d(t) .

Further, let P �= ∅, P ⊆ M be a subset of tasks such that C · est(P ) + W (P ) is
maximal with respect to all non-empty subsets of M , i.e.

C · est(P ) + W (P ) = max
N �=∅,N⊆M

{C · est(N) + W (N)} .

Now, we distinguish three different cases:

1. est(P ) = est(tj) and tj ∈ Left(ti):
Thus, by Lemma 1, it holds that C · est(P ) + W (P ) = C · est(P ) + W ({t ∈
Left(ti) | est(t) ≥ est(P )}) + c(ti) · d(ti) + W (Right(ti)) because of the order
in the tree. Further, est(P ) + W ({t ∈ Left(ti) | est(t) ≥ est(P )}) is maximal
with respect to all non-empty subsets of Left(ti); otherwise there would be a
non-empty L ⊆ Left(ti) with est(L) �= est(P ) such that C · est(L) + W (L) >
est(P )+W ({t ∈ Left(ti) | est(t) ≥ est(P )}) would hold, i.e. C ·est(P )+W (P )
would not be maximal with respect to all non-empty subsets of M . Thus, by
induction hypothesis it holds that E(Left(ti)) = C ·est(P )+W ({t ∈ Left(ti) |
est(t) ≥ est(P )}), i.e. the proposition about E(M) holds.

2. est(P ) = est(ti):
Thus, by Lemma 1 it holds that C · est(P ) + W (P ) = C · est(ti) + c(ti) ·
d(ti) + W (Right(ti)) because of the order in the tree, i.e. the proposition
about E(M) holds.

3. est(P ) = est(tj) and tj ∈ Right(ti):
Thus, by Lemma 1 it holds that C · est(P ) + W (P ) = C · est(P ) + W ({t ∈
Right(ti) | est(t) ≥ est(P )}). Analogously to the first case, it holds that
est(P ) + W ({t ∈ Right(ti) | est(t) ≥ est(P )}) is maximal with respect to all
non-empty subsets of Right(ti). Thus, by induction hypothesis it holds that
E(Right(ti)) = C · est(P ) + W ({t ∈ Right(ti) | est(t) ≥ est(P )}), i.e. the
proposition about E(M) holds. 	


This means that based on the balanced binary trees for all subsets of tasks we are
able to compute for each i = 1, . . . , n the value C ·est(Pi)+W (Pi) very efficiently:

Corollary 1. Let a cumulative resource scheduling problem be determined by a
set of tasks T and the capacity C. Consequently, the following holds for each
i = 1, . . . , n:

E({t | t ∈ t ∧ lct(t) ≤ lct(ti)})
= max({C · est(Q) + W (Q) | Q �= ∅ ∧ Q ⊆ {t | t ∈ T ∧ lct(t) ≤ lct(ti)}})
=: C · est(Pi) + W (Pi)

for the non-empty subset Pi.
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Additionally, if we order the tasks in T such that lct(t1) ≤ · · · ≤ lct(tn)
holds, then the computation of E({t1, . . . , tj , tj+1}) based on the calculations for
E({t1, . . . , tj}) has a complexity of O(log n) for j = 1, . . . , n. Thus, for all j the
total complexity is O(n log n).

Algorithm 1. An O(n log n) overload checking algorithm for cumulative
scheduling problems.
Input : An ordered sequence of tasks T = {t1, . . . , tn} such that

lct(t1) ≤ · · · ≤ lct(tn) holds
and the capacity C of the cumulative resource.

Private: A balanced binary tree M of tasks ordered with respect to their ests
and a maximal energy level E of all non-empty subsets of tasks
within this balanced binary tree M .

begin1

M ← ∅;2

for i = 1, . . . , n do3

M ← M ∪ {ti};4

compute E ← E(M);5

// overload check:

if E > C · lct(ti) then6

exit with failure;7

// because of the detected overload

end8

Proposition 4. Let a cumulative resource scheduling problem be determined
by a set of tasks T and the capacity C. Then, Algorithm 1 performs overload
checking with a runtime complexity of O(n log n).

Proof. The correctness of the algorithm and its O(n log n) runtime complexity
follows immediately from Proposition 2, using Corollary 1. 	

Example 2. Considering the tasks T in Example 1. If for their latest completion
time lct(T ) ≤ 16 holds, then there is an overload because

E(T ) = 81 > 80 ≥ C · lct(T )

holds, too.

4 Overload Checking for Non-overlapping Rectangles

Overload checking for cumulative scheduling is also applicable to non-
overlapping rectangle placement problems in a two-dimensional area. These
problems are defined as follows:
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Definition 2 (adopted from [2])
A rectangle r has a non-empty set of X-values Xr, i.e. a finite integer set which
is the domain of its variable x-coordinate as well as a non-empty set of Y-
values Yr, i.e. a finite integer set which is the domain of its variable y-coordinate.
Furthermore, a rectangle r has a fixed width w(t) and a fixed height h(t), both
of which are positive integer values.

Given a non-empty set of rectangles R = {r1, . . . , rn} (n > 1) the problem
is to find a non-overlapping placement of these rectangles, i.e. some x- and y-
coordinates x(r1) ∈ Xr1 , y(r1) ∈ Yr1 , . . . , x(rn) ∈ Xrn , y(rn) ∈ Yrn such that the
condition

∧
1≤i<j≤n (x(ri) ≤ x(rj) < x(ri) + w(ri) ∨ x(rj) ≤ x(ri) < x(rj) + w(rj))
−→ (y(ri) + h(ri) ≤ y(rj) ∨ y(rj) + h(rj) ≤ y(ri))
∧ (y(ri) ≤ y(rj) < y(ri) + h(ri) ∨ y(rj) ≤ y(ri) < y(rj) + h(rj))
−→ (x(ri) + w(ri) ≤ x(rj) ∨ x(rj) + w(rj) ≤ x(ri))

is satisfied, i.e. if any two different rectangles might overlap on the x-axis then
one must be above or below the other and if they might overlap in the y-axis then
one must be left or right from the other.

The non-overlapping placement problem for rectangles is solvable if such a
placement exists. Otherwise it is unsolvable. Finally, such a non-overlapping
placement problem is determined by the given set of rectangles R.

One necessary condition for an overlap-free placement of some rectangles in
a two-dimensional area is the availability of enough space in each horizontal
(vertical) stripe bounded by the minimum and maximum y-coordinates (x-
coordinates) of each non-empty subset containing those rectangles having y-
coordinates (x-coordinates) between these boundaries. — Due to symmetry, only
horizontal stripes are considered in the following; the “vertical case” behaves
similar.

For a formal proposition, we define for any non-empty subset of rectangles P �=
∅, P ⊆ R the values

Xmin(P ) := min(
⋃

p∈P

Xp) and Xmax(P ) := max({max(Xp) + h(p) | p ∈ P}) ,

Ymin(P ) := min(
⋃

p∈P

Yp) and Ymax(P ) := max({max(Yp) + h(p) | p ∈ P}) .

Proposition 5. No placement exists for a non-overlapping placement problem
determined by a set of rectangles R, if there is a non-empty subset of rectan-
gles P �= ∅, P ⊆ R such that there is an overload, i.e.

∑

p∈P

w(p) · h(p) > (Xmax(P ) − Xmin(P )) · (Ymax(P ) − Ymin(P ))

holds.
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Proof. We assume that there is a placement for this problem, meaning that
especially for P := {ri1 , . . . , rik

} =: {p1, . . . , pk} there are coordinates x(p1) ∈
Xp1 , y(p1) ∈ Yp1 , . . . , x(pk) ∈ Xpk

, y(pk) ∈ Ypk
such that the condition

∧
1≤i<j≤k (x(pi) ≤ x(pj) < x(pi) + w(pi) ∨ x(pj) ≤ x(pi) < x(pj) + w(pj))
−→ (y(pi) + h(pi) ≤ y(pj) ∨ y(pj) + h(pj) ≤ y(pi))
∧ (y(pi) ≤ y(pj) < y(pi) + h(pi) ∨ y(pj) ≤ y(pi) < y(pj) + h(pj))
−→ (x(pi) + w(pi) ≤ x(pj) ∨ x(pj) + w(pj) ≤ x(pi))

is satisfied, i.e. the rectangles in P are placed overlap-free in the 2-dimensional
area [Xmin(P ), Xmax(P )]× [Ymin(P ), Ymax(P )]. Thus, as deduced from geometry,
it immediately follows that the occupied area fits in the available area:

∑

p∈P

w(p) · h(p) ≤ (Xmax(P ) − Xmin(P )) · (Ymax(P ) − Ymin(P )) ,

i.e. there is no overload. This contradiction disproves our assumption, thus there
is no placement for the considered problem. 	

Example 3. The non-overlapping placement of the rectangles R := {A, B, C} in
Figure 2 requires that

– each rectangle r has enough space in the stripe reaching from min(Yr) to
max(Yr) + h(r) — which is obviously satisfied per definition,

– A and B have enough space in the stripe reaching from Ymin = 0 to Ymax = 5,
– B and C have enough space in the stripe reaching from Ymin = 2 to Ymax = 7,
– A and C have enough space in the widest stripe from Ymin = 0 to Ymax = 7

— which is obviously covered by the next condition,
– all rectangles have enough space in the stripe reaching from Ymin(R) =

min(
⋃

r∈R Yr) = 0 to Ymax(R) = max({max(Yr) + h(r) | r ∈ R}) = 7,

which is satisfied for this problem instance.

Now, considering any such subset of rectangles P �= ∅, P ⊆ R and the bound-
aries of the horizontal stripe reaching from Ymin = min(

⋃
r∈P Yr) to Ymax =

max({max(Yr) + h(r) | r ∈ P}) the cumulative scheduling problem determined
by the set of tasks

TP = {tr | r ∈ P ∧ Str = Xr ∧ d(tr) = w(r) ∧ c(tr) = h(r)}
and the capacity CP = Ymax(P ) − Ymin(P ) must be solvable, otherwise the
non-overlapping placement problem defined by R is unsolvable. — We call the
cumulative scheduling problem determined by TP and CP the cumulative prob-
lem of P .

Proposition 6. Let a non-overlapping placement problem be determined by a
set of rectangles R. If this problem is solvable, then for any non-empty subset of
rectangles P �= ∅, P ⊆ R the cumulative problem of P is solvable, too.
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X

A

B

C

Y = 0

Y = 2

Y = 3

Y = 4

Y = 5

Y = 7

Fig. 2. A non-overlapping placement problem for some rectangles A, B, and C

Proof. We assume that there is a non-overlapping placement of the rectangles
in R = {r1, . . . , rn}, i.e. some valid x- and y-coordinates x(r1) ∈ Xr1 , y(r1) ∈
Yr1 , . . . , x(rn) ∈ Xrn , y(rn) ∈ Yrn . We now consider any non-empty subset P :=
{p1, . . . , pm} ⊆ R. Further, for any fixed x-coordinate x let Px := {p ∈ P |
x(p) ≤ x < x(p) + w(p)} =: {px1, . . . , pxk

}. We assume that the rectangles in Px

are ordered such that

y(px1) < y(px1) + h(px1) ≤ y(px2) < . . . ≤ y(pxk−1) < y(pxk
) + h(pxk

)

holds. Such an order exists because the rectangles are placed overlap-free.
Defining Ymin(P ) := min(

⋃
p∈P Yp) and Ymax(P ) := max({max(Yp) + h(p) |

p ∈ P}) it follows immediately that

k∑

j=1

h(pxj ) ≤ Ymax(P ) − Ymin(P )

holds, especially if Px is empty; then the sum’s value is zero. Consequently,

∀x :
∑

p∈P,x(p)≤x<x(p)+w(p)

h(p) ≤ CP

is satisfied for CP := Ymax(P ) − Ymin(P ), i.e. the cumulative problem of P is
solvable, too. 	

Obviously, only at most n2 cumulative problems have to be checked for solvabil-
ity: for any two rectangles p and q with min(Yp) ≤ max(Yq) + h(q) and where
the subset of rectangles2

Ip,q := {r ∈ R | min(Yp) ≤ min(Yr) ∧ max(Yr) + h(r) ≤ max(Yq) + h(q)}
2 The definition of this subset is adopted from the definition of task intervals [4,5,9].
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is non-empty the problem CIp,q has to be considered. Thus, for an overload
checking concering non-overlapping placement of n rectangles we have to perform
these checks for at most n(n−1)/2 cumulative scheduling problems over at most
n tasks which has in total a runtime complexity of O(n3 log n) if the necessary
subsets of rectangles are determined. However, their determination might be
performed while sweeping (cf. [2,9]) over the boundaries of the stripes:

For a given set of rectangles R = {r1, . . . , rn} to be placed overlap-free, each
minimal and each different maximal y-coordinate plus height is considered as
an event. We assume that these m ≤ 2n events are sorted such that eu ≤ ev

holds for 1 ≤ u ≤ v ≤ m and u < v holds if min(Yri)u = (max(Yrj ) + h(rj))v

holds for 1 ≤ i, j ≤ n. Then we iterate from 1 to m over these events. An event
which represents a minimal y-coordinate appends the corresponding rectangle
to a list of rectangles which is initially empty. An event which represents a

Algorithm 2. An O(n3 log n) overload checking algorithm for non-
overlapping placement problems.

Input : A set of rectangles R = {r1, . . . , rn} and an ordered sequence of events
E = e1, . . . , em(m ≤ 2n) containing each minimal y-coordinate
(possible more than once) and each different maximal y-coordinate plus
height (only once), such that it holds
– eu ≤ ev for 1 ≤ u ≤ v ≤ m and
– u < v if min(Yri)u = (max(Yrj ) + h(rj))v is valid for 1 ≤ i, j ≤ n.

Output: false, if an overload is detected; true otherwise.
Private: A list of rectangles L, a subset of rectangles P , and a y-coordinate c;
begin1

L ← λ;2

// the list of rectangles is initially empty

for u = 1, . . . , m do3

if eu = min(Yri) then4

L ← L ◦ ri;5

else if eu = max(Yrj ) + h(rj) then6

P ← ∅;7

c ← ∞;8

let L = ri1 ◦ · · · ◦ rik ;9

for v = k, . . . , 1 do10

if max(Yrv ) + h(rv) ≤ eu then11

if min(Yrv ) < c then12

if |P | > 1 then13

check the cumulative problem of P for an overload;14

// here CP = eu − c
if there is an overload return false;15

c ← min(Yrv );16

P ← P ∪ {rv};17

return true;18

end19
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maximal y-coordinate performs a backward iteration over this list maintaining
a set of rectangles which is initially empty. During this inner iteration, it is
checked whether the maximal y-coordinate is less than or equal to the current
event’s value. If so, the maintained set — if containing more than one rectangle
— defines a new cumulative scheduling problem within the stripe reaching from
the minimal y-coordinate of the last recently considered rectangle in the list to
the value of the currently considered event. The current value is then noted as
the new final one to be most recently considered and added to the maintained
set. — All these processing steps are summarised in Algorithm 2.

This algorithm assumes the generation and sorting of the events which have
a runtime complexity of O(n log n) for n rectangles. Additionally the generation
of the sets of rectangles for each stripe has quadratic runtime complexity. Thus,
in total, the runtime complexity for overload checking concerning n rectangles
to be placed overlap-free is O(n3 log n). A fortiori, this also holds for the special
case where all rectangles have unary heights, i.e. all capacity requirements are
one. Thus, for the alternative resources constraint [10] the presented runtime
complexity of O(n4) has now been improved to be O(n3 log n) for n tasks.

5 Conclusion, Ongoing and Future Work

In this paper we formulated the rule for overload checking in cumulative schedul-
ing. This formulation is based on some subsets of tasks maximising some values,
which are used for deciding and performing pruning. Based on this theoreti-
cal work, we showed and formally proved that the structuring of the tasks in
balanced binary trees allows for the efficient O(n log n) calculation of the max-
imised values, and thus the O(n log n) runtime performance of the formulated
and proved overload checking rule. Further, we applied overload checking for
cumulative problems to non-overlapping placement problems of rectangles re-
sulting in an overload checking algorithm for these problems having O(n3 log n)
runtime complexity. Future work focuses on the improvement of this algorithm.
We will examine whether there are sets of rectangles satisfying some maximal-
ity criterion that allows again the usage of balanced binary trees reducing the
runtime complexity hopefully to O((n log n)2).

To date, we have realised and used a first implementation of the presented
overload checking algorithm within our firstcs (FIRST’s Constraint Solver)
Java library [6]. Our main focus hereby was first of all a practical proof of con-
cept of the theoretical results described above. We tested the implementation
against a first real-world resource allocation problem, where episodes of sev-
eral TV programmes (several hundreds) must be distributed to a given number
of video recorders (around five) for recording. There we used the alternative re-
source constraint and a redundant cumulative constraint for energetic reasoning.
Especially, the efficient overload checking of the cumulative constraint was used
to decide whether the number of available video recorders is sufficient instead
of the O((n4) algorithm presented in [10]. This results in a faster detection of
inconsistencies.
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In the medical domain we can now more efficiently compute the minimum
amount of resources like dialysers or CT apparatus in order to achieve maximal
daily throughputs of patients. In a similar vein, a calculation can be made to
match the number of available beds with the amount of operations to be per-
formed. The necessary hospital staff can easily be factored into this equation.
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Abstract. This paper presents a brief introduction of the relation be-
tween logic programming and machine learning. The area researching the
relation is usually called Inductive Logic Programming (ILP, for short).
In this paper we will give the details of neither ILP systems nor ILP the-
ories. We explain how to substitute concepts used in logic programming
to items needed in formulating learning theories. We also show some
theoretical applications to which the substitution are contributing.

1 Introduction

Inductive Logic Programming (ILP , for short) is the research area where systems
and theories for machine learning are developed with mathematical logic and
logic programming. Machine learning is mechanization of learning, which is an
intellectual human activity, and has been investigated in Artificial Intelligence
for a long time. Recently Machine learning has become one of foundations of
knowledge discovery and data mining, for discovering useful knowledge from
huge amount of data.

Mathematical logic is a formalization of deductive inference by human beings.
It is closely related to computation and gives a theoretical foundation of Com-
puter Science. Logic programming is one of precise representation of the relation
between logic and computation. In mathematical logic consequences are derived
from premises by applying logical rules. Learning can be regarded as deriving
general rules from concrete examples given by teachers. In other words, learning
is an inductive inference, which is usually regarded as the converse of deductive
inference. This is one of the reasons why machine learning with mathematical
logic is investigated.

However, we should note that computation is activity done by one person or
one computer, after input data is provided, while learning is interactive activity
of at least two types of agents: teachers providing examples and learners gener-
ating rules from the examples. In ILP, examples and rules are corresponded with
logical consequences and logical premises, respectively. Derived rules by learners
may change in the process of learning, as the total amount of provided exam-
ples increase. Therefore we should call the rules conjectures or hypotheses, and
have to give some methods for ensuring that the conjectures are correct. The
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concept of correctness in mathematical logic is useful to define that of learning,
but correctness of learning would be quite different because of the nature of
mathematical logic and learning.

We start this tutorial with a simple example of learning a concept, in the
next section. In Section 3 we explain a traditional formalization of learning and
substitute each of the items in the formalization with a concept used in logic
programming. In Section 4 we introduce a kind of deductive inference which
is called refinement and useful for generating hypotheses in learning. Section 5
presents a famous concept called common generalization or anti-unification in
the context of learning from positive presentations. We show some application
of the substitution in Section 6, and conclude with some remarks in Section 7.

2 An Example of Learning Process

Let us start with assuming agents of two types, a teacher and a learner . The
teacher is assumed to have something to tell the learner, and the learner should
get something which the teachers know. In order to make our discussion simple,
what the teacher is teaching is a concept, called the target concept and the learner
is making his/her effort to get the concept.

Generally speaking, the activity learning becomes necessary in the case that
the teacher cannot send the whole of the target concept in finite time or that the
learner cannot receive it in finite time. In stead the teacher sends examples of
the target, and the learner conjectures the target from the given examples and
represents its conjecture in the form of a hypothesis. The teacher may give more
and more examples, and in such situations, the learner must be able to change
his/her current hypothesis, at least when it notices that the hypothesis is not
appropriate for the added examples.

Let us consider a situation that a human teacher is teaching the concept of
even numbers to a human learner, e.g. a child. The teacher will give the learner
examples like:

4 is an even number.
3 is not an even number.
2 is an even number.
6 is an even number.
1 is not an even number
5 is not an even number.
. . .

The teacher expects the learner to find a rule representing the whole of even
numbers. The rule may depend on the language the learner has. For example, if
the learner knows the division operation, he/she may derive a sentence for even
number such as:

A number is even if it can be divided by 2.

If the learner does not know the operation, he/she must derive a more compli-
cated sentence.
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Now let us suppose we have a learning machine which uses logic programs
for its input and output. A logic program is a finite set of definite clauses and a
definite clause is a logical formula either of the form A ← B1, B2, . . . , Bn or of
the form A ←, where all of A, B1, B2, . . ., and Bn are atomic formulae(atoms).
It is well-known that, for a logic program P , there is the least Herbrand model ,
which is denoted by M(P ). A natural number n ≥ 0 is represented with a term

n times
︷ ︸︸ ︷

s(s(· · · (s( 0))))).

When we would like to teach the learning machine the concept of even num-
bers, the input would be as follows:

even(s(s(s(s(0))))),
← even(s(s(s(0)))),
even(s(s(0))),
even(s(s(s(s(s(s(0))))))),
← even(s(0)),
← even(s(s(s(s(s(0)))))),
. . . .

The formula ← A means the negation of a ground atom A. We are expecting,
as a teacher of the learning machine, that the machine should generate a logic
program like

Peven =
{

even(0)
even(s(s(X))) ← even(X)

}

.

In ILP concept learning is called learning from interpretations. Off course,
learning from interpretations is one type of learning and we could consider dif-
ferent types of learning. For example, in learning from proofs, a teacher gives a
learner not only what are examples but also how to prove the examples.

3 Formalization of Learning

According to the traditional theory of machine learning, which has been called
the theory of inductive inference [3,14], we introduce items needed in formalizing
machine learning procedures. We substitute each of the items with a concept in
logic programming, and then define machine learning procedures and its correct-
ness. At first we fix a first-order language L.

3.1 Objects, Concepts, Hypotheses, and Languages

Objects: We fix the set U of all possible objects or observations. Every object
in U has exactly one representation in a language LO, called the observational
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language. We identify an object and its representation with assuming that ev-
ery object has exactly one representation. In the learning of even numbers by
children, objects are natural numbers, while for the learning machine with logic
programming we let an object to be a ground atom even(t) where t is a ground
term constructed of the function symbol s and the constant symbol 0. More
generally speaking, LO is the Herbrand base, the set HB of all ground atoms.

Concepts : We define a concept as a subset of U to be considered. The set of all
concepts is called the concept class and denoted by C. Fixing the concept class
C realizes the assumption that the teacher and the learner share the definition
of concepts. The teacher chooses a concept from C for the target concept , and
provides examples for it to the learners. For the child explained in the last section
the target concept is the set of all even numbers, and for the learning machine
it is the set

Meven =
{

even(t)
∣

∣

∣

∣

t is a gound term constructed of s and 0,
and s occurs in t in 2n times (n ≥ 0)

}

.

In the setting of learning from interpretations, a concept is the least Herbrand
model M(P ) of a logic program P . Here we have to stress that M(P ) is defined
with a program P called a hypothesis. In other words the concept M(P ) is
parameterized with a hypothesis P . We require this parameterization of concepts
in general.

Hypotheses : We introduce a hypothetical language, denoted by LH , in order to
represent each concept in a sentence. Every sentence in the language is called
a hypothesis . We require that every hypothesis h should represent exactly one
concept C(h) ∈ C and that every concept C ∈ C must be represented by at
least one hypothesis h. However, we do not require that every concept should be
represented by exactly one hypothesis. We allow two hypotheses h and h′ such
that C(h) = C(h′).

The child would represent the set of even numbers in their natural language,
e.g. English, while the rule generated by the learning machine is a logic program
P the least Herbrand model of which coincides to the set Meven. One of such
programs is Peven.

3.2 Examples, Learning Procedures, and Correctness of Learning

Training Examples: A training example (an example, for short) for a target
concept C is positive or negative. A positive example for C is an element of C
provided to the learner with a sign showing that it is in C. A negative example
for C is an element of U − C with a sign showing that it is not in C. Off course
examples are represented in the natural language for the children. In concept
learning with logic programming, as is shown in the last section, it is often
assumed that every positive example is provided in the form of ground atom A
and every negative is provided in the form of ← A.
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Learning Procedures : At the beginning of learning a teacher fix a target concept
C ∈ C. A learning procedure must at least take examples as its inputs and
make outputs by using the inputs. Variations of learning procedures are from
what the inputs are and what the outputs are. A simple procedure generates
and outputs just hypotheses in LH as conjectures. Some procedures would be
allowed to give queries to the teacher. It is usually assumed that the learning
procedure successfully generates a hypothesis at each step, that is, the hypothesis
generation process must terminate.

Correctness of Learning: In order to ensure the activity of learning procedures,
we introduce two types of criteria for inference.

A local criterion is defined as a relation between En and hn, where En =
{e1, e2, . . . , en} is the set of examples given to the current inference algorithm
from the starting of the inference to some moment and hn is a hypothesis gener-
ated from En. A global criterion restricts the properties of sequence of hypothe-
ses h1, h2, . . . output by the inference algorithm, whether or not the sequence is
finite or infinite.

An example of local criteria is consistency. We say that a learning procedure
has the consistency property if every hn explains the set En of examples. It is
advantage of using logic programming that this criterion can be represented in
terms of mathematical logic. A logic program Pn used as a hypothesis explains
En if Pn |= Ai for every positive example ei = Ai in En and Pn �|= Ai for every
negative example ei =← Ai in En.

If a partial order of concepts is defined, we can add another local criterion
that every hypothesis must explain minimal in the partial order. An exam-
ple of global criteria is identification in the limit explained in the following
subsection.

3.3 Identification in the Limit

In this subsection we explain a general learning procedure which satisfies con-
sistency and identification in the limit.

We treat a simple learning procedure which just takes examples one by one
from a teacher and generates hypotheses from the examples. The teacher feeds
examples perpetually and the procedure must make hypotheses perpetually. Un-
der this setting we define a presentation for a target concept C ∈ C as an infinite
sequence of examples for C.

We can consider at least two types of feeding examples. The first one is to feed
all positive and negative examples, and the second one is to give only positive
examples. A presentation σ for C is complete if any element in C occurs in σ at
least once as a positive example and any element in U − C occurs at least once
as a negative example. The presentation σ is positive if any element in C occurs
in σ at least once as a positive example and no negative example appears in it.

The learning procedure identifies C in the limit if, for any complete represen-
tation σ of C, after accepting finite number n of examples from σ, it outputs a hy-
pothesis hn such that C = C(hn) and never outputs other hypotheses any more.
Note that C = C(h∗) for some hypothesis h∗ but that the definition above does
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Procedure Learn by Enumeration and Test
Assume an enumeration P1, P2, . . . , Pk, . . . of all programs in H
k := 1;
for n = 1 forever

take an example en = An or ← An;
i = 1;
while (i ≤ n)

if (ei = Ai and Ai �∈ M(Pk)) or (ei =← Ai and Ai ∈ M(Pk)) then
k + +; i = 1 ;

else
i + +;

output Pk as a hypothesis;

Fig. 1. A learning procedure based on the enumeration-and-test strategy

not require h∗ = hn. This means that the machine learns concepts, not hypothesis.
The procedure identifies C in the limit if it identifies every concept C in it.

In Fig. 1 we illustrate in terms of ILP an example of learning procedures
which identifies C in the limit. The procedure is based on the enumeration and
test principle, under the following assumptions for the hypothetical language
LH :

1. There is a procedure enumerating all logic programs in LH , that is, there
is an effective enumeration P1, P2, P3, . . . of logic programs in LH and every
elements occurs in the enumeration at least once.

2. For every program Pi ∈ LH and for every ground atom A in HB, it is
decidable whether or not A ∈ M(Pi)1.

The set of all linear logic program [6,35] is an example of such hypothetical
languages. Another example is defined with Datalog programs [19,37]. A Datalog
program may contain negations in the bodies of clauses in it. The set of Datalog
programs containing no negation satisfies the two assumptions above.

4 Refiniment of Hypotheses by Deductive Inference

We show that deductive inference can be used for generation of hypotheses in the
procedure in Fig. 1. The deductive inference is called refinement of hypotheses.

Let us assume that a partial order � on the hypothetical language LH is
defined so that P � Q implies M(P ) ⊇ M(Q), and we define P ≡ Q iff M(P ) =
M(Q). A refinement operator is a recursive mapping ρ : LH −→ 2LH satisfying
the following conditions [21,29,35]:

– For every P ∈ LH , ρ(P ) is a finite set.
– If Q ∈ ρ(P ), P � Q.
– For every P ∈ LH , no infinite sequence P1, P2, P3, . . . starting with P1 = P

satisfies Pi ∈ ρ(Pi+1) for all i = 1, 2, . . ..
1 An example of this realization is by h-easiness of Pi introduced in [35].
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We inductively define an operator ρn(P ) for n = 0, 1, 2, . . . and ρ∗(P )as:

ρ0(P ) = {Q | Q ≡ P},

ρn+1(P ) = ρn(P ) ∪ {Q | Q ≡ R for some R ∈ ρn(P )} (n ≥ 0), and

ρ∗(P ) =
⋃

n≥0

ρn(P ).

The refinement operator ρ is semantically complete if for every logic program P
it holds that

{M(Q) | Q ∈ ρ∗(P )} = {M ∈ C | M ⊂ M(P )}.

We define a logic program � as

� =

⎧

⎪
⎪
⎨

⎪
⎪
⎩

p1(x1, . . . , xn1) ←
p2(x1, . . . , xn2) ←
. . .
pk(x1, . . . , xnk

) ←

⎫

⎪
⎪
⎬

⎪
⎪
⎭

,

where p1, p2, . . . , pk be the list of all predicate symbols used in LH and x1, x2, . . .
are mutually distinct variables. The logic program is the most general one in
LH because M(�) = HB. We can generate at least one hypothesis for every
concept in C, by applying a semantically complete refinement operator to � and
generating the sets ρ0(�), ρ1(�), ρ2(�), . . .. This means that such a refinement
operator can be used for enumeration of hypotheses in the learning procedure
in Fig. 1.

In order to define a concrete refinement for logic programs, we define the sub-
sumption relation of clauses with the inference rules shown in Fig. 2. The names
(W), (I), and (U) of the rules respectively represents Weakening, Instantiation,
and Unification. In the case a clause D is derived from a clause C by using the
rules, we write C �c D and say that C subsumes D 2. We define the set

ρc(C) =
{

D

∣

∣

∣

∣

D is derived from C with applying one of
the rules (W), (I), or (U) exactly once

}

.

With the subsumption relation of definite clauses, the subsumption relation of
logic programs is defined as the inference rules is shown in Fig. 3. The names
(E) and (D) represent Extension and Deletion, respectively. We write P �s Q
if Q is derivable from P with the inference rules (E) and (D) and say that P
subsumes Q.

Note that the subsumption relation is not equivalent to the logical entailment
relation. More precisely, P �s Q implies P |= Q but the converse does not hold
in general.

As is explained in the last section, we cannot adopt such a hypothetical lan-
guage that can have all logic programs. When we give some restriction to the
2 We follow the usual notation in the ILP area. In the notation of mathematical logic,

we should write C � D.
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A ← B1, . . . , Bm

A ← B1, . . . , Bm, p(x1, . . . , xn)
(W)

p is a predicate symbol, and x1, . . . , xn are mutulaly distinct variables
which do not appear in A ← B1, . . . , Bm.

A ← B1, . . . , Bm

(A ← B1, . . . , Bm)[x := f(x1, . . . , xn)]
(I)

f is a function or constant symbol, and x1, . . . , xn are mutulaly distinct variables
which do not appear in A ← B1, . . . , Bm.

A ← B1, . . . , Bm

(A ← B1, . . . , Bm)[x := y]
(U)

x and y are variables which occurs in A ← B1, . . . , Bm

Fig. 2. Inference rules for the subsumption relation of definite clauses

P

P ∪ ρc(C)
(E)

P

P − {C} (D)

C is a clause in P

Fig. 3. Inference rules for the subsumption relation of logic programs

hypothetical language, we need to modify the refinement operators. In order to
illustrate the modification we introduce the hypothetical language LLMIS , in
which definite clauses A ← B1, B2, . . . , Bn must satisfy the followings:

– None of the atoms B1, B2, . . . , Bn has any function symbol.
– The variables occurring in B1, B2, . . . , Bn must occur also in A.

The language was used in the early ILP system MIS [34]. Figure 4 shows the in-
ference rules for refinement operator for the refinement ρLMIS of logic programs
in LLMIS .

5 Anti-unification and Learning from Positive Data

An early investigation of inductive inference [14] showed the difficulty of learning
from positive representations under the criteria of identification in the limit, but
rich results have been proposed for overcoming the difficulties. The fundamental
results were given by Angluin [2]. Fortunately, we can explain the results with
the hypothetical language LATOM of all atoms in L, with regarding every atom
A as a logic program {A ←}. In this section the program is denoted by A if
no confusion is caused. For example, the least Herbrand model M({A ←}) is
denoted by M(A).
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A ← B1, . . . , Bm

A ← B1, . . . , Bm, p(x1, . . . , xn)
(W-LMIS)

p is a predicate symbol, and x1, . . . , xn are variables occurring in A.

A ←
(A ←)[x := f(x1, . . . , xn)]

(I-LMIS)

f is a function or constant symbol, and x1, . . . , xn are mutulaly distinct variables
which do not appear in A.

A ← B1, . . . , Bm

(A ← B1, . . . , Bm)[x := y]
(U)

x and y are variables occurring in A ← B1, . . . , Bm.

Fig. 4. Inference rules for the subsumption relation of clauses appearing in LL−MIS

Algorithm Anti-Unify(E)
/* E is a finite set of ground atoms */
Return Refine(E, p(x1, x2, . . . , xn));

Algorithm Refine(E,A)
if there exists B ∈ ρc(A) s.t. E ⊆ M(B) then

select such a B and return Refine(E, B);
else

return A;

Fig. 5. The least general generalization (anti-unification) algorithm

We show that the concept class CATOM = {M(A) | A ∈ LATOM} is inferable
from positive representations. The inference procedure is easily constructed by
using Plotkin’s least general generalization algorithm [30], which is also called
anti-unification algorithm [22].

We give some definitions. We assume that at least one function symbol and
one constant symbol are provided in L. A generalization or anti-instance of an
atom A is an atom B such that Bθ = A. Note that B �s A if we regard A and
B as logic programs {A ←} and {B ←}, respectively. An atom B is a common
anti-instance of a finite set E of atomic formulae if B is an anti-instance of every
atom in E. It is shown that, for every finite set of atom, there is a common anti-
instance L of E, unique up to variant, such that B �s L for any other common
anti-instance B of E. The atom L is called the least general generalization or
the least common anti-instance (lca, for short) and denoted by lca(E). The
algorithm illustrated in Fig. 5 derives the lca of E.

The learning procedure is very simple: Let σ = B1, B2, . . . be any positive
representation for M(A). The learning procedure returns lca({B1, B2, . . . , Bn})
with the anti-unification algorithm, when B1, B2, . . . , Bn are fed to it. In the
following we show that the learning algorithm identifies CATOM in the limit.
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At first note that CATOM has finite thickness [2], that is, for every ground
atom B, there is only finite number of such concepts M(A) in CATOM that
B ∈ M(A). Also we can easily show that, for sets F and G of ground atoms,

F ⊇ G =⇒ lca(F ) �s lca(G).

With letting En = {B1, B2, . . . , Bn}, the sequence of the hypotheses generated
by the learning procedure is lca(E1), lca(E2), lca(E3), . . ., and it holds that

lca(E1) �s lca(E2) �s lca(E3) �s · · · .
Because of the finite-thickness of CATOM , there is a number N such that

lca(EN ) = lca(EN+1) = lca(EN+2) = · · · .
Then A �s lca(EN ) because A �s Bi for every i = 1, 2, . . . , N . If lca(EN ) �≡
A, there must exists Bm in the positive presentation such that m > N and
lca(EN ) �� Bm. Such Bm can be easily constructed from A and lca(EN) but this
causes contradiction.

We have to note that finite thickness is sufficient for a concept class C to
be identifiable in the limit from positive presentation [2], and that subsump-
tion ordering is not needed. Finite thickness is not a necessary condition of the
identifiablity.

The success of the learning procedure can be interpreted in another manner.
For every non-ground atom A, there exists a pair of ground atoms A1 and A2 such
that A ≡ lca(A1, A2). Of course, both A1 and A2 are in M(A). The procedure
stops changing conjectures if such A1 and A2 appears in σ. If both A1 and A2 are
in M(A′), then A′ �s A, and therefore, M(A) is the minimal concept containing
the set T (A) = {A1, A2}. For a ground atom A, the set T (A) = {A} has the
same property. The set T (A) is a finite tell-tale of M(A).

Generally speaking, a finite tell-tale of a concept C(h) in a given concept class
of C is a finite subset T (h) of C(h) such that T (h) ⊆ C(h′) implies that C(h′)
is not a proper subset of C(h). It was shown [2] that the concept class of C is
identifiable in the limit from positive presentation iff every concept C(h) has a
finite tell-tale T (h) and there is a procedure which takes a hypothesis h as its
input and enumerates the elements of T (h).

The concept class CATOM is too simple, but the finite thickness property is not
appropriate to extension of concept classes: even if both of two concept classes
C and D have finite thickness, the concept class

C ∪̇D = {C ∪ D | C ∈ C and D ∈ D}
does not always have the same property. Therefore we cannot use the finite thick-
ness property of CATOM to show that the class CATOM ∪̇ CATOM is identifiable
from positive representations. The hypothetical language for CATOM ∪̇ CATOM

consists of logic programs which is a set of at most two clauses of the form A ←.
Some other conditions have been found for showing that C ∪̇D is identifiable
from positive representations. One of such conditions is that both C and D have
finite elasticity [26,38].
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6 Theoretical Applications of ILP

6.1 Procedural Semantics of Σ2-Formula

The identification in the limit requires that, with finite numbers of change of
hypotheses, the inference algorithm must find exact representation of every con-
cept. Apart from learning we can find such a type of problems, and finding solu-
tions for them can be represented with Σ2-formula. A Σ2-formula is a formula
of the form

∃x1∃x2 · · · ∃xn∀y1∀y2 · · · ∀ymΦ(x1, x2 . . . , xn, y1, y2, . . . , ym),

where Φ is a formula without any quantifiers and x1, x2 . . . , xn, y1, y2, . . . , ym are
all of the variables occurring in Φ.

Let us consider the least element c of a set d of natural numbers. The speci-
fication of the number c is represented as

∀y(nat(c) ∧ d(c) ∧ (d(y) → c ≤ y)),

where nat is the definition of natural numbers. Because such a constant c must
exists for any set of d,

M |= Pnat ∧ P≤ → (∃x∀y(nat(x) ∧ d(x) ∧ (d(y) → x ≤ y)))

holds if M is any Henkin model of d.
Another example is more practical. Let us assume that a logic program Pparent

represents the parent-child relation in a family, and Pancestor gives the recursive
definition of the ancester relation using the parent-child relation. Then, for any
set d of members in the family, a Σ2-formula

Pparent ∧ Pancestor → (∃x∀y(family(x) ∧ (d(y) → ancestor(x, y))))

represents looking for a member of the family who is the common ancestor of
the members in d.

RichProlog [24] is an extended logic programming system which accepts Σ2-
formulae as queries and returns candidate of the value for the variables x1, . . . , xn.
For the execution only finite number of elements in d are given, and the answers
are changed if the set of elements is changed. Hayashi and Akama also inves-
tigates the relation identification in the limit and logical formula in another
class [1,28,16].

6.2 Amalgamation of ILP and Statistical Inference

Amalgamating Inductive Logic Programming and statistical inference is now
attracting many researchers. De Raedt and Kersting [11] have given an excellent
survey on the area. Sato [33] gave a theoretical foundation of the amalgamation
and is now distributing a practical system PRISM. In this subsection, we do not
introduce these works but we just show that the correspondence between ILP
and maximum-likelihood estimation of parameters of probability distributions.



Inductive Logic Programming: Yet Another Application of Logic 113

In maximum-likelihood estimation we fix a class of distributions each of which
are characterized with a tuple θ of parameters. We regard every distribution as
a concept and the tuple of parameters as a hypothesis. A positive example is a
number drawn according to a unknown target distribution, and estimating the
parameters of the distribution is generating hypotheses. Examples are values
x1, x2, ..., xn of random variables X1, X2, . . . , Xn. The likelihood function is

L(θ) = f(X1, X2, . . . , Xn; θ).

If X1, X2, . . . , Xn are independent random variables, the function is represented
as

L(θ) =
n

∏

i=1

fi(Xi, ; θ).

A maximum-likelihood estimator of θ is the value which maximizes L(θ).
In textbooks of statistics several criteria are introduced for parameter esti-

mation but we could not use criteria other than statistical consistency because
others depend on expectation and variants, which cannot be found in ILP. Statis-
tical consistency would fit identification in the limit in the sense that providing
examples more and more to learning procedure leads to the target concepts
correctly.

As an example we apply the items in Section 3 to the point estimation of
binary distribution. Let CBin be the class of binary distribution Bin(p) and
LBin be the value of the parameter p such that 0 ≤ p ≤ 1. When we sample
n elements X1, X2, . . ., Xn from Bin(p∗) with p∗ being the unknown (target)
parameter, the most likelihood estimation is

X1 + X2 + · · · + Xn

n

and this satisfies the statistical consistency criterion.

6.3 Computational Algebra

In this subsection we treat the algebraic structure ring. We assume that every
element of a ring R is represented in a finite sequence of symbols, that both of
the operations + and · are computable, and that every ideal is recursive.

Angluin[2] treated ideals of the set of integers (as a ring) for discussing the
identification in the limit from positive presentation. Stephan and Ventsov[36]
showed that the class of all ideals of a ring R is identifiable in the limit from
positive presentation iff R is Nötherian. This result shows that a finite basis of
every ideal I acts as a finite tell-tale of I. In particular, for learning ideals of
the polynomial ring Q[x1, x2, . . . , xn], we can construct a learning procedure by
using Buchberger’s algorithm which generates Gröbner basis, just as using the
anti-unification algorithm in learning atomic formulae.

Kobayashi et al. [20] showed that the class of all ideals of a ring R is identifiable
in the limit from positive presentation iff the class has finite elasticity. The
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equivalence does not hold in general and would characterize the data structure
ring. De Brachet et al [10] analyzed the equivalence on the viewpoint of universal
algebra.

7 Concluding Remarks

In this paper we explained ILP in the general framework of learning, with show-
ing the role of refinement and anti-unification under the criteria identification
in the limit. Readers who would like more precise definitions on refinement and
anti-unification should consult textbooks on the area, e.g. [29]. The book [18]
should be referred for results on learning under identification in the limit.

Learning logic programs are being investigated under various types of pro-
tocols, query learning, PAC learning and so on [4,7,9,19,12]. Learnability in
such protocols have been analyzed in the context of Elementary Formal Systems
(EFS) [5,25,32], which are logic programs treating strings with patterns as ar-
guments of predicate symbols. Recently kernel method or the Support Vector
Machine (SVM) method has applied to ILP, e.g. in [23].

Application of ILP to practical data sets is investigated under the name of
relational datamining [13]. From a theoretical point of view, the well-known
datamining algorithm can be regarded as learning with logic [15]. Applying ILP
to Web-mining is found in [39].

As is shown in the last section, ILP has a good correspondence to both sta-
tistical inference and computational algebra. We expect that this observation
would read us to new interesting application areas of ILP.
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13. Džeroski, S. and Lavrač, N.: Relational Data Mining , Springer (2001).
14. Gold ,D.: Language Identfication in the Limit, Information and Control 10, 447–

474 (1967).
15. Gunopulos, D., Khardon, R., Mannila, H., Saluja, S., Toivonen, H., Sharma, R. S.:

Discovering all most specific sentences. ACM Trans. Database Syst. 28(2): 140–174
(2003).

16. Hayashi, S.: Mathematics Based on Learning, Proc. of the 13th International Work-
shop on Algorithmic Learning Theory (LNAI 2533), 7–21, Springer-Verlag (2002).

17. Hayashi, S.: Can Proofs Be Animated By Games? Proc. of the 7th Interna-
tional Conference on Typed Lambda Calculi and Applications (LNCS 3461), 11–22,
Springer-Verlag (2005).

18. Jain, S., Osherson, D., Royer, J. S. and Sharma, A.: Systems That Learn: 2nd
Edition, MIT Press (1999).

19. Khardon, R.: Learning Function-Free Horn Expressions, Machine Learning , 37(3),
241–275 (1999).

20. Kobayashi, M., Tokunaga, H., and Yamamoto, A.: Ideals of Polynomial Rings and
Learning from Positive Data (in Japanese), Proc. of IBIS 2005 , 129–134 (2005).

21. Laird, P. D.: Learning from Good and Bad Data, Kluwer Academic Publishers
(1988).

22. Lassez, J.-L., Maher, M. J. and Marriott, K.: Unification Revisited, in Minker, J.
(ed): Foundations of Deductive Databases and Logic Programming, 587–626,
Morgan-Kaufman (1988).

23. Lloyd, J. W.: Logic for Learning: Learning Comprehensible Theories from Struc-
tured Data, Springer (2003).

24. Martin, E., Nguyen, P., Sharma, A., and Stephan, F. : Learning in Logic with Rich-
Prolog, Proc. of the 18th International Conference on Logic Programming (LNCS
2401), pp. 239–254, Springer-Verlag (2002).

25. Miyano, S., Shinohara, A. and Shinohara, T.: Polynomial-time Learning of Ele-
mentary Formal Systems, New Generation Computing 18(3): 217–242 (2000).

26. Motoki, T., Shinohara, T. and Wright, K.: The Correct Definition of Finite Elas-
ticity: Corrigendum to Identification of Unions, Proc. of COLT 1991 : 375 (1991).

27. Muggleton, S.: Inverse Entailment and Progol, New Generation Computing 13:
245–286 (1995).



116 A. Yamamoto

28. Nakata, M. and Hayashi, S. : A Limiting First Order Realizability Interpretation,
Scientiae Mathematicae Japonicae, Vol. 55, No. 3, pp. 567–580 (2002).

29. Nienhuys-Cheng, S.-H. and de Wolf, R.: Foundations of Inductive Logic Program-
ming (LNAI 1228), Springer (1997).

30. Plotkin, G.: A Note on Inductive Generalization, Machine Intelligence 5 , Edin-
burgh University Press (1970).

31. Reynolds, J. C.: Transformational Systems and the Algebraic Structure of Atomic
Formulas, Machine Intelligence 5, 135–152 (1970).

32. Sakamoto, H., Hirata, K., and Arimura, H.: Learning Elementary Formal Systems
with Queries, Theoretical Computer Science, 298(1), 21–50 (2003).

33. Sato, T.: Parameterized Logic Programs where Computing Meets Learning, Proc.
of FLOPS2001 (LNCS 2024), 40–60 (2001).

34. Shapiro, E. Y.: Inductive Inference of Theories From Facts, Technical Report 192,
Department of Computer Science, Yale University (1981). Also in Lassez, J.-L. and
Plotkin, G. (eds.) Computational Logic, pp. 199–254, The MIT Press (1991).

35. Shapiro, E. Y.: Alternation and the Computational Complexity of Logic Programs,
The Journal of Logic Programming 1(1), 19–33 (1984).

36. Stephan, F. and Ventsov, Y.: Learning Algebraic Structures from Text, Theoretical
Computer Science 268, 221–273 (2001).

37. Ullman, J. D.: Princeples of Dadabase and Knowledge-base Systems, Volume I, II,
Computer Science Press (1988).

38. Wright, K.: Identification of Unions of Languages Drawn from an Identifiable Class.
Proc. of COLT 1989 : 328–333 (1989).

39. Yamamoto, A., Ishino, A., Ito, K. and Arimura, H.: Modelling Semi-structured
Documents with Hedges for Deduction and Induction, Proc. of the 11th Interna-
tional Workshop on Inductive Logic Programming (LNAI 2157), 240–247, Springer
(2001).



Railway Scheduling with Declarative Constraint
Programming

Ulrich Geske

Fraunhofer FIRST, Berlin
geske@first.fraunhofer.de

Abstract. Simulation of train scheduling is a highly complex prob-
lem. Classical methods in this field are mainly designed for conflict
resolution, which means that a solution or partial solution is gener-
ated and subsequently tested to determine whether the conditions are
met (generate-and-test procedure). The main advantage of the proposed
paradigm, Constraint Processing, is that its basic strategy is avoidance of
conflicts. The use of the conflict-avoiding CP paradigm is advantageous,
for example, in scheduling trains (track selection, global temporal situa-
tions, reservations), where strongly branched decision trees arise. Some
examples are given illustrating the innovative aspects of the Constraint
Processing paradigm. However, the size of real problems, in terms of
track length, number and type of trains, different disposition rules, opti-
mization or quality criteria, make it necessary to explore other methods
to deal with the amount of data, to reduce the remaining search spaces,
to ensure short response times and interactivity and to guarantee high-
quality solutions.

We describe possible ways of coping with the above mentioned prob-
lems, especially to reducing the lateness of trains: automatic decomposi-
tion of large rail networks and distributed train scheduling, using a slice
technique to improve the systems backtracking behaviour with a view to
finding faster, better solutions, and combining constraint processing and
genetic algorithms to find alternative tracks in a station.

1 Introduction

If we look at simulation procedures used in the transport domain and particu-
larly in the area of timetable simulation for rail applications, we find that little
basic research has be done the past using Constraint Programming for the gen-
eration and simulation of rail timetables. A constraint-based system was studied
at RTRI in 1995, and was to yield solutions much faster than other approaches
[1]. A constraint-based approach for train rescheduling was discussed in a paper
from the Chinese University of Hong Kong in 1997 [2]. It deals with a 600 km
stretch of the Chinese rail network between Zhengzhou and Wuhan and consid-
ers planning changes in the case of traffic jams, taking into account different
criteria. Practical examples confirmed the efficiency of the theoretically inves-
tigated algorithms. None of the papers presented at the 1997 “World Congress
on Railway Research” (WCRR) dealt with constrained-based train simulation.

M. Umeda et al. (Eds.): INAP 2005, LNAI 4369, pp. 117–134, 2006.
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More recently there has been a slight increase in the number of constraint ap-
proaches. Rodriguez from INRETS [3], for example describes such an approach
for scheduling at train junctions; Indra-payong [4] uses constraint-based local
search for container freight rail scheduling; and Oliveira [5] uses it for single-
track railway scheduling. Various papers from the Swedish SICS institute deal
with train scheduling and capacity problems on the basis of the SICSTUS sys-
tem, e.g. [6; 7]. A number of research projects, as well as our own studies and
applications, have shown that constraint-based (CP) methods are suitable for
achieving results highly efficiently and with good optimality properties [8, 9,
10, 11, 12]. In addition, such methods can be easily combined with interactivity
(online access of experts) and rule processing (integration of background knowl-
edge). The theoretical possibility of exponential runtimes for large problems still
remains, but the size of problems being dealt with can be extended considerably
by using CP methods.

2 Constraint-Based Programming (CP)

2.1 The Basic CP Paradigm

The main advantage of constraint-based methods is that an admissible value
is assigned to a variable leads directly to a reduction of the search space and
that an inadmissible value for a variable is immediately recognized and rejected.
Unlike in the conventional programming, this is achieved by setting equality or
disequality constraints early on in the program (and during program execution),
even if they are not yet computable because the included variables have not
been assigned (see also Figure 1). Correct treatment of these conditions is pos-
sible by extending the classical procedure-call mechanism, e.g. “call by value”
or “unification” known from the logic programming language Prolog. Treatment
of conditions that are not computable is delayed, while execution of the rest of
the program continues. The delayed constraints are put in a so-called constraint
store, where they form a constraint net, the arcs being labelled with the con-
straints and the nodes being variables that occur in the constraints. Conditions
that are computable are executed immediately, but the effects of this execution
are also examined (propagated) for the set of delayed constraints. If an inconsis-
tency is found during this propagation procedure, backtracking is performed to
assign other values to the variables. The processing of constraints appears costly,
but in fact it improves efficiency compared with classical methods. The result of
the execution of a CLP program can be a ground (variable free) solution or a
set of not further simplifiable constraints. The way the constraints are processed
leads to significant reductions in the search space. Nevertheless, the remaining
search space may still be exponentially complex. Supplementary technologies -
like global constraints, backtrackable domain reduction, layered backtracking,
constraint hierarchies with nontrivial error functions, and the application of re-
dundant constraints - are necessary to solve simulation and scheduling problems.
We confine ourselves here to describing the effects of the basic constraint tech-
nology and the above-mentioned extension by global constraints.
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2.2 Application of the Basic CP Paradigm for Conflict Avoidance

The classical approach, which consists in local conflict recognition and manual
conflict resolution, must be replaced by efficient, more automated methods. The
goal is conflict avoidance, which can be achieved by global considerations and
early recognition of possible dead ends. Different alternatives for the schedul-
ing of a train (track choice, running on wrong line, train speed, stopping time,
time for changing, etc.) result in strongly branched decision trees. Based on the
principle of Constraint Programming, procedures can be developed for potential
conflict avoidance in such situations. By way of an example, we consider the
reservation of block sections by three trains, a fast train (ICE), a medium speed
train (RE), and a slow train (IR) (see also Figure 1).

Fig. 1. Search space restriction using Constraint Programming

The problem may be described in terms of inequations like Starti+Durationi

< Startj (the time at which train i enters a block section plus the duration of
occupation of the block section by train i is smaller than the time at which
train j enters the same block section) and equations like Starti := T ime. Let
us assume the times for Start to be between 1 and 20 (in time units for each of
the three trains). The inequation ICE + 5 < RE then means that the RE can
enter the block at the earliest 5 time units after the ICE has entered the block.
This inequation immediately leads by constraint propagation to the restriction
of the admissible value for the start times of all trains. For example, the start
time of the ICE is restricted to the interval of 1 to 14 time units. In the last
step (“Search”) of Figure 1, propagation causes the values of the remaining start
times to be finally fixed by assigning the value 18 to the start time of RE (from
the possible interval of 18 to 20 time units).
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2.3 Extended CP Paradigm: Global Constraints

Global constraints use domain-specific knowledge to obtain better propagation
results and can be applied to large problems. Complex conditions on sets of
variables can be modelled declaratively by such constraints and used in multiple
contexts. Global constraints with specialized consistency methods can greatly
improve efficiency in solving real-life problems. The basic ideas behind the global
constraints diffn and cumulative are treated in the rest of this section.

The cumulative constraint was orginally introduced to solve scheduling and
placement problems [17]. The simplified form of this constraint is

cumulative([S1, S2, . . . , Sn], [D1, D2, . . . , Dn], [R1, R2, . . . , Rn], L)

where [S1, S2, . . . , Sn], [D1, D2, . . . , Dn], and [R1, R2, . . . , Rn] are nonempty lists
of domain variables (or natural numbers) and L is a natural number. The usual
interpretation of this constraint is a single-resource scheduling problem: each Si

represents the starting time of some event, Di is the duration and Ri the amount
of resources needed by the event. L is the total amount of resources available
at each relevant point in time. The cumulative constraint ensures that at each
time point in the schedule the amount of resources consumed does not exceed
the given limit L. The mathematical interpretation of this constraint is:

Cumulative constraint: for each k ∈ [min{Si}, max{Si + Di}-1]
it holds that: ΣRj ≤ L for all j with Sj ≤ k ≤ Sj + Dj − 1

The diffn constraint was included in CLP to handle multidimensional place-
ment problems, like job-shop problems with groups of equal machines. The basic
diffn constraint takes as its arguments a list of n-dimensional rectangles, where
the origin and length can be domain variables with respect to each dimension.
An n-dimensional rectangle is represented by a tuple [X1, . . . , Xn, L1, . . . , Ln],
where Xi is the origin and Li the length of the rectangle in the ith dimension:

diffn([[X11, . . . , X1n, L11, . . . , L1n], [X21, . . . , X2n, L21, . . . , L2n], . . .])

This constraint ensures that the given n-dimensional rectangles do not overlap.
Figure 2 gives an example of three two-dimensional rectangles with the non
overlapping constraint. The largest rectangle, for instance, is determined by the
second list [1,2,3,2], where the origin is the point (1,2) and the lengths of the two
dimensions are 3 and 2. For job-shop problems, the interpretation of the x-axis
would be the time and that of the y-axis the different machines. The advantage
of using this global constraint in the latter context is that a placement of a task
at a machine is computed by the constraint and need not be fixed to a special
machine before or at the beginning of execution.

2.4 Use of Global Constraints for Line Blocking

By way of an example, let us demonstrate the application of the global con-
straints cumulative and diffn. The example considers the running of 37 trains
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Fig. 2. diffn([[1,1,1,1],[1,2,3,2],[4,1,1,3]])

over a sequence of blocks. To simplify matters, all trains run in the same di-
rection. Each block comprises a series of block sections, which are either always
covered completely by a train or are not covered. Typical limitations for blocks
are signals of different types: mandatory signals, distant signals, etc. Unlike
blocks, single block sections are not limited by signals. We assume that for each
train zi the minimal time for line-blocking mind(zi, tj) is given for each block
tj , the earliest time mins(zi) the train enters the first section of the block, and
the latest time maxe(zi) the train leaves the last section of a block. The topol-
ogy consists of 27 block sections: t1, . . . , t5, t6.1, t6.2, t6.3, t7, . . . , t11, t12.1, t12.2,
t13, . . . , t16, t17.1, t17.2, t17.3, t18, . . . , t22. The blocks t6.1, t6.2 and t6.3 are paral-
lel, i.e. each train must use exactly one of these three blocks. The blocks t12.1

and t12.2 as well as the blocks t17.1, t17.2 and t17.3 are also parallel blocks. The
individual blocks are used from left to right in the sequence shown in Figure 3,
top line.

Actually, other blocks should also be presented in more detail to reflect the
different track lengths. We omit these details because the line-blocking times
will be the same. For trains zi and blocks tj with i ≥ 1 and 1 ≤ j ≤ 22, the
domains of possible values can be initially fixed as follows:

– Sij = {mins(zi), . . . , maxe(zi)}: start of line blocking
– Dij = mind(zi, tj): duration of line blocking
– Tij = 1 for all tj without j = {6, 12, 17}: block formed by parallel tracks

Tij = {1, 2} for tj with j = {12}
Tij = {1, 2, 3} for tj with j = {6, 17}

The above-mentioned global constraints can be used to advantage to model
the lines and stations in the example. One assumption made here is that traf-
fic is allowed in one direction only. A block on the open track, which allows
trains to run in one direction only, is comparable to a machine that can be
busy with a number of tasks in a certain time interval. If this number equals
1, a machine can process not more than one task in a given time interval. In
this respect, a task in job-shop scheduling is comparable to a train in railway
scheduling and a machine to a block, i.e. it is suitable, in this special situation, to
use the cumulative constraint for specification. For each block tj , where j is not in
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{6, 12, 17} and all relevant trains z1, . . . , zn, n ≤ 37, a cumulative constraint of
the following type is generated:

cumulative([S1j, . . . , Snj ], [D1j , . . . , Dnj ], [1, . . . , 1], 1).

A train may use different tracks in a station. This situation corresponds to
a placement problem in job-shop scheduling, where a task can be processed by
different machines of a machine group. Since track selection must take place for
the three blocks t6, t12 and t17, a diffn constraint for these blocks and for all
relevant trains z1, . . . , zn, n ≤ 37, must be generated:

diffn([[S1j , T1j, D1j , 1], . . . , [Snj , Tnj, Dnj , 1]])

The assignment of the global constraints is illustrated in Figure 3, lower part.

Fig. 3. Modelling of a train network by cumulative and diffn constraints

In the example (Figure 3), tracks in a station can be selected from two or three
possible values. The diffn constraint ensures that exactly one of these values is
selected, thus ensuring that the parallel sections are covered by one train only
in a conflict-free manner. The constraints remove forbidden values from the
value domain of the variable describing the problem. The remaining values of all
variables form the search space for a solution. A (heuristic) search procedure is
needed to find a solution. This procedure is monitored by the constraints so that
search dead ends are recognized very early and efficiently and only conflict-free
solutions are generated.

3 Scheduling

The above-described techniques were used in a study [12] to derive conflict-free
timetables for given disposition rules (see Figure 4) and for trains of different
speeds in a rail network. The network is divided into blocks. A train is run from
its start to its destination is described by the concatenation of all the blocks the
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Fig. 4. Disposition rules (track selection in stations)

Fig. 5. Initial schedule (conflicts
marked by red boxes with a red
diagonal strip)

Fig. 6. Constraint-based schedule
(without conflicts)

train uses. The blocks are modelled using constraint variables for the starting
times and durations, which are connected by arithmetic equations. Figures 5
and 6 show this network with different block sections (blue/grey zones) and two
stations (yellow/light zones).

In the stations, there are a sufficient number of tracks to allow trains to
pass. Figure 5 shows the time-distance lines of a given initial timetable. The
(red) framed boxes indicate block sections where conflicts arise. Using Constraint
Programming methods, we immediately obtain a schedule that avoids all these
conflicts (Figure 6) by delaying the starting times of the trains at the beginning
of the considered network, by extending departure times at stations and varying
train speeds on the open track. For reduced train delays, train speeds on the
open tracks were adjusted (marked by a white diagonal strip). This technique,
previously explained for abstract networks, was used to simulate part of Ger-
manys real rail network (Figure 7) with about 1,000 trains per day, some 43,000
train kilometres per 24 hours and about 100 different-sized stations (see also
Table 1, left). The CHIP system [17] was used as implementation basis. Simula-
tions on a 3GHz computer were performed for 6-hour intervals with about 200
trains in each interval (see also Table 1, right). The execution times, including
the travelling time recomputations in case a train path is changed in a station,
are less than 2 min for each interval. About 25-33% of the total computation
time is needed for the recomputation of paths, which happened on average about
4 times.
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Fig. 7. Real rail network

Table 1. Some figures for the simulated railway network

left: network right: schedule

Example Germany

sum track length [km] 1,006 65,005
stations 104
number of blocks 7,111
avg. #trains/day 1,118 34,950
avg. #trains/station 123
avg. stations/train 11
avg. track sections/train 266
avg. train km/day 47,452

Time #Trains #Path changes
Interval and and
(Monday) Exec Time Time for pure

incl. path schedule
changes computation

03 - 09 202 / 93sec 6 / 32.6sec
09 - 15 245 / 51sec 3 / 12.7sec
15 - 21 263 / 13sec 5 / 35.0sec
21 - 03 170 / 90sec 5 / 30.8sec

4 Distributed Scheduling

The reasons for decomposing a railway network into smaller parts for distributed
simulation are manifold: the mass of data is too large for processing; independent
neighbouring nets should rather be simulated; or the efficiency of planning, sim-
ulation and optimization should be increased by using more than one computing
node. For our investigations [16], we divided the network into k parts, such that
the sum of blocks in all parts is about the same. This partitioning is the basis
for problem distribution (see Figure 9). The described partitioning ensures that
the size of the different subproblems is uniformly distributed, and the workload
of the computing nodes thus balanced, and that the number of crossing trains
that have to be communicated between different nodes is minimized, reducing
communication and recomputation costs. Each part can be simulated separately
(and consists in perhaps simultaneously) in less time and with less memory ca-
pacity. The problem to be solved is the need for consistent information at the
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Fig. 8. Generated conflict-free time-distance diagram for the real rail network

Fig. 9. Decomposition of a rail network

interfaces between neighbouring parts. The times and velocities of trains leaving
one part should equal the times and velocities of the same train as it enters the
next part of the overall network. As soon as a simulation of a part of the com-
plete network is finished, the entering and leaving times of all crossing trains are
communicated to the nodes neighbours. Thus, each part can locally determine
which trains simulation is globally inconsistent. The local times for incoming
and outgoing trains must be greater than or equal to the times given by the
neighbours. In the case of inconsistency, a new solution to the updated CSP is
computed, leading to new entering and leaving times. All new times that are
different from previous solutionsare considered (globally) inconsistent and are
therefore communicated to the neighbours. Since each train that crosses parts
may trigger recomputations of local simulations, their number should obviously
be kept to a minimum.

Note that the computations of the local simulations can be done in an inter-
leaved manner: while one node a is computing, its neighbour b can be finished,
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Fig. 10. Execution times for distributed scheduling (cf. [15])

sending a the new crossing data. Some moments before, bs other neighbour c
finished its work and sent some connection data to b, so that b can now im-
mediately recompute its local simulation, taking into account cs work. It does
not have to wait until a part has finished. This approach makes maximal use of
available computing resources. It is not, however, deterministic: two (global) sim-
ulation runs on the same problem may not produce the same results, depending
on the order in which the local simulation jobs have been executed.

There could be a strict requirement (from rail experts) that simulations have
to be done deterministically. We have made allowance for by synchronizing the
simulation processes: all local simulations wait for each other after they have
finished their local computations. When the simulations of all parts are finished,
all of them communicate and then all of them recompute (if necessary). This
algorithm is deterministic, and thus always yields the same results. The drawback
here is that computational resources are used less optimally.

We theoretically proved the termination property together with the correct-
ness of the algorithm theoretically [16]. Its baseline is as follows: The trains
are sequenced according to some predefined global priority and treated accord-
ingly in each local simulation part. This means that no two trains can displace
each other forever: every pair of trains consists of a major and a minor train,
the major train invariably superseding the minor one. Furthermore, the simu-
lated departure times of all trains always advance. Thus, although the timeline
is potentially infinite, the global consistency algorithm always converges and
terminates finitely.

Figure 10 shows some empirical results: we have simulated the whole example.
We simulated separately the trains from 3 a.m. to 9 a.m. (03:00-09:00), from 9
a.m. to 3 p.m. (09:00-15:00), from 3 p.m. to 9 p.m. (15:00-21:00), and from 9 p.m.
to 3 a.m. (21:00-03:00). We did not simulate the whole day, but different 6-hour
time slices. And, we tried this on 2, 4, 6, 8, and 16 computing nodes. Each node
is equipped with 1GB of memory and 2 AMD K7 processors working at 1.2 GHz.
As is evident from (Figure 10), the computing times for simulating the whole
network may differ greatly from time slice to time slice. This is mainly due to
the problems differing complexity: there are 199 trains in time slice 03:00-09:00,
243 in 09:00-15:00, 259 in 15:00-21:00, and 199 in 21:00-03:00. But although the
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number of trains in 09:00-15:00 and 15:00-21:00 dos not differ much, the latter
takes about twice as long as the former. Sometimes there are local problems
that are hard to solve, e.g. when there are many time-distance curves of trains
very close together. And the situation is not necessarily the same in all time
slices. Obviously, then, there is some exceptional problem in the 15:00-21:00
time slice. We generated and compared different problem partitions with 16,
30 and 50 parts. The decomposition into 30 parts proved out to be best for
most of the problems. The above test is therefore based on this partitioning.
We have already mentioned that the system can operate in synchronized or non-
synchronized mode here we used the synchronized mode since it always produces
the same simulation result for a given problem and is likely to be preferred by
most users. In fact, the non-synchronized mode is slightly faster (about 10 to
25%, according to other experiments we conducted). Additionally, we could use
central or de-central control. Our implementation allows synchronized operation
only in combination with central control, so this is the one we used.

Our example is not very complex, nor did we try to find an optimal schedule
for the trains. So, very few searches were needed to find the simulation solutions.
The 03:00-09:00 time interval took 486 backtracking steps, the 09:00-15:00 1,635,
the 15:00-21:00 1,485, and the 21:00-03:00 only 320 steps. Note that these are not
average counts because we used the synchronized mode, in which each simulation
is done deterministically, independent of execution sequences or even the number
of computing nodes!

5 Interval Technique

There is a disadvantage in simulating train schedules over a long time interval:
the trains are planned sequentially and if a conflict arises for one of the last
trains, its time-distance curve is moved to a latter position. Either the lateness

Fig. 11. Partitioning of the scheduling problem into time intervals
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Fig. 12. Lateness of trains for interval labelling compared to global labelling (cf. [13])

Fig. 13. Execution times for interval labelling (cf. [13])

of the train could increase dramatically because all positions near to the plan are
already occupied by other trains. Or, if there is a maximum time defined for the
delay of a train, an unlimited backtracking could occur to find another suitable
train to move. One possible way to reduce the strong increase in lateness is to
decompose the simulation horizon into smaller intervals (see also Figure 11).

We have looked into the optimal size for such a time interval, as well as at what
maximum values for the time shift of the time-distance curves of the trains and
what maximum value for additional stopping times in stations should be applied
in this context before backtracking will occur. The expected effect is that only
those trains are scheduled that are located at least partly in the considered
time interval. The smaller domains of the trains starting time variables of the
trains means that a conflict may be recognized quite early, while scheduling the
first train of the sequence in the interval, the system may notice that one of
the domains of the starting times of later trains will be empty. In this case the
time-distance curve of the first train can already be moved. The results of the
investigations are presented in Figures 12 up to 15. In these figures, “Global”
denotes the complete scheduling horizon, “Int3600” to “Int56” intervals of 3,600
sec to 56 sec.

Actually, there are some interval sizes which show the expected reduction
of lateness. We found interval sizes of approx. 3,600 sec to 900 sec to be a
good choice. These values are keeping with the practice of train companies to
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Fig. 14. Number of calls (both successful and failed) for changing the path of a train
(cf. [13])

Fig. 15. Number of successful calls for changing the path of a train (cf. [13]

cancel trains that are more than one hour late. The increase in lateness for
smaller interval sizes (Figure 13) could be explained by the increasing number
of changed train paths in stations to avoid conflicts. This changing operation
is time-consuming because it requires recomputation of the occupation times of
the blocks.

6 Alternative Paths in Stations

Selecting alternative paths in stations is an optimization task to reduce lateness
and to find a conflict-free solution. It is well known that local search meth-
ods like Genetic Algorithm (GA), Simulating Annealing Algorithm (SAA), Ant
Algorithms (Ant), and Flood Algorithm (FA) are good candidates for such op-
timization tasks. The aim of the investigation (cf. [14]) was to find out in which
situation which of the different methods, or what combination of constraint pro-
cessing and one of the local-search algorithms, will yield better results than pure
constraint methods. The selected methods were tested as their ability to find
solutions for the two basic conflicts:

A) two trains travelling in the same direction would occupy a number, of same
blocks at the same time (see also Figures 16 and 17) and

B) two trains travelling in opposite directions would at some point in a station
or at the open track, use the same block (see also Figures 18 and 19).
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Fig. 16. Conflict of trains (same direc-
tion)

Fig. 17. Resolution of the conflict in
Figure 16

Fig. 18. Conflict of trains (opposite di-
rections)

Fig. 19. Resolution of the conflict in
Figure 18

The results of the tests for the two cases are presented in Table 2. For the finite-
domain method of constraint programming a large initial size of the domains of
starting times for the trains is no difficulty. The local search algorithms, besides
GA, produce a lot of lateness both for conflict type A and conflict type B. The
initial lateness denotes the shift of the schedule compared to the original plan at
the edge of the considered network. The relative lateness denotes the shift of the
time-distance curve to avoid conflicts by extending stopping times or making
additional stops at stations, and changing travelling times on the open track.
The absolute lateness is the sum of both the above times.

The initial idea in investigating local-search methods was not to replace CP
by local search algorithms but to combine the two. CP methods were thus used
to reduce the large domains before calling a local search algorithm. Using this
method, the results of the local search methods are greatly improved (see also
Table 3). The Flood algorithm does not appear to be very well suited for type
B, but GA, Ant and SAA appear to be good candidates for cooperation with
CP. One of them, GA, was selected for a further comparison of CP and local
search methods in a more complex train scheduling example for 25 trains, with
a larger number of conflicting trains (Table 4).

For the complex scheduling example, the both algorithms CP and GA were
applied separately. The number of trains was gradually increased. The results are
presented in Fig. 20 and Fig. 21. The execution time for CP is essentially better,
but the smaller the number of trains considered, the smaller the difference in
the execution time for the two algorithms. The quality of the generated plan in
terms of lateness is fairly comparable for both algorithms, CP offering a slight
advantage when the number of trains is greater than 3. This result is in keeping
with the result of the previous two-train example, where GA shows a slight
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Table 2. Lateness computed for conflict types A and B (see Figures 16 and 18) without
prior domain restriction (cf. [14])

Lateness CP GA Ant SAA FA
Conflict type A B A B A B A B A B

initial 2 3 19 0 706 1493 257 1141 494 207
relative 0 0 1 13 0 455 0 0 1718 0
total 2 3 20 13 706 1948 257 1141 2212 207

Table 3. Lateness computed for conflict types A and B (see Figures 16 and 18) with
prior domain restriction (cf. [14])

Lateness CP GA Ant SAA FA
Conflict type A B A B A B A B A B

initial 2 3 2 0 2 0 2 0 2 21
relative 0 0 0 1 0 1 0 1 0 0
total 2 3 2 1 2 1 2 1 2 21

Table 4. Scheduling example containing conflicts of type A and B (see also Figures 16
and 18)

Conflict type Number of conflicts Conflicts for pairs of trains

A 16 (3;11), (6;7), (6;23), (7;23), (8;13),
(9;12), (9;16), (9;17), (9;21),
(12;16), (12;17), (12;21), (16;17),
(16;21), (17;31), (18;22)

B 15 (1;20), (2;9), (2;12), (2;16), (2;17),
(2;21), (3;4), (3;14), (4;11), (5;8),
(5;13), (10;19), (11;14), (14;15),
(24;25)

advantage, especially for conflict type B. For this reason, the complex scheduling
example was run in the CP paradigm, without the three marked pairs of trains
that have conflicts of type B. The three pairs of trains are given sequentially to
the GA algorithm with the additional knowledge of the reduced value sets for
their possible starting times, derived from the result of the set of (25-3*2) trains.

Table 5 shows that the expectations are met. The column CP shows the delays
to trains when applying the CP paradigm to all trains, and to the three pairs
of trains. The column CP/GA shows the result of combining the CP and GA
methods. The conflicts of the three pairs of trains are solved in GA better than
in CP, and the total lateness of all trains is reduced. The third column shows
the benefits of combining the two methods.
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Fig. 20. Execution time for the scheduling example (Table 4) computed by CP and
GA (cf. [14])

Fig. 21. Lateness of trains for the scheduling example (Table 4) computed by CP and
GA (cf. [14])

Table 5. Reduction of lateness of trains by combining CP and GA algorithms

Trains Delays to trains in 15sec-steps
CP Combination: CP/GA Gain: CP - CP/GA

initial relative total initial relative total initial relative total

1 - 25 31 12 43 29 8 37 2 4 6
(1;20) 3 0 3 0 1 1 3 -1 2
(10;19) 0 3 3 0 1 1 0 2 2
(24;25) 0 3 3 1 0 1 -1 3 2

7 Conclusion

Train scheduling is a highly complex problem with very large search spaces. The
advantages of constraint technology compared with classical generate-and-test
algorithms are its conflict avoiding and a-priori search space reduction strategies.
Our investigations and applications show that Constraint Processing (CP) is
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highly efficient and yields high-quality solutions. We describe different additional
techniques to improve the results obtained using this technology.

We are able to demonstrate that distributed constraint-based train schedul-
ing either greatly enlarges the size of networks to be computed or significantly
reduces the execution time of train simulation. We were able to verify that a
fairly small number of computers running in parallel are sufficient to obtain
considerable gains.

Another technique to reduce the complexity of the train scheduling problem
is breaking down a large time period into time intervals. Another positive result
is the improved quality in schedules, i.e. lateness of trains can be reduced using
this technique. We found that a further reduction of lateness compared to the
original not error-free plan is possible by combining Constraint Processing with
Local-Search methods. These methods seem to be particularly useful and efficient
for solving very local conflicts, e.g. the conflict of two trains in a station.

In addition, interactivity and rule processing can be combined very well with
Constraint Processing, i.e. the on-line accessing of experts and their knowledge
and integration of background knowledge are possible.

To sum up, the CP technology results in:

– greater flexibility: conflict avoidance rather than conflict resolution; closer
integration of simulation and planning

– high efficiency: avoidance of wrong alternatives (dead ends); combination
with other techniques to reduce complexity

– generation of good solutions in most cases; combination of automatic and in-
teractive simulation; avoidance of time-consuming optimization procedures.
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Abstract. During the past few years mobile phones have become an ubiquitous
companion. In parallel the semantic web provides enabling technologies to anno-
tate and match information with a user’s interests. This paper presents a thorough
definition of annotations and profiles. The optimizations of annotations and pro-
files make the mobile phone a first class participant of a semantic environment
rather than a mere displaying client of services running elsewhere. The imple-
mentation of the system – including a first order model generating theorem prover
and a description logic interface – renders the idea viable in the real world. The
choosen solution even enables explanations within the matchmaking process. The
profile does not have to leave the personal device and ensures privacy by doing
so. An additionally benefit is the independence from communication with any
reasoning backends.

1 Introduction

Mobile phones were up to now mainly used for messaging and phone calls but they
have become powerful devices with much more potential. Still, todays smart phones
are at most used as dumb clients to more or less sophisticated mobile services.

Our goal is to show how this potential can be used for description logic (DL) based
reasoning on the mobile devices themselves for personalization of mobile messaging
services. To reach this goal, we define a unique framework called ’Semantic Mobile
Environment’, where the matchmaking between the user’s profile and incoming seman-
tically annotated messages is defined as a deduction task to be solved on the mobile
device. The mobile reasoner, Pocket KRHyper, uses a transformation of DL concept
expressions of expressivity ALC H I R +, which is also described in this paper.

Because of their limited resources, mobile devices were generally not considered
able to perform such reasoning tasks. An empirical evaluation of our implemented sys-
tem shows the contrary, namely that today’s smart phones are indeed suitable devices
for intelligent services.

This paper is organized as follows: it starts with a thorough description of the frame-
work which motivates this work. We continue with the formalization of different se-
mantic mobile environment components, namely the semantic annotation of messages,
the semantic user profile, and the matchmaking algorithm with limited resources in
mind. We show how we used the Pocket KRHyper system to perform the description
logic reasoning required for the matchmaking and explanations to matches. Finally we
empirically evaluate our approach and compare it to related prior work.

M. Umeda et al. (Eds.): INAP 2005, LNAI 4369, pp. 135–147, 2006.
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2 A Semantic Mobile Environment

The IASON project aims at providing mobile users with location-aware personalized
information. Motivated by the development of powerful mobile devices and the seman-
tic web, we define a Semantic Mobile Environment. In such an environment, so-called
service nodes are installed at chosen points of interest. These service nodes broadcast
semantically annotated messages (see Sect. 3.2) to nearby mobile users using bluetooth
wireless technology. Because the service nodes are based on the same technology as the
mobile phones the phones may become a service node themselves. Thus peer-to-peer
services are established.

Such a semantic mobile environment is characterized by its independence from the
internet and any cellular network. Only free ad-hoc bluetooth connections between ser-
vice nodes and mobile devices have to be established to receive messages. Location-
awareness is given implicitly by being in the wireless range of a service node. A Se-
mantic User Profile describing the user’s interests and disinterests is managed on her
mobile device. This user profile is used to sort out unwanted messages by performing
matchmaking between the semantic annotation of the messages and the user profile with
respect to a common ontology (see [19]). The profile data never needs to be transmitted
to any other device. This protects the privacy of mobile users.

The independence from the internet as well as our privacy policy come however at
a cost: we cannot use existing reasoning systems like FaCT [12] or RACER [11] to
perform the description logics [2,3] reasoning required for matchmaking. To take ad-
vantage of the existing work in ontologies we still think that description logics is the
formalism of choice for semantic web applications, so we implemented a first order
logic automated theorem prover (ATP), Pocket KRHyper [18], which also comes with
a description logic interface. Pocket KRHyper is the first full-featured ATP system run-
ning on Java 2 Mobile Edition (J2ME1) cellular phones.

3 Semantic Personalization

Personalization is essential for all kinds of mobile services. The most obvious reason
is that spam messages are generally not wanted. Another less obvious reason is that if
mobile users want information, they only want information that is of interest to them.
Or, to put it differently, mobile services will only be widely accepted if mobile users
are relieved from the tedious task of sorting out irrelevant information. In our approach
we use a description logic as a semantic language to perform personalization, which is
discussed in the following.

3.1 Description Logics as Semantic Language

The idea of using description logics as a semantic language is not new [3]. There is
good reasoning support for most expressive description logics and they are compatible
to current W3C standards like OWL [1]. In this paper we use the expressiveness of
the DL ALC H I R +, which is the standard DL ALC extended with role hierarchies,

1 http://java.sun.com/j2me
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transitive and inverse roles. Syntax and semantics of ALC H I R + are amply described
in [2]. This is a subset of the DL SH I F underlying OWL lite without the limited
number restrictions.

In our mobile environment, we consider semantic services, semantic user profiles and
concepts to which the services and profiles refer. This means that we have a common
vocabulary ontology about the concepts in the real world, which is used to describe
the annotation of semantic messages and the user profile. In addition a separate service
ontology is used to describe the capabilities of services and user profiles. We expect
all participants of the service to incorporate these ontologies. Figure 1 shows a sample
movies vocabulary ontology in DL notation, where � is the universal concept and U
the universal role.

T hing � �
Movie � T hing
Genre � T hing

Medium � T hing
DVD � Medium
VCR � Medium

CinemaScreen � Medium
E pic � Genre

Fantasy � Genre
SciFi � Genre

Chess � Game
hasGenre � U

hasMedium � U

Fig. 1. A Simple Movie Ontology

This simplistic movie ontology provides us with the necessary vocabulary to express
a semantic annotation for a service which describes an offer of a Movie of genre SciFi
on a DVD:

∃offer.(Movie�∃hasGenre.SciFi�∃hasMedium.DVD)

3.2 Semantic Messages

In the semantic mobile environment every message is annotated with a DL concept
expression that determines the semantics of the message. Because the mobile devices
and service nodes can be used in a commercial and a peer-to-peer environment, the
annotation has to distinguish between producers and consumers of goods and services.
Additionally general and social interests lacking a producer-consumer separation shall

share � U
offer � share

request � share

Fig. 2. The Service Ontology
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be possible. These different types of services are specified through a role hierarchy in
the service ontology (see Fig. 2).

This ontology is intentionally kept simple for clarity’s sake, but could easily be ex-
tended by subroles of offer and request. Using these roles in combination with the
vocabulary ontology, we can express complex annotations of the form:

annotation≡ ∃R.C (1)

R ∈ {offer,request,share} (2)

Where C is a concept based on the vocabulary ontology. This ontology may change
for specialized scenarios like trade fairs, tourism, and so on. The task to differentiate
producers and consumers of objects is arranged by the two roles offer and request.
Every producer is required to send an annotation starting with ∃offer. A consumer will
send annotations starting with the quantified role ∃request. Because these roles are
associated with every single message a participant may be a consumer of some kind of
service, while offering some other services at the same time.

For those that do not adapt the consumer-producer scenario but prefer to look e.g.
for a partner of a chess match, a more generic role expressing an undirected statement
of interest has to be used. ∃share has to be used in these cases. Additionally share may
be used to define the interest of both directions in a topic C. Because share subsumes
request and offer (see Fig. 2) it will match annotations that start with the share role as
well as the offer and request role.

3.3 Semantic User Profile

On the receiving end for semantic services, we have a mobile device which manages
a semantic user profile. This user profile stores the positively marked interests and the
disinterests determined by rejected topics. The interests and disinterests in the profile
are defined as follows:

profile ≡ interests�disinterests (3)

interests ≡
n�

i=1

positivei (4)

positivei ≡ ∃Ri.Ci (5)

disinterests ≡
m�

i=1

negativei (6)

negativei ≡ ∃Ri.Ci (7)

Ri � share (8)

From the definition, we see that the interests and disinterests are a collection of DL
concepts that follow the definition of the annotations.

The user’s interests and disinterests are updated from his/her responses to messages
and allow for the use of ontological knowledge to generalize the annotation. The pro-
cedure of these updates is beyond the scope of this paper. An initial profile is generated
from a short questionaire.
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In the Semantic Mobile Environment every receiver of messages may also trans-
mit these. A producer/consumer of goods or services is likely to be interested in re-
quests/offers that correspond to his/her own messages. To enable the automatic update of
the users profile a positive entry is generated for his/her outgoing messages. The annota-
tion of the outgoing message∃R.C with R� share generates a positive entry in the profile
∃Rp.C where Rp replaces R according to the table below. Thus a sender of messages will
also positively match messages with an inverse annotation. The topic is preserved.

R in outgoing message Rp in the profile
offer request
request offer
share share

3.4 Matchmaking

The main motivation behind the DL formalization was to be able to compare the se-
mantic annotation of incoming messages with the interests and disinterests stored in the
semantic user profile. This is what we call matchmaking following the ideas in [16].

The decision whether a message matches a users interests is based on concept satis-
fiability and subsumption of the DL in use. Because the mobile clients provide limited
computing power, the decision of a match is performed with at most two queries for
arbitrarily complex profiles.

profile�annotation 	≡ ⊥ (9)

annotation� profile (10)

If the annotation satisfies test (9) the annotation is compatible with the profile.
The second test (10) will give a better match degree for those annotations that are

subsumed by at least one of the positivei terms. We call these annotations a match. This
second test is only performed for compatible messages.

The satisfiability test (9) will fail for every annotation that is subsumed by the disin-
terests of a user. As a result we translate all negative j concepts into a constraint on the
models, see Sect. 5.

Unlike other approaches [16,17] these two queries are sufficient to answer the com-
patibility of an annotation with the profile. A large profile containing many interests
and disinterests does not impose more tests. Thus this approach scales well even in the
context of limited resources.

Avoiding Spam. As in all open communication systems there is a risk of unsolicited
messages. Our approach has been designed to reject these annoying messages. The first
test avoids spam carrying unsatisfiable annotations. If not rejected by this test these
messages would be subsumed by the profile and considered a match.

The subsumption test avoids spam annotated with � or something close to � that
will overcome the satisfiability test.

3.5 Example

The example shall illustrate the match decisions with respect to a user, who is in-
terested in SciFi-movies and every information concerning cars. Messages covering
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Table 1. Example Messages and Annotations

Message Text
Annotation Matchdegree

Car dealer buys all cars with diesel engine and 4wd
∃request.(Car�∃hasEngine.diesel �∃hasDrive. f ourwheel) match

Movierental offers ’Bladerunner’ DVDs
∃offer.(Movie�∃hasGenre.SciFi�∃hasMedium.dvd) match

I’m looking for a chess partner
∃share.Chess mismatch

Museum of Modern Art shows Picasso exhibition
∃offer.(Museum�∃exhibits.Art) compatible

games are not of interest to the user. The profile contains the interests ∃share.Car�
∃offer.(Movie�∃hasGenre.SciFi) and the disinterest ∃share.Game. We have to men-
tion here that a user requesting movies is interested in offers of movies.

On her walk through the city, the mobile user passes four service nodes and receives
the messages listed in Tab. 1. Assuming the given profile the messages of the car and
the DVD are matched, the exhibition is compatible with the profile, but the chess related
message is rejected.

I would like to explain two cases in more detail. Because the annotation ∃share.Chess
of the third message is subsumed by the disinterest ∃share.Game, the first test of the
matchmaking algorithm for the satisfiability of profile� annotation fails. This renders
the message/annotation to be a mismatch. No further testing is performed in this case.

In the case of the car dealer this first test is successful. So far this message would
be compatible with the profile. The subsequent test for the subsumption annotation �
profile is successful too, because ∃request.(Car� ...) is subsumed by ∃share.Car and
therefore by the profile. Consequently this message is matched by the profile.

4 Mobile Reasoning

In Sect. 3, we have described how to formalize the semantic personalization problem
for use on mobile devices. Messages are annotated with description logics semantics
and the user profiles are similarly formalized using the same language. In the follow-
ing, we will show how to perform the actual description logics reasoning needed for
matchmaking on mobile devices.

4.1 Pocket KRHyper

Pocket KRHyper [18] is a J2ME software library for automated reasoning. It can be
embedded in applications on mobile devices like PDAs, smartphones, and cell phones
to perform first order logics reasoning.

The reasoning engine is based on the hyper tableau calculus [6] and can be consid-
ered as a resource optimized version of the KRHyper [23] system.

Pocket KRHyper was developed explicitly for use in mobile devices with modest
resources, and is actually the first reasoner for mobile devices able to tackle useful first
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order logics problems. The main motivation behind the implementation of a mobile
reasoner was the use case described in this paper, so Pocket KRHyper comes with a
description logics interface. The transformation of DL expressions to first-order clausal
form is described in Sect. 4.2.

Before describing how to perform this transformation, we will give some insights
into the underlying calculus and its implementation.

The hyper tableau calculus is a first-order logic clausal tableau procedure described
in [6,4]. A complete description of the calculus is beyond the scope of this paper, so we
will only give a brief overview, focusing on some of the features of Pocket KRHyper.

Pocket KRHyper can tackle first order logic problems in clausal form. Clauses are
considered as rules, where the head is a disjunction of all positive literals and the body
a conjunction of all negative literals. Rules with an empty body are called facts. Rules
with empty heads represent constraints on the models.

In each hyper tableau reasoning step, new instances of rule heads are derived in
a bottom-up manner from input and derived facts. In hyper tableau, disjunctions are
handled by exploring the alternative branches in a systematic way. If a hyper tableau
derivation terminates without having found a refutation, the derived facts form a repre-
sentation of a model of the input clauses.

To use the Pocket KRHyper system, a knowledge base of first-order logic clauses
has to be provided. The hyper tableaux reasoning engine uses this knowledge base to
compute either a refutation or a model. The reasoning algorithm performs an iterative
deepening search for a model, expanding the proof tree in each iteration step up to a
certain term weight. To ensure termination, the algorithm may be parameterized with
either a timeout limit or a maximum term weight limit. If either limit is reached, the
reasoner stops without a proof.

Ideally, the reasoning algorithm terminates when it has found either a model or a
refutation. Found models can be retrieved and analyzed in the reasoning application.
The reasoning algorithm may however also terminate abnormally if it has either been
interrupted manually or by reaching a timeout or term weight limit, or if the virtual
machine has run out of memory. All these abnormal cases are caught safely without
causing the application to crash.

In comparison to the desktop KRHyper system [23], Pocket KRHyper lacks some
features like default negation and term indexing, but it still provides all the main features
that made the original KRHyper a useful tool. The new implementation of the calculus
was necessary because the programming languages of previous ones are not supported
on mobile devices. In addition convenient access to the reasoning services could be
implemented.

4.2 Description Logics Transformation

The terminology, profile, and annotations are considered to be a finite set of axioms
C � D and C ≡ D, where C, D are concepts of the DL ALC extended by inverse and
transitive roles and role hierarchies (see Sect. 3.)

The transformation into sets of clauses introduces subconcepts to reduce the com-
plexity of the concept expression or axiom. As an example the axiom ∃R.C � ∀S.∀T.D
is decomposed into ∃R.C � subi and subi � ∀S.sub j and sub j � ∀T.D to comply with
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Table 2. Translation Primitives

description logic first order formula clauses
C�D � E ∀x.C(x)∧D(x) → E(x) e(x) :- c(x), d(x).
C�D � E ∀x.C(x)∨D(x) → E(x) e(x) :- c(x).

e(x) :- d(x).
C � ¬D ∀x.C(x) →¬D(x) false :- c(x), d(x).

∃R.C � D ∀x∀y.R(x,y)∧C(y) → D(x) d(x) :- c(y), r(x,y).
∀R.C � D ∀x.(∀y.R(x,y)→C(y)) → D(x) d(x); r(x, fR−C(x)). *

d(x) :- c( fR−C(x)).
C � D�E ∀x.C(x) → D(x)∧E(x) e(x) :- c(x).

d(x) :- c(x).
C � D�E ∀x.C(x) → D(x)∨E(x) e(x); d(x) :- c(x).

¬C � D ∀x.¬C(x) → D(x) c(x); d(x). *
C � ∃R.D ∀x.C(x) → (∃y.R(x,y)∧D(y)) d( fR−D(x)) :- c(x).

r(x, fR−D(x)) :- c(x). **
C � ∀R.D ∀x.C(x) → (∀y.R(x,y) → D(y)) d(y) :- c(x), r(x,y).
R � S ∀x∀y.R(x,y) → S(x,y) s(x,y) :- r(x,y)

R− ≡ S ∀x∀y.R(x,y) ↔ S(y,x) s(y,x) :- r(x,y).
r(x,y) :- s(y,x).

R+ ∀x∀y∀z.R(x,y)∧R(y,z)→ R(x,z) r(x,z) :- r(x,y), r(y,z).

the transformation primitives. Table 2 gives the transformation primitives in abstract
DL syntax, a corresponding first order formula, and the generated clauses.

The clauses marked with * share variables in a disjunctive head, they are not range-
restricted. As an extension to previous work [18] Pocket KRHyper now handles these
clauses by generating all ground instances up to the given term weight. Doing so often
causes timeouts of the prover due to the limited resources. Clauses marked with ** are
suitable for reasoning tasks in acyclic terminologies. Decidability commonly requires
the tableau procedure to engage a blocking technique. The blocking techniques found
in [10] may be adapted to the transformation as shown in [5].

The effective test for satisfiability of a concept C temporarily inserts a single fact
C(a). into the knowledge base. C is satisfiable if the Pocket KRHyper finds a model
for the knowledge base. A refutation indicates the unsatisfiability of the concept.

Subsumption of C � D is reduced to a test for satisfiability of C�¬D. If this expres-
sion is not satisfiable, i.e. Pocket KRHyper finds a refutation, the subsumption holds. In
clausal form the fact C(a). and a constraint :-D(a). are temporarily inserted into the
knowledge base.

5 Optimizations to Save Resources

With these DL transformations Pocket KRHyper is able to detect satisfiability and
subsumption of concepts. The requirements are currently limited to these tasks (see
Sect. 3.4 and [19,16].)

Managing the Knowledge Base. In order to reduce the workload introduced by the
translation of DL axioms into clausal form, the knowledge base is split into three parts.
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The ontology is assumed to be stable throughout the runtime of the application. Thus
this part is transformed once at the start of the mobile Java application (MIDlet). The
profile is transformed only when it is updated. Solely the annotations of messages and
the associated queries are transformed as they emerge.

The knowledge base keeps track of these parts by setting a mark at each such step,
so it is possible to revert it to the state it had before an update or query.

Transformation of the Profile. The transformation of the user profile to the clausal
knowledge base is performed according to Sect. 4.2 as far as the transformation of the
individual positive and negative concepts are affected. To enhance the performance
of Pocket KRHyper in the context of matchmaking, the interests and disinterests are
treated differently. The equivalence of interests is reduced to subsumption. The negative
concepts that make up the disinterests are transformed as constraints. Thus the closing
of branches within the tableau is performing better.

positivei � profile i ∈ {1, ...,n} (11)

negativei �⊥ i ∈ {1, ...,m} (12)

These changes do not vary the results with respect to the matching decisions
(Sect. 3.4). Due to the structure of annotations and the profile, i.e. always starting with
an existentially quantified subrole of share, the satisfiability of annotation� profile
is tested by the satisfiability of annotation with all negativei translated as mentioned
above (12). A satisfiable annotation will fail this test if it is subsumed by one of the
disinterests.

The subsumption annotation � profile has to be tested after the satisfiability test.
At that point a subsumption of annotation by disinterests is known to be false. The
reduction of the equivalence to subsumption does not influence this test.

Both simplifications lead to a reduced number of clauses. The effect is a reduced
memory consumption of the knowledge base itself and the hyper tableau generated for
the tests.

6 Towards Explaining Matches

Especially with a large profile made up of many interests a user may need a hint why a
message is considered a match. Our suggestion is to point out the previously positively
marked annotations or messages that generated the positive entry in the profile.

Unfortunately the subsumption is checked by a refutation. Opposed to that the first
test in matchmaking provides a model based on the annotation. This model shall be
used to find the relevant parts of a profile, namely the positives of the profile. A model
generated by Pocket KRHyper is a set of ground or non-ground facts:

top(X0), annotation(a), sub1(sk3(a)), offer(a,sk3(a)), share(a,sk3(a)),
... , positive1(a), profile(a)

This model is actually taken from the output of Pocket KRHyper with a slightly
different notation. As can be seen in this example the model contains – in case of a
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match – the initial individual a of the predicate annotation in the predicate profile.
Otherwise the subsumption will not hold (as this is the source of the clash.) Because
the profile is a consequence of positivei at least one of the positivei(a) terms must be
present in the model.

Of course there may be more positives in the model. To explain the match only those
positives are relevant that are predicates of the initial individual a. This is opposed to
the generated/skolemized individuals triggered by existential quantification, e.g. sk3(a)
in the example.

The set of positivei(a) is complete but not sound. The completeness is a consequence
of the definition of subsumption. The subsumption annotation � positivei holds iff in
all models I the interpretations meet the condition annotationI ⊆ positiveI

i .
The missing soundness is a consequence of disjunctions like annotation �

positivei � positive j. In these cases one of the positivei, positive j will be part of the
model, but neither subsumption annotation � positivei nor annotation � positive j

holds. Some additional tests are needed to regain soundness, but the tests are limited
by the model. Because the explanation is not the focus of this paper further details are
postponed. However the ease of explanation is an advantage of the model generating
paradigm in the context of DL reasoning.

7 Related Work and Evaluation

Some aspects described in this paper have been thoroughly investigated before, espe-
cially in the context of personalization in semantic web scenarios. To our knowledge,
the use of automated reasoning on mobile devices for personalization in a semantic
mobile environment is new.

A propositional tableaux-based theorem prover for JavaCard, CardTAP [8], has been
implemented long before Pocket KRHyper. But unlike Pocket KRHyper, this was con-
sidered a toy system and was too slow and too restricted for real applications.

The capabilities of the presented DL transformation extend those of the Descrip-
tion Logic Programs (DLP) [9] subset of DL and LP. DLP captures the DAML+OIL
fragment of RDFS. DLP is limited to the Horn-fragment of a logic like most Rule
languages (e.g.RuleML [7]). According to our experience with non toy-problems the
restriction to OWL-Horn or DLPs lacks the justification, because – as our implementa-
tion shows – disjunctive logic programs can be evaluated successfully, even on mobile
devices.

The combination of disjunctive OWL lite knowledgebases and Horn-rules accord-
ing to the SWRL proposal [13] is an obvious extension wrt. rules of the demonstrated
approach. First results are available in [14].

A similar approach to matchmaking is described in [16]. We adapted that approach to
reduce the number of reasoning steps needed for deciding a match degree to a maximum
of two for arbitrarily complicated profiles. Another approach [17] to DL matchmaking
using abduction also depends on multiple tests.

The integration of the distinction between producers and consumers within the an-
notation was a must in the mobile environment to reduce the number of reasoning steps.
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Server-based marketplaces [22] tend to organize this differentiation on a meta-level.
Opposed to these marketplaces we also support the generic sharing of interests that is
required in peering settings of the system.

A performance evaluation of Pocket KRHyper with respect to a selection of
TPTP [20] problems can be found in [18]. This evaluation shows that the reasoner
performs reasonably well to be used in real applications. The matchmaking process on
a contemporary phone is performed in about one second with an ontology of about
two hundred concepts. The execution time of the same reasoner running on a desktop
computer with a J2SE virtual machine is about fifty times faster than on our mobile
phones, and is comparable to the execution time of the RACER [11] system for the
given tasks. For more general tasks this performance may not be expected, because
the mobile implementation is intentionally kept small without most of the indexing
and caching techniques used in systems like RACER. A comprehensive comparison is
available in [15].

Beyond our messaging scenario a mobile reasoning or matchmaking task may be a
useful contribution in maintenance scenarios as described in [21].

8 Conclusions

In this paper, we have described how to perform matchmaking on mobile devices for
personalization in a semantic mobile environment. In such an environment, semanti-
cally annotated messages are sent to nearby mobile users. The personalization task is
performed on the user’s mobile device by matching the annotation of incoming mes-
sages against the semantic user profile on the device.

We have shown how to formalize the semantics of messages and user interests and
disinterests using description logics in a resource friendly fashion. The messages and
user profiles are described using a common ontology, which allows us to propose an ef-
ficient matchmaking algorithm using standard description logics checks. An additional
service ontology allows to specify the semantics of the type of service offered.

To bring the theory to life, we have implemented the described system including the
Pocket KRHyper first order logic theorem proving system for mobile devices. A brief
overview about the calculus and some implemented features is given. Since our person-
alization problem is specified in description logics, we also propose a transformation
from DL terminologies to first order knowledge bases.

Both the management of the user profile and the decision support using the Pocket
KRHyper reasoner are handled on the mobile device, which has not been done in other
systems so far. This implies that no personal information ever has to leave the mobile
device, which ensures the privacy of the user.

Decision support on mobile devices is no longer fiction, but from now on we expect
a range of new reasoning-supported mobile applications to emerge.

Acknowledgments. This work has partly been performed with the support of ”Stiftung
Rheinland-Pfalz für Innovation” for the IASON project.
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Abstract. Recently, design support tools have been used to improve the
efficiency of design work. These tools support design verification at each
design stage, and succeed to some extent in improving the efficiency of the
design work. However, the management of scattered design information
and data conversion have lately become difficult because designers often
require two or more tools. In this paper, we focus on the detailed design
of mechanism parts made by injection molding and used in precision
consumer products. We propose a design product model which describes
the detailed design of such parts. The model describes the mechanism
parts based on sets of faces, which are basic units in design work. In this
way, the model can express design information in both two- and three-
dimensional forms. We also define the procedures used to operate the
model. Finally, the effectiveness of this model is shown by applying it to
an experimental system.

1 Introduction

Recently, there has been an increased demand for small size and high perfor-
mance in precision consumer products such as cameras, cellular phones, and
PDAs, and thus it has become important to reduce the number of parts within
these devices. Accordingly, component parts1 in which two or more functions
are combined are seeing increasing use.

The product life-cycle of these precision consumer products has recently be-
come shorter, and consequently the design period has shortened. On the other
hand, much manpower is needed to design component parts that have complex
forms. The result has been an insufficient number of detailed checks at each
design stage, including checks on parts interference, assembly, operation perfor-
mance, mass production, etc. This, in turn, has frequently resulted in design
deficiencies, and has thus posed an obstacle in shortening the device’s design
period and reducing its cost.
1 These parts are made using the injection molding method[1], a technique for form-

ing molded goods by injecting high temperature melt materials into metal molds,
followed by cooling to solidify them.
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Currently, the design period has been shortened by the use of individual
design-support tools. For instance, the rapid prototyping process (stereolithog-
raphy) omits formation of the mold in the experimental stage, reducing both the
design period and the cost. Other examples include CAE, CAM, and the use of
3D CAD to perform interference checks.

The injection molding method discussed in this paper has the following fea-
tures with respect to the part’s form. These parts’ forms can be designed by
synthesizing the form definition in each direction in which the mold is pulled out.
Until recently, the part form viewed from the direction in which the part is pulled
from a mold has been drawn using 2D drafting CAD. The dimension settings and
the manufacturing notes are included in 2D drafting CAD. However, assembly
cannot be verified in this environment. Recently, parts have been designed using
3D CAD, and part of the design verification has also been performed using 3D
CAD. However, the present 3D CAD cannot sufficiently support the design of
mechanism parts produced using the injection molding method. Moreover, 3D
CAD cannot effectively represent and handle the part’s function and dimension
settings. Therefore, 3D CAD cannot continuously support the mechanism parts
design from the mechanism unit design.

Increasingly, design divisions are demanding design support environments that
can continuously support the mechanism parts design from the mechanism unit
design. Several studies have considered the modeling of design objects by using
enhanced feature-based models [2,3,4,5] that express function and assembly. Such
models enable us to describe a part’s form and function. However, they are
inadequate at modeling the dimension setting and the restriction of the injection
molding method.

We previously proposed an attribute model[6,7,8] of the design object that
uniformly expressed information regarding the design proposal of consumer prod-
ucts based on sets of attributes. In addition, we devised a technique that enables
us to analyze tolerance through the use of this model. Finally, by enhancing the
attribute model we represented information regarding the detailed design of a
welding vessel and its manufacturing design.

In this paper, we propose a model in which both 2D and 3D forms are uni-
formly represented. We pay attention to the direction in which a part is pulled
from a mold in injection molding. This is 3D form creation technology using the
attribute model for the injection molding method. When the function of me-
chanical components is added to this model, the accuracy of the assembly and
mechanism can be verified. As a result, the greater part of design verifications
become possible on the computer in the design section, and the design period
and the design cost can be reduced.

2 An Overview of the Production of Mechanism Parts by
Injection Molding

In the production of a device’s mechanism parts by injection molding, metal
molds[1] composed of a cavity and a core are used, as shown in Fig.1. First,
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Cavity

Core

Cave

Fig. 1. Example of a metal mold used in injection molding

the cavity and the core are matched to each other, and the melt resin is then
injected into the cave formed in the metal mold and press-fit to the shape of the
cave. Second, the cavity portion is pulled out after the press-fit resin cools and
hardens. Finally, the molded products that are attached to the core portion are
pushed out by ejector pins.

3 Requirement for the Design Object Model

The following are required for a model that can describe the form and function
of a mechanism part produced by injection molding.

Range of representation of the design product model
Mechanism’s parts produced by injection molding, called simply mecha-
nism parts hereafter, are widely used for precision consumer products,
such as cameras, cellular phones, and PDAs. Therefore, the model should
describe the mechanism parts using a general method which is applicable to
those cases.

Representation of function and form creation 2

The model should describe the functions of the mechanism and assembly
operation, and should also describe the form of the mechanism parts created
by injection molding.

Flexibility in design changes
In the development of precision consumer products, the design is frequently
changed in order to improve the mechanism’s operation and avoid interfer-
ence with its form. Therefore, the model should be flexible regarding modi-
fications of dimension, tolerance, and form.

Automatic generation of three-dimensional form
The model should be able to automatically generate a three-dimensional
form of the mechanism parts, allowing inspection of the form in regard to
parts interference and confirmation of the results of the injection molding
process.

2 This paper targets the part design performed in the design section, but does not
concern itself with the type molding done in the experimental section.
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4 Assembly Structure of Mechanism Parts by Injection
Molding

When mechanism parts are designed, the designer describes their form by using
a ruler and a compass. In addition, the designer specifies the properties of the
important faces of the mechanism parts in terms of the part’s dimensions and
manufacturing notes. Surface characteristics, position, posture, and the final
processing method are all properties of a part. In light of the above, we propose
the following. Mechanism parts can be structurally defined by using the part’s
basic figures, faces, views, and form. The basic figure is a generic name for point,
straight line, curve, and so on. The face is composed of the face’s properties and
the contours of its surface. The view is a form seen from the direction in which the
mold is pulled out and is composed of sets of faces. The part form is composed of
two or more views. The model defined above is called the assembly structure3.
The assembly structure is a kind of the attribute model.

The basic figure, face, view, and part form that compose the assembly struc-
ture are generically called an assembly object. The assembly object has at-
tributes of position, dimension, form, and so on. The assembly object depends on
other assembly objects. In the following, this relationship is called the
dependence.

4.1 Arrangement Coordinate System and Dimension Setting

The data structure that expresses the position and the direction of the figure and
parts is called an arrangement coordinate system. As a simple example, we
consider an arrangement system of coordinates in two dimensions. The arrange-
ment coordinate system expresses a position and an angle by a set4 {x, y, r}
where x and y are its origin and r is its angle. In addition, the arrangement co-
ordinate system is dependent on another arrangement coordinate system, which
is called dimension setting (Table 1).

In the following, we explain the arrangement coordinate system by using the
examples shown in Fig.2 . In (a), the coordinate system C0 is the arrangement
coordinate system that becomes the standard at the position. C1 is an arrange-
ment coordinate system in which C0 was rotated by 30◦ . C2 is an arrangement
coordinate system in which C1 was transferred along the x-axis by 50. The lower
side in (b) shows the assembly structure of these arrangement coordinate sys-
tems and dimension settings. The ovals (C0, C1, C2) in Fig.2 show the assembly
objects of the arrangement coordinate systems, called coord in the following.
A circle shows an attribute of an assembly object. An arrow shows dimension
setting of an assembly object. Here, r2 and t2x show the dimension settings by
a rotation of 30◦ and a transfer along the x-axis by 50, respectively.

3 The functional element was designated as a component of the assembly structure
in [6,7,8]. However, in this paper a basic figure is a component of the assembly
structure, and the functional element is not.

4 Actually, this has been expressed by the coordinate transformation matrix [9].
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Table 1. Dimension settings

Type Name Description
2D transfer t2x,t2y transfer to X or Y direction.
2D rotation r2 rotate.
3D transfer t3x,t3y,t3z transfer to X, Y, or Z direction.
3D rotation r3x,r3y,r3z rotate on X axis, Y axis, or Z axis.

Fig. 2. Assembly structure including the basic figure

In figures of assembly structure, we use the drawing b
R←− a to show that

an assembly object a depends on another assembly object b because of depen-
dence R.

4.2 Basic Figure

The assembly object that shows a point, a straight line, and a circle is called
a basic figure. In Table 2, the point is a basic figure whose position in two
dimensions is shown for the x and y coordinates. The line and the circle are
basic figures in which a straight line and a circle in two dimensions are shown.
These depend on the other basic figures and are arranged with attributes such
as coordinate value and radius.

In the following, we explain the assembly structure including the basic figure
by using the example shown in Fig.2 . This figure was made using the following
procedures. First, circle Cir1 of radius 20 and Cir2 of radius 10 were arranged
a center on the arrangement coordinate systems C0 and C2, respectively. Next,
two common tangents between Cir1 and Cir2 were temporarily drawn and their
contact points were defined as P1, P2, P3, and P4, while the lines on these points
were defined as L1 and L2, as shown in Fig.2 (a). In (b), Circle Cir1 depends
on coord C0 because of the dependence center. Point P1 depends on Circles
Cir1 and Cir2 because of the dependencies circle1 and circle2. Line L1 depends
on Points P1 and P2 because of the dependencies point1 and point2. Circle
Cir2, Points P2, P3, and P4, and Line L2 are also similar to those mentioned
above.
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Table 2. Examples of basic figures

Type Name Description Attribute Dependence
Point coordsys arrangement coordi-

nate system
{x, y, r}, t, θ t2x, t2y, r2

point 2L intersection of two
lines

{x, y} line1, line2

point tan 2C contact point on tan-
gential line of 2 circles

{x, y} circle1, circle2

Line line 1P line provided for at one
point and angle

interceptX,Y, θ point

line 2P line that passes by two
points

interceptX,Y point1, point2

Circle circle 1P circle provided for at
center point and radius

{x, y}, radius center

circle 2P circle provided for at
two points and radius

{x, y}, radius point1, point2

4.3 Contour Element

The segment and the circular arc together are called the contour element. A
contour element has the attributes of length and angle, and a contour element
depends on basic figures (Table 3).

In the following, we explain the assembly structure including contour elements
by using the example shown in Fig.3 . In this figure, Arc A1 and Segment S1
depend on Points P1 ∼ P3 , Circle Cir1, and Line L1. Some basic figures are
omitted from the figure for simplicity.

4.4 Face

One of the features of the face is called the surface. The surface includes a plane, a
cylinder, and a sphere as shown in Table 4. The closed path is made of connected
contour elements. The closed path is called the loop. The face is composed of
the surface and the loops. The surface is attached to the loops. In the loop of
the face, the number of outside contours, hereafter called the OutLoop, is one,
and the number of inside contours, hereafter called the InLoop, is 0 or more.

Table 3. Examples of contour elements

Type Name Description Attribute Dependence
Segment lineseg segment provided for by two points on

a line
length line,

point1,
point2

Arc arc arc provided for by two points on a cir-
cle

open angle circle,
point1,
point2
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Fig. 3. Assembly structure including contour elements

Table 4. Examples of surfaces

Type Name Description Attribute
Plane plane horizontal plane by height specification height
Cylinder cylinder cylinder by center axis and radius center axis,radius
Sphere sphere sphere by center point and radius center point,radius

Fig. 4. Assembly structure including the face

In the following, we explain the assembly structure including the face by
using the example shown in Fig.4. In this figure, Face F1 has a Plane H1 with
a height of 10. Face F1 is composed of OutLoop Loop1 and InLoop Loop2.
OutLoop Loop1 is composed of Arc A1, Segment S2, Arc A2, and Segment
S1. InLoop Loop2 is composed of Circle Cir35 . Some basic figures are omitted
in this figure. In (b), Loops is an object that shows a set of InLoops. The thick
line shows the set.

4.5 View

The part’s form seen from the direction in which the part is pulled out of the
mold is called the View. The assembly structure of the View is composed of the
5 A Circle is considered to be the loop.
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standard arrangement coordinate system and all assembly objects that depend
on this arrangement coordinate system. The View is then represented in terms
of this arrangement coordinate system. The coord C0 in Fig.2 is a representative
of the View.

4.6 Part Form

The Part form is a synthesis of two or more Views centered on the part’s
standards. The mold of the Slider is set to a direction different from those of
the Cavity and the Core. The position and the posture of the View can then be
defined by using the coordinate arrangement system in three dimensions. Up to
now, we have focused on an arrangement coordinate system in which the view
is represented in two dimensions. However, the arrangement coordinate system
can also be interpreted in three dimensions. The arrangement coordinate system
in three dimensions showing the part’s center is the representation of the Part
form. All Views depend on this arrangement coordinate system.

Fig.5 shows the part form used to synthesize two Views of the cavity and
the core. The representation of the cavity is made based on the arrangement
coordinate system C0. The representation of the core is made based on the
arrangement coordinate system C0′. Fig.5 (a) shows the relation between the
actual parts and the View. Fig.5 (b) shows the assembly structure of the Part
form. The dotted lines with arrowheads are dependencies that omit assembly

Fig. 5. Part form
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object further down the assembly chain. PC0 is an arrangement coordinate sys-
tem showing the part’s center. View C0 is arranged at the position that moved
from PC0 in the Z-direction by -5. The coord PC1 is arranged at the posi-
tion in which coord PC0 was rotated around the X-axis by 180◦ . In addition,
coord C0′ is arranged at the position in which coord PC1 was moved in the
Z-direction by 5.

5 Three-Dimensional Form Generation

The three-dimensional form of a mechanism part can be generated based on the
assembly structure of the Part form. A rectangular solid larger than the part’s
form is first prepared. The rectangular solid is reduced to the positions of the
Faces in the View. When the rectangular solid is reduced to the position of the
Faces of all Views, the Part form of the 3D form can be generated.

A mechanism part actually has parting lines where it touches the metal mold
when made by injection molding. When the View is made, faces where the
cavity and the core of the metal mold touch are arranged as the Face of the
assembly object. As a result, we can easily enhance the model to include the
parting line is considered.

Fig.6 shows a three-dimensional form generated from the assembly structure
shown in Fig.5 . Fig.6 (a) is the three-dimension form on the View of the
cavity generated by reducing the rectangular solid. In addition, the Part form
is generated by reducing this according to the core’s assembly structure, as shown
in Fig.6 (b).

In Fig.6 (a), the shaded portion is not a Face of the View assembly structure.
Rather, when the View is formed, this side face is created as a logical consequence
of View formation. The gear, the shaft, and the hole, etc., that are made by
injection molding become the surface where this side face functions.

The assembly simulation can be done by using the generated three-dimen-
sional forms. Moreover, the interference checks of parts can be done. These can
decrease the failure of the design.

(a)3D form of cavity. (b)3D Part form.

Fig. 6. 3D form of a part
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6 Assembly Structure Operation

The assembly structure is edited by using the basic operations shown in Table 5.
These basic operations include the procedures that generate each assembly ob-
ject, such as Basic figure, Contour element, Face, View, and Part form.

Table 5. Examples of basic operations for assembly structure

operation type operation name operation meaning
generate an in-
stance of assembly
object

make instance(Class,Obj,
attributes(a1(v1),. . . ,an(vn)),
relation(r1(Ob1),. . . ,rn(Obn)))

To make instance Obj from the
Class. ai(vi) means attribute ai

with the initial value or the ex-
pression vi.

refer to a object
by dependence

Obj.R To refer to the assembly objects
that assembly object Obj depends
on them by the dependence R.

inversely refer to a
object by depen-
dence

Obj.inv(R) To refer to the assembly objects
that depend on assembly object
Obj by the dependence R.

change attribute
value

set attribute(Obj, a, v) To change the value of attribute a
of assembly object Obj.

get attribute value Obj.a To refer to the value of attribute
a of Obj.

\
\

Fig. 7. A procedure for generating line 2P

Fig.7 shows examples of the procedure that generates the assembly object of
line 2P. In this figure, the expressions (1), (2), and (3) define interceptX , inter-
ceptY , and the dependence ahead, respectively. When interceptX of line 2P is
referred to, expression (1) is evaluated. The description form shown in Fig.7 in-
cludes the addition of an object-oriented feature to Prolog [10] . Other assembly
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Fig. 9. 3D forms of parts input by experiment

objects can be similarly defined. The kind of class used when generating the
assembly object is ‘part form’, ‘view’, ‘face’, or the item ‘Name’ in Tables 2,3,
and 4 .

7 Experimental Edit System of Design Product Model
for Mechanism Parts

To demonstrate the effectiveness of our model, we developed an experimental
system based on the model. The assembly structure can be edited using this
system. Fig.8 shows an overview of the system at its present stage of devel-
opment. This system includes ‘GUI’ that corresponds to the operation of 2D
CAD. The ‘Assembly structure edit tool’ edits the assembly structures of parts
through GUI. The ‘Assembly structure management module’ manages the as-
sembly structures of the mechanism parts. The ‘Class Library’ is used to refer
to the information necessary for generating and editing the assembly structure.
The ‘Model Base’ saves the assembly structure of the designed mechanism parts.
The ‘3D Generator’ automatically generates the three-dimensional form of mech-
anism parts based on the assembly structure. The ‘3D Generator’ is powered by
Parasolid (Unigraphics Solutions Inc.)[11] .

Certain mechanism parts of precision consumer products were used to evalu-
ate the experimental system, and it was confirmed that the parts’ three-dimen-
sional forms could be generated based on the assembly structures. Fig.9 shows
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three-dimensional forms of the parts input to the system. (a) is a part of easy
shape, and (b) is a part of complex shape. In addition, when the assembly struc-
tures of the mechanism parts changed, their three-dimensional forms changed
automatically.

The input time was shorter than a general CAD system just a little. However,
the input time of parts was not too important because it was a confirmation of
an effectiveness of the model this time. Time to generate three-dimensional form
from the model was 1 second or less.

8 Conclusion

In this paper, we have focused on the detailed design of mechanism parts for
precision consumer products created by means of injection molding, and have
proposed an assembly structure that manages design information. The mecha-
nism parts are described based on the faces that are expressed in terms of the
two dimensional figure and their surfaces. The two dimensional figure and that
of the surface are classified into primitive objects. And, the assembly structure
is constructed by using them. The proposed model can treat the direction in
which a mold is pulled during injection molding. This paper has also proposed
a technique that can generate the three-dimensional forms of mechanism parts.
Finally, this paper demonstrated the effectiveness of the model by constructing
an experimental model system and applying it to design examples.

In the future, it will be necessary to enhance the model and to develop a
design support system that can verify assemblies and mechanism operation. It
will also be necessary to apply the model system to actual design projects.
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Abstract. We report on a knowledge-based system for process planning
in cold forging. In this system, a forged product is represented as an ag-
gregation of forming patterns that consists of cylindrical pillar parts. The
basic principle of the inference method we propose is to adjust the diam-
eters of neighboring stepped cylinders so that they are identical. Plural
deformable process plans are generated using expert knowledge about
working limits, die configurations, and metal flow. This system can elim-
inate ineffective plans by using the knowledge of how to combine plural
forming patterns into a single process. Moreover, it can evaluate process
plans and interactively select the optimal one by considering production
costs, the forming load, the effective strain in the product, the equipment,
and other factors. We applied this system to actual forged products. As
a result, this system is widely applicable to various shapes and types of
equipment and can improve both maintenance and operation.

1 Introduction

Forging is a process of forming steel or non-ferrous metal billets into required
product shapes through intermediate products by hammering or pressing as
shown in Fig. 1. This process is applicable to mass production and is, therefore,
widely used in manufacturing automobile parts.

Process planning in forging is very important because it has great influence
on the cost and quality of the final products. However, it is time-consuming and
requires considerable experience and knowledge about forming and equipment.
Because the number of expert engineers is decreasing, it is essential to create
a way for companies to inherit this knowledge by developing systems using a
knowledge-based approach that incorporates a knowledge of the forging process
and formulates the utilization of this knowledge.

For this purpose, many kinds of knowledge-based systems have been developed
[1, 2, 3, 4, 5, 6, 7]. These can be classified into two types. Systems of the first
type formulate a new process plan by retrieving previous cases and revising
them. Such systems, however, cannot generate a plan if a similar case is not
stored in their database. Systems of the second type generate new process plans
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Fig. 1. An example of multi-stage cold forging

by using knowledge of the forming method of one process, its working limits,
etc. For this type of system to be applicable to various kinds of products, it is
necessary to analyze and formalize a large number of cases in order to build
a cumulative knowledge base. For these reasons, neither of these two types of
systems is applicable to a wide range of forged products and equipment.

The basic concept of the present study is to faithfully reproduce the thinking
processes of expert engineers in process planning in forging. In our approach,
expert knowledge of process planning is decomposed into working limits, die
configurations, and metal flow. As a result, the decomposition of the knowledge
contributes greatly in applying it to a variety of forged products and equipment.
Therefore, in our approach various practical process plans and die configurations
can be generated by the use of this knowledge. Furthermore, an optimal process
plan can be evaluated and selected based on considerations of production costs,
forming load, effective strain in the product, equipment, etc.

This paper explains a prototype system based on our basic principles and
describes the functions of plan generation and plan selection [8]. In particular,
methods to implement plan generation such as data representation, inference
method, and knowledge representation are mentioned. We demonstrate the use-
fulness of our system by applying it to various practical solid and hollow forged
products.

2 Outline of FORTEK

For axis-symmetrical solid or hollow cold forged products, including such as
bolts and gears, the present system uses knowledge to generate feasible pro-
cess plans. Next, it selects the optimal process plan, also incorporating a de-
signer. The optimal criteria, which include information such as forming load,
effective strain, and the die configuration, are interactively defined by the de-
signer.

First, in the plan generation stage, the system, with knowledge about working
limits, die configurations, and metal flow, generates feasible process plans, which
consist of a series of single formings combined into a single process. At this time,
a plural forming in a single process plan is generated based on a combination of
the forming methods.
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Next, in the plan selection stage, the system evaluates each process plan based
on the stage number of the process, the forming load, and the effective strain,
and it selects the optimal one. Designers can select a desirable plan interactively
from feasible plans.

3 Plan Generation

We analyzed the thinking processes of expert engineers during plan generation
and found that expert engineers gave attention to the differences between cylin-
drical pillars. As a result, we formulated the operation of process planning in the
present system so that the diameters of neighboring cylindrical pillars are ad-
justed to make them identical. To obtain feasible plans, we apply the method of
plural forming in a single process to the plans that are generated by the above
operation. In this chapter, we explain the data representation, the inference
method of plan generation, and the knowledge representation.

3.1 Data Representation

The shape of a forged product is represented as a series of Basic Elements (BEs),
shown in Fig. 2. In a hollow product, the outer and inner (upper-inner and lower-
inner) shapes are individually represented.

Each BE includes not only geometrical information such as diameter and
height, but also deformation information such as plastic strain and forming load.

For example, the forged solid product shown in Fig. 3(a) is represented by
[C1,TL3, C1, TU3, C1, TU1, C1, TU1, C1]. Similarly, the forged hollow product
shown in Fig. 3(c) is represented by an outer: [C1, TU3, C1, TU1, C1], by an
upper-inner: [C1], by and a lower-inner: [].

In a forming process, a work-piece, i.e., a constructed cylinder part, is de-
formed into an intermediate product and also a forged product that consists of
plural cylinder parts. In our system, a forged product is represented as an aggre-
gation of forming patterns that consists of stepped cylinders. Fig. 3(b) shows a
solid product (a) represented as an aggregation of four stepped cylinders [SC1,
SC2, SC3, SC4]. Similarly, Fig. 3(d) shows a hollow product (c) represented as

Fig. 2. Data Representation (Basic Elements)
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Fig. 3. Input Products

an aggregation of two stepped cylinders [SC1, SC2] for an outer and one stepped
cylinder [SC3] for an upper-inner.

In our system, all data such as the basic element, the product, and the stepped
cylinder are managed uniformly in an object-oriented framework.

3.2 Inference Method of Plan Generation

We formulated the model of a forged product as consisting of an aggregation of
N stepped cylinders. The N stepped cylinders mean that the forged product is
deformed through N-1 intermediate products from a work-piece. This process is
achieved by the the Adjustment of Stepped Cylinder (ASC) method described
below.

To reduce the number of stages in the process plan, combining plural forming
into a single process is achieved.

Inference method of the ASC method. For plan generation, we propose
the ASC method, in which the basic principle of plan generation involves ad-
justing the diameters of adjacent stepped cylinders so that they are all identical.
By using the ASC method, a forged product is transformed into a pre-formed
product. The operation is repeated until the pre-formed product is transformed
into a work-piece.

As shown in Fig. 4, part of a target cylinder and a joint is transformed into
a shape whose diameter is the same as that of the key cylinder. Fig. 5 shows a
schematic illustration of how the method is applied to the forged product shown
in Fig. 3(a). Notice that the direction of the ASC method is the reverse of the
forging process shown in Fig. 1.

In the mechanisms of the ASC method, our formulations involve one state of
an object being transformed into another state of the object. In this operation,
FORTEK updates instance attributes using object manipulation functions in
order to generate pre-formed products, as shown in Table 1.

The ASC method generates two pre-formed products with different diameters.
As shown in Fig. 6, adjusting the diameter of the target cylinder to that of the
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Fig. 4. The ASC method

Fig. 5. Schematic illustrations representing the basic principle for plan generation

Table 1. Object manipulation functions

key cylinder generates two pre-formed products. Fig. 7 shows the process of
applying the ASC method to the forged product shown in Fig. 3(a) and shows
that plural intermediate (pre-formed) products and work-pieces with different
diameters are generated.

In general, the ASC method generates 2NN ! process plans for a forged product
that consists of N stepped cylinders. The number of aggregations of the product
shown in Fig. 7 is 4, so 384 process plans are generated.

However, the geometrical transformation by the above the ASC method may
generate impractical plans. To avoid the generation of ineffective plans, knowl-
edge of plan generation for forming limits, die configuration, and metal flow is
introduced [9], as shown in Section 3.3.

Inference method for plural forming combined into a single process.
In practical application, the plural portions of an intermediate product may
be simultaneously formed into a single process, while only one portion of an
intermediate product is formed in one process using the ASC method.
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Fig. 6. Generated patterns

Fig. 7. Schematic illustrations representing key and target cylinder, and plural process
plans generated by the ASC method

In the present system, combining plural forming into a single process is
achieved by taking into consideration the constraint conditions of plural working
limits, the combination of different forming methods, etc. A schematic illustra-
tion of the combination of plural forming into a single process is shown in Fig.
8. Section A of the forged product P1 is generated as section A’ of the inter-
mediate product P2 by applying the ASC method. Similarly, section B of the
intermediate product P2 is generated as section B’ of the intermediate product
P3. In this example the system combines plural forming into a single process by
generating section B’ from the A section. The lower part of Fig. 8 shows two
stages of plural forming in a single process, i.e., the combination of the forming
methods: US + RE and RE + RE.

It is necessary to consider the above constraint conditions simultaneously at
this time. If one or more of the intermediate products are eliminated from the
original process plan and the targets of the plural forming are achieved within
the constraint conditions, new process plans are generated. These constraint
conditions are written in the knowledge-base.
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Fig. 8. Schematic illustration representing the plural forming in one process

3.3 The Knowledge Representation of Plan Generation

In the previous system [5], the knowledge of working limits, die configuration,
and metal flow was acquired from each case and stored in the system as compiled
knowledge [10,11]. In contrast, the present system stores decompiled knowledge
such as working limits, die configuration, and metal flow as individual items.
For this reason, the system is widely applicable to various shapes and types of
equipment.

We classified plan generation knowledge into the three categories of working
limits, die configuration, and metal flow and found that the contents of knowledge
for each operation are different but that the usage of it is similar, irrespective
of each operation. As a result, all the knowledge can be described in the same
manner. In order to execute plan generation, the inference method applied to the
knowledge manipulates instance attributes using object manipulation functions,
as shown in Table 1.

Knowledge is composed of if-then rules which have condition and action
parts. If the condition parts are satisfied, then the action parts are executed.

Using this knowledge representation, designers can maintain knowledge-bases
that are independent and not consistent with other knowledge-bases because
knowledge-bases are classified according to their plan generation into three
categories.

Knowledge of working limits. Knowledge of the working limits in the form-
ing methods, i.e., rod extrusion (RE), upsetting (US), can extrusion (CE), and
shearing (SH), is stored within the system.

Fig. 9 shows an example of the knowledge of the working limits in RE. In
this example, the reduction in area and the angle of taper are described as a
constraint condition of the working limits. If the condition part is satisfied, the
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Fig. 9. An example of the knowledge for working limit

Fig. 10. An example of the knowledge representation for working limit

intermediate product will be transformed using the ASC method. In detail, if
the reduction in area is smaller than 90% and the angle of taper is between 30
and 60, then the forming method is FRE, and the intermediate product will be
transformed. Fig. 10 shows the knowledge representation of Fig. 9 by using the
knowledge-based tool DSP [12], which is developed with Inside Prolog [13].

Knowledge of die configuration. If the forming method differs, regardless of
whether the intermediate product is the same, the die configuration also differs.
Moreover, the die configuration depends on the accuracy of the forged prod-
ucts. If the die configuration becomes complicated, it will become a factor in an
unexpected fracture.

The die configurations (upper die, lower die, outer case, etc.) were stored in
this system as knowledge of the die configuration. After plan generation, the die
configuration is determined using the above knowledge, information about the
forged product and the forming method.

Fig. 11 shows an example of the stored knowledge about the decomposition
of upper and lower dies. In the example, there are two decomposition patterns.
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Fig. 11. Example of knowledge for die configuration

Fig. 12. Example of knowledge representation for die configuration

Fig. 12 shows the knowledge representation for pattern 1 in Fig. 11. First, the
knowledge checks the condition of the forming-method and the connectivity of
the maximum diameters, refers and calculates values of instances attributes, then
generates new instances such as upper and lower dies, and finally puts calculated
values on the instances.

Knowledge of metal flow. When based solely upon the above knowledge
of working limits and the die configuration, the ASC method may generate
poor quality products suffering, for example, from folding and/or dimension
faults.

An expert engineer can heuristically evaluate a process plan for metal flow
conditions. Knowledge of metal flow is therefore introduced into the present sys-
tem to eliminate poor quality products. This knowledge describes the condition
of a transformation being good or not. Fig. 13 describes the knowledge of the
transformation by which the ACS method causes a forging defect and removes
it, and Fig. 14 shows the knowledge representation of Fig. 13.
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Fig. 13. An example of the knowledge for metal flow

Fig. 14. An example of the knowledge representation for metal flow

4 Plan Selection

Plural deformable process plans are generated using the ASC method and the
method of plural forming combined into a single process. It is difficult to au-
tomatically select the optimal process plan because the evaluation factors envi-
sioned by the designer are different from those of any specific production envi-
ronment. In the present system, a designer interactively selects the optimal plan
or the most desirable plans from among the feasible ones on the basis of the
organization strategy and other circumstances.

As shown in Fig. 15, the designer inputs an evaluation item and its require-
ments to the system, and then the system evaluates all feasible plans and screens
out ones that cannot satisfy the requirements. The operation is repeated until a
desirable plan can be found.

The selection should be made by considering such items as the following:

– Maximum number of stages in the process plan
– Billet size: the diameter and/or the length of work-pieces
– The maximum and/or average forming load in each stage and the total
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Fig. 15. Procedure of plan selection

– Maximum strain and degree of work hardening in the final product and
performs which the accumulated strain in the forged product

– Requirements of the intermediate heat treatment and the lubrication: the
number of heat treatments between processes

5 Execution Results

We applied FORTEK to the practical axis-symmetrical solid and hollow prod-
ucts to evaluate the usefulness and effectiveness of the proposed system. The
prototype of FORTEK was implemented with the knowledge-based tool DSP
and Microsoft Visual Basic.

Once the designer inputs a forged product shape, the system generates the
feasible (deformable) plural process plans from the forged product shape to the
work-pieces. Subsequently, the system selects the optimal plans from among the
feasible plans in the plan selection stage, incorporating a designer. In this case,
15 kinds of plan generation knowledge were stored.

In plan generation for the solid and hollow products shown in Fig. 16, this
system generated 612 and 12 process plans, respectively, and the total execution
times were 219 and 0.5 seconds. Typical outputs of the process plan are shown
in Fig. 17 and Fig. 18.

As shown in these figures, desirable process plans were successfully obtained;
thus, we were able to obtain a solution containing a process plan in an actual
production.
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Fig. 16. Examples of the cold forged products
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Fig. 17. Typical output of forging sequence plans for solid product
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Fig. 18. Typical output of forging sequence plans for hollow product
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6 Conclusions

For the purposes of plan generation, we analyzed the thinking processes of expert
engineers and formulated an operation of process planning that adjusted the
diameters of adjacent stepped cylinders so that they were all identical. In this
case, knowledge of the working limits, die configurations, and metal flow was
used in identifying and eliminating undesirable plans. To obtain feasible plans,
we combined the method of plural forming into a single process and from this
created the plans that were generated by the above operation. The system then
evaluated all generated plans to interactively select the optimal process plan by
screening out those that could not satisfy the requirements.

We developed a prototype system, FORTEK, and applied it to actual forged
products; appropriate results, including a practical process plan, were obtained.
The knowledge using the ASC method can be widely applicable to various shapes
and equipment. Therefore, both maintenance and operation have been improved
in the present system.

This system utilizes knowledge of the working limits, die configuration, and
metal flow. However, acquiring knowledge of metal flow was found to be dif-
ficult. Additional analysis is necessary in the future in order to formulate and
incorporate this knowledge of metal flow in conjunction with physical/numerical
simulation in designing a detailed die configuration.
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Abstract. Current developments in Knowledge Management concern the 
sharing and usage of knowledge in dynamic environments. The need for 
systems that both react to and anticipate the needs and expectations of users 
calls for flexible and adaptable development and implementation frameworks. 
These are exactly the characteristics that identify software agents and agent 
societies, which make natural the application of the agent paradigm in KM. 
This paper attempts to identify both the advantages of agents for KM, and the 
aspects of KM that can benefit most from this paradigm. Furthermore, the paper 
describes several current KM projects that use agent technology and identifies 
open research areas 

1   Introduction 

The main goal of Knowledge Management (KM) is to provide relevant knowledge to 
assist users in executing knowledge intensive tasks. KM is about facilitating an 
environment where work critical information can be created, structured, shared, 
distributed and used. To be effective such environments must provide users with 
relevant knowledge, that is, knowledge that enables users to better perform their tasks, 
at the right time and in the right form. Knowledge Management (KM) has been a 
predominant trend in business in the recent years. Scaling-up research prototypes to 
real-world solutions usually requires an application-driven integration of several basic 
technologies, e.g., ontologies for knowledge sharing and reuse, collaboration support 
like CSCW systems, and personalized information services.  

As it is often mentioned in the literature, knowledge tasks have a collaborative 
aspect, that is, an individual can best acquire and use knowledge by reusing 
information already collected and annotated by others or by making use of existing 
relations among people (communities) [9]. Furthermore, a KM system must be able to 
adapt to changes in the environment, to the different needs and preferences of users, 
and to integrate naturally with existing work methods, tools and processes. That is, 
KM systems must be reactive (able respond to user requests or environment changes) 
and proactive (able to take initiatives to attend to user needs). These aspects also 
characterise intelligent software agents, what seems to indicate the applicability of 
agent technology in the KM area.  

Intelligent agents are a relatively new paradigm for developing software applica- 
tions and are currently the focus of intense interest on the part of many fields of 
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computer science and artificial intelligence [7]. Agents have made it possible to 
support the representation, co-ordination, and co-operation between heterogeneous 
processes and their users. Internet technology and software agents make thus possible 
to build sophisticated, well performing KM systems designed to deliver content, from 
multiple, heterogeneous sources, to each individual, in the individual’s specific 
context and under the individual’s own control. This ability contributes to improve the 
relationship between knowledge suppliers and consumers by providing both parties 
more precise control over the interaction. 

In order to cope with the inherent complexity of a more comprehensive solution, 
the concept of Agent-mediated Knowledge Management (AMKM) proposes agent-
based approaches to deal with collective aspects of the domain in an attempt to cope 
with the conflict between desired order and actual behavior in dynamic environments 
[4]. Inherent to AMKM is a social layer, which structures the society of agents by 
defining specific roles and possible interactions between them.  

In this paper, we intend to show the applicability of agent technology to the 
development of collaborative KM environments that address the problems highlighted 
above. The paper is organised as follows: Section 2 provides some generic back- 
ground on Knowledge Management and software agents. Section 3 discusses the 
applicability potential of agents to the KM area. In section 4, some current KM 
projects that make use of agent technology are listed. In section 5, discusses issues 
related to AMKM design and methodology, on the basis of the OperA framework 
being developed at our institute. Finally, section 6 presents our conclusions and dis- 
cusses some open issues and highlights aspects for further research. 

2   Background 

2.1   Knowledge Management Environments 

Business processes are often highly dynamic and unpredictable. This makes it 
difficult to give a complete a priori specification of all the activities that need to be 
performed, which their knowledge needs are, and how those activities should be 
ordered. Within organisations, there is a decentralised ownership of the tasks, 
information and resources involved in the business process. Different groups within 
organisations are relatively autonomous, in the sense that they control how their 
resources are created, managed or consumed, and by whom, at what cost, and in what 
period [6]. Furthermore, often multiple and physically distributed organisations (or 
parts hereof) are involved in the business process. Each organisation attempts to 
maximise its own profit within the overall activity. That is, there is a high degree of 
natural concurrency (many interrelated tasks and actors are active at any given point 
of the business process) which makes important to monitor and manage the overall 
business process (e.g. total time, total budget, etc.). These characteristics call for an 
environment that integrates the business process aspects of knowledge work with 
active support for searching, using and adding heterogeneous knowledge sources [15].  

The first attempts towards business integration were made at the data level, where 
distributed computing frameworks have been developed to support distributed 
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computing in heterogeneous environments and provide an interface description 
language and services that allow objects to be defined, located and invoked across 
locations and applications. However, knowledge assets available in an organisation 
are more than data sources alone. Such assets include structured and unstructured 
information, multimedia knowledge representations and links to people (ex. through 
knowledge maps or yellow pages). Besides using existing knowledge sources, the 
environment should be able to create (and store) new knowledge based on its 
observation of the user’s task performance [11]. Furthermore, there is a need to 
combine formal and informal knowledge representations, as well as heterogeneous 
multimedia knowledge sources. At knowledge level, integration must be based on the 
semantics and the context of the problem at hand. A knowledge-level integration 
framework must be able to create dynamic relationships between knowledge-intensive 
business processes and knowledge sources that do not compromise the autonomy of 
the different parts. In order to be able to support the execution of knowledge-intensive 
tasks, using knowledge from heterogeneous sources, according to diverse user 
preferences, KM system must be able to provide a common knowledge description. In 
this way, integration and autonomy are achieved by separating the use of knowledge 
from the specific characteristics of the knowledge source. KM systems must therefore 
provide uniform access to a diversity of knowledge and information sources of 
different degree of formality. Furthermore, knowledge management environments 
must be able to adapt to the different needs and preferences of users, and integrate 
naturally with existing work methods, tools and processes. That is, such environments 
must be reactive and proactive.  

2.2   Intelligent Software Agents 

The key issue in software agents is autonomy, which refers to the principle that 
agents can operate on their own, without the need for human guidance. An 
autonomous agent has the control over its own actions and internal state. That is, an 
agent can decide whether to perform a requested action. Furthermore, agents are 
problem-solving entities, with well-defined boundaries and interfaces, designed to 
fulfil a specific purpose and exhibit flexible and pro-active behaviour. Autonomous 
agents have the possibility to interact with other agents using a specific 
communication language, thus creating a sort of social ability that allows them to 
perceive their environment, respond to its changes or achieve goals by simply 
adapting and reacting to other players. A Multi-Agent System (MAS) can therefore be 
defined as: “a collection of possibly heterogeneous, computational entities, having 
their own problem solving capabilities and which are able to interact among them in 
order to reach an overall goal” [5].  

Agents usually operate in a dynamic, non-deterministic complex environment, in 
which a single input action can often produce unexpected results. MAS environments 
assume no global control, data decentralization and asynchronous computation. 
Furthermore, agents in a MAS are assumed to operate with incomplete information or 
capabilities for solving the problem. Communication is thus the key for agents to 
share the information they collect, to co-ordinate their actions and to increase inter-
operation. In heterogeneous systems, knowledge sharing is hampered by the lack of 
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common ontologies. Therefore, adequate support for ontology matching and meaning 
negotiation is of great importance to MAS and to AMKM in special. 

3   Agents in Knowledge Management  

KM environments can be described as distributed system where different actors, 
acting autonomously on behalf of a user, and each pursuing its own goals, need to 
interact in order to achieve their goals. In such environments, the ability to 
communicate and negotiate is paramount. Furthermore, the number and behaviour of 
participants cannot be fixed a priori and the system can be expected to expand and 
change during operation, both in number of participants as in amount and kind of 
knowledge shared. The choice for multi-agent systems for KM is motivated by the 
following observations:  

• KM domains involve an inherent distribution of data, problem solving capabilities 
and responsibilities (conforms to the ideas of autonomy and social ability of 
agents). 

• The integrity of the existing organisational structure and the autonomy of its 
subparts need to be maintained (uses autonomous nature of the agents). 

• Interactions in KM environments are fairly sophisticated, including negotiation, 
information sharing, and coordination (requires complex social skills with which 
agents are endowed). 

• KM domains call for a functional separation between knowledge use and 
knowledge sources as a way to incorporate dynamic behaviour into information 
systems design (agents can act as mediators between source and application of 
knowledge). 

• The solution for KM problems cannot be entirely prescribed from start to finish 
and therefore problem solvers are required that can respond to changes in the 
environment, to react to the unpredictability of business process and to proactively 
take opportunities when they arise (requires the reactive and proactive abilities of 
agents). 

In order to cope with the inherent complexity of a more comprehensive solution, 
the concept of Agent-mediated Knowledge Management (AMKM) proposes agent-
based approaches to deal with collective aspects of the domain in an attempt to cope 
with the conflict between desired order and actual behavior in dynamic environments. 
Inherent to AMKM is a social layer, which structures the society of agents by 
defining specific roles and possible interactions between them. Van Elst, Dignum and 
Abecker argued that “the basic features of agents (social ability, autonomy, re- and 
pro-activeness) can alleviate several of the drawbacks of the centralized technological 
approaches for KM” [4]. In that article, we proposed three dimensions to describe 
agent KM systems: the system development layer (from analysis to implementation of 
the system), the macro-level structure of the system (single agent and Multi-agents 
models) and the KM applications area (share, learn, use, distribution and so on). 
Taking into account the second dimension, a classification of software or experi- 
mental models of agent systems was proposed that could support KM. For example, 
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Personal Information Management (PIM) tools could be considered as single agent 
systems whose task is to support knowledge workers in their daily work in a way to 
become “a personal assistant who is collaborating with the user in the same work 
environment” [13]. Many different examples fall into this category, like Lieberman’s 
Letizia [12] and the OntoBroker developed by Staab and Schnurr [15].  

In KM environments, agents can check of the dynamic conditions of the 
environment, reason to interpret those perceptions, solve problems, draw inferences 
and determine actions, and finally, act accordingly. The use of agents in KM can be 
seen in two perspectives. In one hand, agents can be used to model the organisational 
environment where the KM system will operate and, on the other hand, software 
agents can be used to implement the functionality of KM systems. Most existing KM 
projects involving agent technology concentrate on using agents as implementation 
tool modelling primitives. Agents are used there to support and extend the activity of 
(human) users. However, more and more interest is arising about the advantages of 
agent-based modelling of KM environments. In the remaining of this section, we will 
describe both perspectives in more detail. 

3.1   Agent-Based Models for KM Environments 

Agent-based models for knowledge management see agents as autonomous entities 
(like employees in a company) that are endowed with certain behaviours and the 
interactions among these entities give rise to complex dynamics. In this context, 
agents can be defined as ‘one that acts or has the power or authority to act’ or ‘one 
that takes action at the instigation of another’. The concept of agent in this sense is not 
new, nor restricted to software. In this perspective, agents are autonomous social 
entities that exhibit flexible, responsive and proactive behaviour.  

An organisation can be seen as a set of entities and their interactions, which are 
regulated by mechanisms of social order and created by more or less autonomous 
actors to achieve common goals. Business environments must furthermore consider 
the behaviour of the global system and be able to incorporate collective characteristics 
of an organisation such as stability over time, some level of predictability, and clear 
commitment to aims and strategies. While current research often takes individual 
agents as starting point and looks at interaction from the perspective of an individual 
agent, that is, how it affects and influences the goals and beliefs of the agent, agent 
models for organisations must take the perspective of the organisation as a whole. 
That is, multi-agent systems, or agent societies, must therefore be able to define the 
global aims as well as the roles and responsibilities of participants.  

Agent societies represent the interactions between agents and are as such the 
virtual counterpart of real-life societies and organisations. Individual agents model 
specific roles in the society and interact with others as a means to accomplish the 
goals specified by those goals. This perspective makes the design of the system less 
complex since it reduces the conceptual distance between the system and the real-
world application it has to model. Therefore, agent societies are an effective platform 
for virtual organisations because they provide mechanisms to allow organisations to 
advertise their capabilities, negotiate their terms, exchange rich information, and 
synchronise processes and workflow at a high-level of abstraction [15].  
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From an organisational perspective, the main function of an individual agent is the 
enactment of a role that contributes to the global aims of the society. That is, society 
goals determine agent roles and interaction norms. Agents are actors that perform 
role(s) described by the society design. The agent’s own capabilities and aims 
determine the specific way an agent enacts its role(s). However, the society is often 
not concerned about which individual agent will actually play a specific role as long it 
gets performed. Several authors have advocated role-oriented approaches to agent 
society development, especially when it is manifest to take an organisational view on 
the application scenario [17], [18]. 

3.2   Using Agents to Implement KM Systems  

Knowledge Management Environments can be implemented as communities of 
different types of agents that collaborate to provide the required support to users on 
their knowledge intensive tasks. In agent-based implementations of knowledge 
management systems, software agents are employed as tools to manage loosely 
coupled information sources, to provide unifying presentation of distributed 
heterogeneous components and to personalise knowledge presentation and navigation. 
Possible agent-based services in a KM system are [8]: 

• Search for, acquire, analyse, integrate and archive information from multiple 
heterogeneous sources, 

• Inform us (or our colleagues) when new information of special interest becomes 
available, 

• Negotiate for, purchase and receive information, goods or services, 
• Explain the relevance, quality and reliability of that information,  
• Learn, adapt and evolve to changing conditions. 

These services are often specified in terms of the following types of agents: 

− Personal Assistants represent the interests of the user and provide the interface 
between users and the system. They are concerned with user preferences and 
needs, and will present information in the preferred format, at the right time. A 
proactive personal assistant agent will not only perform the tasks given to it by the 
user, but will also suggest knowledge sources or other resources that are not 
explicitly requested if they match the user's interests.  

− Cooperative Information Agents (CIAs) focus on accessing multiple, distributed 
and heterogeneous information sources. A CIA needs to maintain actively its 
information by communicating with others and reasoning about its own 
information.  

− Task analysts are agents that monitor a certain task in the business process, 
determine the knowledge needs of the task, and gather that knowledge by 
communicating with other agents. The agent can also monitor the execution of the 
task and evaluate the applicability of the knowledge provided. The lessons learned 
here are used to update its internal state and optimising task knowledge. 

− Source keepers are agents dedicated to maintaining knowledge sources and are 
responsible for describing the knowledge contained in the source and extract 
relevant information for a given request. Source keepers can also actively propose 
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uses for its source to other agents based on its own knowledge of other agents’ 
needs. 

− Mediators are agents that can provide a number of intermediate information 
services to other agents. They may suggest collaboration between users with 
common interests, or provide information about the tools available.  

4   Applications of Agents in KM 

Knowledge Management systems typically employ a strong organizational 
perspective. Macro-level questions, such as number of agents or stakeholders, the 
typology of information flows and the coordination of decisions are therefore of 
special concern. One possible way of characterize AMKM systems, as proposed in 
[Springer] is the degree of sociability of its agents: 

• Single-agent architectures: agents interact with its (information) environment and 
with the user, but have no (elaborated) interaction with other agents, in special, no 
cooperative action is expected. Typical examples include agent-based user 
interfaces and PIM agents. 

• Closed multi-agent architectures: agents co-operate with other agents in order to 
solve their tasks. These agents do not necessarily have to have exactly the same 
goals, but their tasks and capabilities are comparable. Societies are homogenous, 
and participating agents are known from the beginning. Agent–based collaborative 
filtering is a typical example for this class of MAS. 

• Open multi-agent architectures: contain multiple agent classes which may have 
completely different purposes, knowledge and capabilities. Specialists exist for 
wrapping information sources, agents for integrating different description schemas, 
and for adequately presenting information to the users. Up to a certain extent, 
agents can enter of leave the society at all times, and represent different 
stakeholders, with possibly conflicting objectives. All these different agent types 
have to cooperate and bring in their complementary expertise in order to 
accomplish the overall goal of the system. 

Furthermore, AMKM applications are characterized specifically by the knowledge 
management functionality they are meant to support. In particular, taking in account 
the well-known KM cycle, we classify AMKM applications by their focus in terms of 
KM processes:  

− Identification processes analyze what knowledge exists in an organization, what 
the knowledge containers are, who the stakeholders are, etc. 

− Acquisition is the process of integrating external knowledge into an organization. 
− Development processes generate new knowledge in the organization. 
− Distribution processes connect knowledge containers with potential users. 
− Preservation aims at the sustainability of knowledge, i.e., that is accessible and 

understandable over a period time. 
− Utilization means to operationalize available knowledge in order to solve actual 

business tasks better. 
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From these classical models, several further distinctions have been developed in 
Knowledge Management research that can be utilized to describe the application area. 
For example, systems can take a more process–oriented or a more product–oriented 
view [10], [14]. The latter emphasizes the management of explicit knowledge 
contained in “knowledge products” such as databases, documents, formal knowledge 
bases etc., whereas the former focuses on human beings and their internal knowledge, 
i.e., the “process of knowing” and the “process of exchanging knowledge” between 
people. Typical systems that take a product–oriented view are document retrieval 
agents. Expert finder systems, on the other hand, take a more process–oriented view. 
Furthermore, a KM system can support individuals and their tasks at hand, it can 
support teams and groups, or it may take a more global, organizational perspective. 
The theoretical analysis of Knowledge Management characteristics in Section 1 may 
be the source of further possible application areas for information technology, e.g., 
facilitating trust, motivating users to share knowledge, or establishing group 
awareness. Concrete agent–based KM applications may deal with one or a few of 
these aspects, or they may be more comprehensive frameworks that try to cover large 
parts of the KM cycle. In the following section we will analyze existing agent-based 
KM applications, illustrative for different approaches. 

5   AMKM Design and Methodology 

Only a few of the existing AMKM systems provide a comprehensive agent-based KM 
methodology that enables the development of KM support systems in organizational 
contexts from a software engineering perspective. Agent-Oriented Software 
Engineering (AOSE) methodologies provide models and methods adequate to 
represent and support all types of activities throughout all phases of the software 
lifecycle. AOSE methodologies must be both specific enough to allow engineers to 
design the system, and generic enough to allow the acceptance and implementation of 
multi-agent systems within an organization, allowing for the involvement of users, 
managers and project teams. From an organizational point of view, the behavior of 
individual agents in a society can only be understood and described in relation to the 
social structure. Therefore, the engineering of agent societies needs to consider both 
the interacting and communicating abilities of agents as well as the environment in 
which agent societies are situated. Furthermore, in open societies the ‘control’ over 
the design of participating agents lies outside the scope and design of the society 
itself. That is, the society cannot rely on the embedding of organizational and 
normative elements in the intentions, desires and beliefs of participating agents. These 
considerations lead to the following requirements for engineering methodologies for 
agent societies [2]: 

• Include formalisms for the description, construction and control of the 
organizational and normative elements of a society (roles, norms and goals). 

• Provide mechanisms to describe the environment of the society and the interactions 
between agents and the society, and to formalize the expected outcome of roles in 
order to verify the overall animation of the society. 
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• The organizational and normative elements of a society must be explicitly 
specified because an open society cannot rely in its embedding in the agent’s 
internal structure. 

• Methods and tools are needed to verify whether the design of an agent society 
satisfies its design requirements and objectives. 

• Provide building directives concerning the communication capability and ability to 
conform to the expected role behavior of participating agents. 

A recent proposal for a AMKM design framework and methodology is OperA [1]. 
OperA uses the agent paradigm to analyse and model organisations and their 
knowledge needs, and to provide a reusable architecture to build KM systems. 
Different knowledge intensive tasks need knowledge from different sources and in 
different presentation formats. Therefore, the framework distinguishes between 
application, description and representation of knowledge and provides a common, 
uniform description of knowledge items (both sources and needs). A community of 
collaborative agents is responsible for the matching of knowledge supply and demand 
taking in account the user needs and preferences and the knowledge needs of a task. 
By collaborating with each other and with users, agents will learn and dynamically 
extend this framework by checking the current conditions of the environment. Agents 
will collaborate to interpret those perceptions, solve problems, draw inferences and 
determine actions, and finally, act accordingly. Information agents specialised in the 
different types of sources can provide this description.  

5.1   OperA Model and Methodology 

The framework for agent societies we propose models the collective and interaction 
aspects of the society from an organisational perspective based on the notions of 
agent, role, norms, communication and goals. We propose a framework for agent 
societies consisting of three interrelated models each describing different aspects of 
the society that attempts to cope with the difference between desired order (from an 
organisational perspective) and actual behaviour (as actually realised by the 
participants) in dynamic environments [17]:  

• The organisational model is the result of the observation and analysis of the 
domain and describes the desired behaviour of an agent society, as determined by 
the society ‘owners’ in terms of goals, rules, roles and interactions.  

• The social model maps organisational roles to specific agents. Agreements 
concerning the role(s) an agent will play and the conditions of the participation are 
described in social contracts. 

• The agent model specifies the interaction agreements between agents as 
interaction contracts. This model accounts for the actual (emergent) behaviour of 
the society. 

A methodology to analyse a given domain and determine the type and structure of 
the agent society that best models that domain is described in [3]. Organisation theory 
shows that different organisations with exhibit different requirements for coordination 
and interaction. Coordination models are determined by transaction costs and reflect 
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the balance between organisational objectives and activities. For example, the market 
model fits well in an exchange situation, and the hierarchical model can be used in 
production settings. The methodology provides generic facilitation and interaction 
frameworks for agent societies that implement the functionality derived from the co-
ordination model applicable to the problem domain. Standard society types as market, 
hierarchy and network, can be used as starting point for development and can be 
extended where needed and determine the basic norms and facilitation roles necessary 
for the society.  

5.2   AMKM Architecture 

The AMKM architecture based on the model described in [1][3] consists of two 
layers: operation and facilitation as depicted in figure 1. At production level, there 
are basically three types of agents: personal assistants, (business) process task 
analysts and knowledge source keepers. Depending on the application area, other 
agent types may be needed what can be determined by the application of the metho- 
dology introduced in [3]. Each of those agents provides a transparent access to its 
organisational background. That is, a personal assistant concentrates on the fulfilment 
and description of its user needs and does not need to know the type and format of 
knowledge sources, which are encapsulated by source agents, with whom the personal 
assistant can communicate.  

The facilitation level helps agents to locate each other, based on their needs and 
facilities. That is, at facilitation level, the ‘norms’ of the society are kept and enforced 
and interaction is ensured. Furthermore, facilitation agents ensure interaction by 
monitoring and supporting contract formation, take care of introducing new agents to 
the rules of the society and keep track of the reputation of trading agents. Typical 
facilitation agent roles are matchmakers, gatekeepers and reputation agents.  
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Fig. 1. Generic architecture for Agent-mediated Knowledge Management  
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5.3   An Application of AMKM Framework 

Based on the OperA Model, we are developing a Knowledge Market to support 
KennisNet members to exchange knowledge according to the requirements expressed 
in the previous section. This model enables for the incorporation of individual 
initiative (embodied in personal agents) within organizational processes (described by 
organizational model of the society). The model is further described in the following 
subsections. 

5.3.1   Organizational Model 
The social activity of agents is coordinated at the facilitation level. That is, at 
facilitation level, the ‘norms’ of the society are kept and enforced and interaction is 
ensured. Facilitation agents ensure interaction by monitoring and supporting contract 
formation, take care of introducing new agents to the rules of the society and keep 
track of the reputation of trading agents. Typical facilitation agent roles are 
matchmakers, gatekeepers and reputation agents. Gatekeepers are responsible for 
accepting and introducing new agents to the knowledge market. Matchmakers keep 
track of agents in the system, their needs and possibilities and mediate in the matching 
of demand and supply of knowledge. Notaries register and keep track of collaboration 
contracts between agents. Finally, monitoring agents are trusted third parties that keep 
track of the execution of collaboration contracts between agents.  
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Fig. 2. Knowledge Market architecture 

The operational roles identified from the requirements and domain characteristics 
are knowledge seeker and knowledge owner, which are both specific aspects of 
personal assistants. The seeker agent provides the interface between the user seeking 
collaboration and the market and reflects the personal preferences, learning style and 
work process of the user. Owner agents are responsible to ‘advertise’ the capabilities 
of a knowledge worker and vindicate the interests of the knowledge owner. The 
owner agent can also actively offer the services and skills of its user propose uses for 



186 V. Dignum 

its source to other agents based on its own knowledge of other agents needs or 
indicated by the matchmaker. Figure 1 depicts the roles and role dependencies in the 
Knowledge Market. 

The interaction structure displayed in figure 2 describes the activity of the user 
roles (knowledge owner and seeker) in the Knowledge Market. Knowledge seekers 
and knowledge owners apply to enter the society through the ‘Member registration’ 
scene. If the application is successful, the agent proceeds can choose to ‘request 
partner’, ‘publish’ some knowledge item of its own, or ‘browse’ the repository. In the 
‘request partner’ scene, both seeker and owner agents can initiate an exchange by 
respectively announcing a need or a skill. In the ‘negotiate partnership’ scene, seeker 
and owner discuss the conditions of an exchange. The result is an interaction contract 
that describes an instance of the ‘exchange’ scene. Interaction scripts serve as a 
blueprint for the actual interactions between agents enacting roles. That is, an 
instantiation of a scene script can adapt the script to accommodate specific 
requirements of the enacting agents. Scene instances must however, comply with 
script norms and objectives. 
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Fig. 3. Interaction structure of Knowledge Market 

5.3.2   Social Model 
Social contracts describe the agreements between participating agents and the 
Knowledge Market society. People seeking collaboration can initiate through the user 
interface of the Knowledge Market a personal agent that will act as their avatar in the 
system. This agent will use the preferences and conditions specified by the user to 
find appropriate partners and negotiate exchange terms. Furthermore, factors such as 
privacy, secrecy and competitiveness between brands and departments may influence 
the channels and possibilities of sharing and must thus be considered. Matching of 
supply and demand of knowledge is very complex and requires techniques such as 
fuzzy matching algorithms, or multi-attribute matching1. Due to space restrictions we 
will not further discuss this here. 

Negotiation of social contracts is done between the applicant agent and the Gate- 
keeper agent, which will watch over the interests of the society itself. For example, 
                                                           
1  That is, how much is a specific piece of knowledge worth, at a specific moment, under the 

specific circumstances holding and to the specific partners involved in the exchange. 
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imagine that Anne is a member of the KennisNet group that is seeking knowledge on 
price policies from the competition. Anne will initiate an agent enacting the 
knowledge seeker role in the Knowledge Market. During the Member admittance 
scene, the conditions for Anne’s agent will be negotiated and fixed in a social 
contract. This contract can specify, for instance, which parts of the repository Anne is 
allowed to access, which are the obligations of Anne concerning the publication of 
knowledge items received as result of an interaction, and whether Anne allows for 
items that she provides to be published or not. 

5.3.3   Interaction Model 
When role enacting agents come together in an interaction scene, the actual 
interpretation of the scene script that is the interaction protocol to be used must be 
agreed upon. In OperA, role enacting agents will, for each scene, negotiate an 
interaction contract that defines their partnership, and fixes the way a specific 
interaction scene is to be played. Interaction contracts describe instances of scene 
scripts which inherit the organizational norms and objectives described in the 
interaction script and possibly extend or restrain it to accommodate the specific needs 
and desires of the participating agents. 

A fictive but typically possible in the domain of non-life insurance contract 
between two members is, for example, the following. Anne will provide Bob with a 
report about competition prices, on the condition that Bob will give her comments on 
the report (that she will have to present to her Unit directors) and eventually share 
with her his new pricing concept for car insurance. This contract is generated during 
the ‘Negotiate partnership’ scene and registered in the ‘Register partnership’ scene. In 
this scene, the notary agent will assign a monitor agent to check the fulfillment of the 
contract between Anne and Bob. 

6   Conclusions 

Current developments in KM indicate a need for systems that are reactive and 
proactive in relation to the needs and expectations of its users. In this paper, we have 
discussed the role of agents in the design and functionality of knowledge management 
environments. In such environments, the flow of knowledge within an organisation 
(or organisations) must take in account not only the knowledge needs of business 
processes, but also the personal preferences and level of expertise of individual users. 

Agent concepts, which originated in artificial intelligence but which have further 
developed and evolved in many areas of computing, hold great promise for 
responding to the new realities of knowledge management. While there are many 
conceptions of agents, most have embodied higher levels of representation and 
reasoning involving knowledge/belief, perception, goal, intention, and commitment. 
On the one hand, the technical embodiment of these concepts can lead to advanced 
functionality of KM systems, e.g. personalisation of knowledge presentation and 
matching supply and demand of knowledge. On the other, the rich representational 
capabilities of agents as modelling entities allow more faithful and effective 
treatments of complex organisational processes.  
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Although several projects are currently taking place that use agents for the design 
and implementation of KM systems, several research issues are still open that will 
provide a clear view of the applicability and consequences of using agents in KM. 
While the agent research area is very active, its concerns towards KM are not yet well 
covered. Agent concepts could fundamentally alter the nature of knowledge 
management both in the way KM systems are build as well as the way organisations 
are analysed and modelled. 

Future research in agent-oriented approaches to knowledge management and 
collaborative systems must include: 

• Methodologies are needed that support the analysis of knowledge management 
needs of organisations and its specification using software agents and agent 
societies  

• Reusable agent-oriented knowledge management frameworks, including the 
description of agent roles, interaction forms and knowledge description 

• Agent-based tools for organisational modelling and simulation that help determine 
the knowledge processes of the organisation,  

• The role of learning in agent-based knowledge management systems, namely, how 
to use agent learning to support and extend knowledge sharing. 
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Abstract. ubiCMS is a commercial internet based CMS application service  
built around a collection of best practice templates. ubiCMS implements best 
practice templates, e.g. for XHTML rendering, ease-of-use, browser  compati-
bility, compliance with legal requirements in MINERVA and *.MSS. To main-
tain best practice templates over time and over evolving standards is  a knowl-
edge management task. The paper explains ubiCMS and the importance  of 
knowledge management in CMS both for the application and implementation. It 
details some advantages of using Prolog for open ended content management 
and briefly introduces applications, including an   application with custom ex-
tensions.  

1   Motivation 

In any learning organization, i.e. an organization with growing explicit knowledge, 
newly arising information must have a place to go or it will clog desks and get lost, 
and it must be available to a potential re-user or it will cause double work with conse-
quential inconsistencies.  

This holds for simple business documents like invoices just as well as for complex 
bodies of documentation. Since true semantic processing is still eluding the powers of 
our otherwise mighty computers, ubiCMS does not attempt semantic processing: it 
only provides an interface between authors, users, and "content"; meaning is left to 
people. Content may be text, pictures, programs and so on. In general, authors and 
users are distant in space, time, and responsibilities. Their cooperation is supported by 
ubiCMS.  

Assumed is a business background: information serves a purpose, information is 
structured, authors and users have defined roles, resources are limited. Therefore, 
ubiCMS has to satisfy the following requirements:  

maintainable  
changes of content must not require changes to templates. 
changes of templates must not require change to content. 
if a local change requires global updates, these must be automatic.  

scalable  
there must not be any hard coded limitations to the scope of an application of 
ubiCMS with respect to time, space, users, languages, devices or other  envi-
ronmental dimensions  
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accessible  
ubiCMS must satisfy W3C/WAI, JIS, Section508 an other accessibility stan-
dards   by default and without requiring special author attention  

consistent  
site policies must be enforced by default. 
Exceptions to site policies must be explicit and cause extra effort.  

compliant  
generated renderings must be compliant with formal (e.g. W3C) and industry   
(e.g. Internet Explorer) standards for maximal interoperability  

auditable  
there must be metrics and measurements for conformance to specification  

useable  
email/blog level user expertise must suffice 
expectations must not be violated  

extensible  
there must be economic ways to incrementally add service oriented functional-
ity including reasoning, calculation, simulation, recommendation, dialog for 
non-trivial business, legal, medical, engineering or other professional use.  

2   Why Prolog in Content Management Systems? 

Many current CMS are based on the combination of a database (e.g. Postgres) with a 
rendering language (e.g. PHP). They emphasize variations of renderings of database 
content on web pages. This approach is effective for the presentation side, but it does 
not help with deeper use or processing of structured knowledge.  

ubiCMS is based on the combination of a database (filesystem), a system level en-
gine language (Java) , a business logic level language (MINERVA), and an Internet-
oriented rendering language (*.MSS).  

Although in general users are not aware of Prolog in ubiCMS, we use Prolog as the 
main mediation language for four reasons:  

1. because Prolog is one of the few major programming languages backed by a 
very well understood rigorous mathematical theory  

2. because there are stable and efficient ISO standard conforming implementa-
tions in Java suitable for large scale web programming  

3. because it is suitable for parsing, matching, recommendation and similar  
4. "intelligent" components of business logic which are not easily implemented 

in   pure database driven CMS systems.  
5. because it has a distinguished track record as implementation language for   

reasoning systems.  

This last point is important for us to achieve scalability in "processing depth", e.g. 
for financial, engineering, medical, legal reasoning as part of commercial or other 
portal sites with potentially executable knowledge.  

In short, ubiCMS uses Prolog to leverage expert systems on CMS, i.e. to open 
CMS to applications from document management through knowledge management all 
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the way to knowledge processing. The design is based on the strategic assumption 
that any business content to be "managed" also has parts that are "executable" and can 
be automated. Building a business system is the process of moving as much opera-
tional knowledge as possible through the implementation levels recognized, managed, 
automated.  

3   Related Work 

We are not aware of any commercial, accessible, international CMS hosted in Java for 
standard servlet delivery and extensible with ISO-Prolog programs.  

Frank Bergmann: SiteC http://www.fraber.de/sitec/ reports about a site generator in 
Prolog, where Prolog calls can be embedded in HTML. The site itself appears to be 
generated batch-style for static delivery and Prolog used only at generation time, not 
for interactive server side services.  

By comparison, ubiCMS is a hybrid system. Pages are generated on user demand, 
at authoring time, or on schedule, depending on deployment factors which are beyond 
the scope of this paper. Pages can include interactive custom components, e.g. busi-
ness rule executives or engineering calculations.  

Hajime Yoshino and Seiichiro Sakurai in their studies on legal expert systems 
http://www.ntt.dis.titech.ac.jp/ICAIL2005/Paper01.pdf and also http:// www.ntt.dis. 
titech.ac.jp/ICAIL2005/Paper02.pdf describe the need for Prolog in CMS systems. As 
a possible realization for Prolog in CMS they mention Plone/Zope http://plone.org , a 
CMS in Python http://python.org, and PyLog, a first order logic library in Python 
http://christophe.delord.free.fr/en/pylog/ and state that since there is a Python imple-
mentation in Java this amounts to a Prolog in a CMS in Java for internet deployment.  

ubiCMS meets the need for Prolog in CMS. By comparison its design is based on 
rigid layers of Java and ISO-Prolog, both mature languages. From a software engi-
neering perspective it could be considered much less experimental.  

4   Modules 

ubiCMS consists of interacting modules. It manages text, pictures, structure, calendar, 
events, time, users, sessions, and rendering for mobile, desktop and paper output. 
User interaction is through web browsers and subscriber email.  

Functionally, ubiCMS provides:  

structure  
Content is organized in a hierarchical tree structure or outline. The structure 
is reflected in navigation aids, file system storage, and the external URLs.  

reading  
Browsing with mobile and desktop internet clients. System gives navigation 
and orientation, site maps and other functions to assist efficient access of site 
content. Default rig renders pages for mobile, desktop and paper devices.  
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editing  
Authors contribute outline, text, images, other materials. Contributions are 
always local, with global effects derived automatically.  

mail opt-in/opt out subscription  
Community support with email notification based on author request and user   
request and topical match. Allows for simple workflow support.  

local search engine  
flat site access as complement to structure driven built-in site maps and   out-
line.  

access control  
user, group, location specific access control for interacting partners. All   ac-
cess is session-specific.  

blogs  
threadable contributions to specific topics,  

attachments  
multi-media files as part of a topic, for rendering or delivery  

photoalbums/slideshows  
organized set of images for rendering as photo album or, depending on client,   
slideshow.  

editable stylesheets  
a typical web template  

optional email functions  
with desktop and mobile web interfaces, spam and virus filter, to realize 
HTTP   only convenience.  

A Note on Editing with ubiCMS 

By design, the programmed parts in MINERVA and *.MSS, and the configuraton 
files in XML are also under management by the system and it is possible to change 
them. In many environments, it makes perfect sense to have users change executables 
on web sites, e.g. to compute a fee, or to add an engineering equation, or to adapt an 
executable legal regulation to reflect a change in legislation. 

However, editing live programs is normally not open to users for security reasons. 
Also, there is a qualitative difference: broken text or image files cannot cause a cor-
rect web server to crash, but a programming mistake can very well cause a whole site 
to disappear. Since we do not limit programmer freedom there is no mechanical solu-
tion to ensure reliability, if live parts of the CMS itself are open to changes.  

5   Implementation 

Roughly, ubiCMS uses Linux as base machinery, Java as system programming lan-
guage, MINERVA as business logic programming language, *.MSS as rendering 
language, HTTP as transport protocol and XML as universal notation language.  
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These layers reflect a pure Unix/Internet culture. A short look at protocol, system, 
language and template layers: The most widely supported internet protocol today is 
HTTP. Therefore, ubiCMS uses HTTP and does not require any other protocol for 
maximal compatibility across devices.  

Client side, mobile phone and desktop browsers [1] are used for display and inter-
action. For industry standard browsers, client side system administration is not re-
quired. Delivered by default is a carefully designed, validated and tested small subset 
of XHTML and CSS. JavaScript is used minimally to achieve convenience effects 
only; ubiCMS deals gracefully with non-support of client side JavaScript.  

Server side, we use clustered Linux [2] servers running ubiCMS as a set of servlets 
on Tomcat [3] servlet servers, accessed through Apache [4] reverse proxies for secu-
rity, ease of administration, scalability and workload distribution. Since Prolog is 
memory based, a good implementation of Prolog is an excellent companion to servlet 
based web servers; for example much more responsive than CGI-BIN based configu-
rations. The technical reason for this is beyond the scope of this paper.  

Although an external database can be used if data size or existing IT infrastructure 
requires this, ubiCMS does not use a SQL or similar database. Content source files 
are stored in the server file system, and MINERVA blackboards are used to index and 
cache content for fast access and downstream processing. For a non-database-centric 
applications this has 3 important advantages beyond reduced cost and complexity:  

1. filesystems are well supported and benefit directly from advances in OS   
technologies for performance and reliability  

2. filesystems are longer lived than database systems and integral part of server 
systems. This drastically reduces system administration complexity over ex-
tended life cycles  

3. MINERVA does the indexing and delivery in memory, so normal operation 
can be expected to be faster than external DB access calls.  

ubiCMS configuration files for site administration and user management are in XML.  
The ubiCMS servlets are implemented in *.MSS and MINERVA, which in turn 

make extensive use of Java libraries for system level tasks, sometimes also outside 
programs. *.MSS [5] is a Prolog Server Pages language for MINERVA, which allows 
to embed compiled Prolog into e.g. XHTML page templates. MINERVA [6] is a 
100% Java [7] based ISO-Prolog compiler. The following code fragments show the 
interaction of the templates that request and generate a deliverable,  

Example: XML Configuration Template 

<mss language="jp,en,de"> 
     <file name="home_$(language).html" 
      type="both" 
      main="ifc_page(_,_,pg(pc,main,_,$(language)))" 
      script="../mss/page_structure.mss" /> 

</mss> 
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The configuraton fragment requests production of files for Japanese, English and 
German using a given function of the referenced *.MSS template.  

Example: *.MSS Rendering Template 

<%@ function footer(_Page,Dir,IndexFile) %> 
<div class="footer"> 
<%@ include documentInfo(Dir, IndexFile) %> 
</div> 
<% end %> 

 
<%@ function documentInfo(Dir,IndexFile) %> 
  <% begin 
        % we need this to print the URL 
        documentRoot(DocumentRoot), 
        suckDate(Dir,Date), time_now(Year,Month,Day), 
        atom_concat(Dir,IndexFile,Ref), 
        atom_concat(DocumentRoot,Ref,Doc), 
        % add space after slashes to allow browser to fold it 
        substitute_all('(%w+?)/(%w+?)',Doc,'%1/ %2',Doc_) 
        %> 
document: &Doc_;<br /> 
published  &Year;/&Month;/&Day; 
updated  &Date; 
  <% end %> 
<% end %> 

The fragment shows function calls within MSS and integration of Prolog programs 
into the MSS template, together with the use of MINERVA variables inside the pro-
duced XHTML document.  

Example: CSS Template for Cosmetics 

div.footer { 
        width: 100%; 
        display: block; 
        border: 0px solid  #999999; 
        border-top-width: 3px; 
        border-top-style: solid; 
        border-top-color: #ccccee; 
        } 

This is usual web design.  

Example: XHTML Result 

<div class="footer"> 
document: http://ubicms.com/ home_en.html<br /> 
published  2005/6/28 
updated  2005/6/22 
<div> 

Output of ubiCMS.  
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Example: Resulting Browser Rendering 

 
Rendered by a desktop browser.  

The tight integration of Apache, Tomcat, Java and Prolog gives the programmer 
who implements customizations of ubiCMS the chance to address network, system, 
and business logic issues at the right level of abstraction, up to full scale knowledge 
based expert systems implemented in Prolog responding to a -on the surface- ex-
tremely simple-looking HTTP GET.  

Typical uses for Prolog would include e.g. recommendation, dialog components 
[8] or parsing and matching [9] .  

The architecture of ubiCMS allows integration of external web services, and we 
believe it can be used for delivery of web services in the W3C sense of the term.  

6   Applications 

As of 2005/8, ubiCMS is in field use for corporate web sites, intranet knowledge 
bases, document repositories, and product web shops. Users cover a wide range of 
industries from consumer products over non-profit organizations to professionals. The 
following examples show two complementary aspects of the role of Prolog within 
ubiCMS: first, its use as a web programming language, and second, its use as a 
knowledge processing language. The combination of these two aspects gains weight 
with increasingly service-oriented web systems.  

6.1   Traditional Web Site Applications 

  

An architects use of ubiCMS for his corporate 
web site 

A software company use of ubiCMS for 
product documentation 

These examples are mentioned here to illustrate that ubiCMS is sufficiently general 
purpose to be used as a mainstream CMS for "usual" corporate web sites. The use of 
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Prolog here is purely for economical reasons, the specific implementation technology 
is otherwise irrelevant to the users and owners of these sites.  

6.2   Applicatons with Prolog Custom Extensions 

The site wadokujt.w3dict.com [9] uses ubiCMS with custom made Prolog compo-
nents to use a 50MegaByte Japanese-German dictionary of 220.000 entries to render a 
natural language dictionary-in-text reading aid.  

 

A Japanese online newspaper same page rendered with dictionary-in-text 

Prolog components provide the dictionary cache, the target site cache, the access 
hash tables, some internet plumbing, and the pseudo natural language parser. The 
rendering of the roll-over markup is generated with *.MSS, output consists of a pair 
of XHTML 1.0 strict and CSS1 files.  

This application illustrates the benefit of using a CMS with Prolog based calcula-
tion and Prolog based rendering for tight integration of originally independent re-
sources: the dictionary, the target documents, the w3dict dictionary-in-text engine.  

7   History 

ubiCMS is the result of a team effort to generalize and engineer a casual implementa-
tion of a document management system to reduce cost and time-to-market of techni-
cal documentation of an internationally operating software company. The first version 
around 1989 [10] produced raw printer codes for early laser printers. Later versions 
[11] were adapted to render HTML. These systems worked as batch programs to 
deliver static printer and web pages. Some are still in commercial use today. Positive 
user feedback, rapid development of web programming technology, and completely 
new implementation of the ubiCMS kernel software allowed later to put editing and 
rendering under management by the system, and to optimize execution for caching 
memory based servlet operation.  

Recently, both static and dynamically generated pages are delivered to keep their 
specific advantages with respect to their use of resources relative to user experience, 
i.e. response times. Most important limited resources are computing time, routing 
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time, and resident RAM. To a lesser degree relevant are client device specifications 
and server waste heat and noise.  

Experience with commercial web based systems to provide financial and retail ser-
vices convinced us to put Prolog into the CMS for live computation. Applications of 
live computations include product recommenders, engineering calculations, and other 
advice systems.  

8   Conclusion 

We discussed ubiCMS, a commercial Prolog based Content Management System 
used to manage not only data and visual appearance, but also system level and busi-
ness logic level engine programs.  

We detailed its implementation as a set of servlets programmed with Java, 
MINERVA, *.MSS on Linux servers with Apache and Tomcat frontends, and deliv-
ery by HTTP to mobile and desktop internet clients. We explained its commercial 
deployment on corporate and non-profit web sites.  

The application service described in this industrial report is commercially available 
at http://ubiCMS.com .  

Personally, I believe that CMS with reasoning capabilities outclass CMS for pas-
sive content. Some people read WWW as "whoever wherever whenever", playing on 
the power of the internet to give everybody access to the same information. But this is 
only the neccessary infrastructure. Even more important and much more exciting is 
"Me, Here, Now". Using a web site, I rarely want the massive data of a universal 
library, but I want to get a specific true answer for "me, here, now" when I confront a 
technical, medical, legal or any other non-trivial issue.  

Therefore reasoning capabilites are very important for service-delivering sites. 
ubiCMS as a CMS with Prolog as engine is a contribution towards that end. Our field 
experience indicates that Java as system language and ISO-Prolog are a good combi-
nation and firm basis for real-world use.  
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Abstract. A knowledge-based system is suitable for realizing advanced
functions that require domain-specific expert knowledge in enterprise-
mission-critical information systems (enterprise applications). This pa-
per describes a newly implemented multi-threaded Prolog system that
evolves single-threaded Inside Prolog. It is intended as a means to apply
a knowledge-based system written in Prolog to an enterprise application.
It realizes a high degree of parallelism on an SMP system by minimizing
mutual exclusion for scalability essential in enterprise use. Also briefly
introduced is the knowledge processing server which is a framework for
operating a knowledge-based system written in Prolog with an enterprise
application. Experimental results indicated that on an SMP system the
multi-threaded Prolog could achieve a high degree of parallelism while
the server could obtain scalability. The application of the server to clini-
cal decision support in a hospital information system also demonstrated
that the multi-threaded Prolog and the server were sufficiently robust
for use in an enterprise application.

1 Introduction

Advanced functions that utilize domain-specific expert knowledge are needed
for enterprise-mission-critical information systems (hereinafter called enterprise
applications) such as hospital information systems and logistics management
systems. Clinical decision support [1] for preventing medical errors and order
placement support for optimal inventory management are such examples. A
knowledge-based system is suitable for realizing such functions because it can
incorporate a knowledge base in which domain-specific expert knowledge is sys-
tematized and described.

Production systems in combination with Java technology [2] have been studied
as a means to apply a knowledge-based system to an enterprise application
[3,4,5]. They provide possibilities of improving the development and maintenance
of an enterprise application to separate business rules, which are repeatedly
updated, from workflow descriptions, which are rarely updated. However, certain
issues involved in applying a production system to large business rules, that
is, side effects, combinatorial explosion, and control saturation [6], have not
been sufficiently resolved in these systems. On the other hand, Prolog, which
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is suitable for knowledge processing, in combination with Java technology has
also been studied with the aim of advancing the development of information
systems [7,8,9,10,11]. However, there remain unresolved issues of scalability and
transaction processing which are essential to enterprise applications.

The authors have been developing an integrated development environment
called Inside Prolog [12], which is dedicated to knowledge-based systems. Various
knowledge-based systems, such as design calculation support systems [13,14,15]
and health care support systems [16,17], have been developed using Inside Prolog
and put to practical use [18]. Inside Prolog provides standard Prolog function-
ality, conforming to ISO/IEC 13211-1 [19], and also provides a large variety
of Application Programming Interfaces (APIs) which are essential for practi-
cal application development. These features allow the consistent development of
knowledge-based systems from prototypes to practical use. It has been, however,
difficult to apply Inside Prolog to an enterprise application as is, because only a
stand-alone system was within the scope of Inside Prolog.

Therefore, in order to cope with the scalability issue, the authors initially
developed a new Prolog system that was capable of multi-threading by evolving
Inside Prolog. The authors then developed the knowledge processing server [20]
for operating various knowledge-based systems with enterprise applications by
combining this multi-threaded Prolog system with Java technology. The knowl-
edge processing server has been practically applied to clinical decision support
[21,22,20] in the hospital information system CAFE [23,24], and it enables val-
idation of contraindications within diseases, drugs, and laboratory results, sug-
gestion of the quantity and administration conditions of a medication order, and
the summarization of clinical data such as laboratory results.

This paper describes an overview of Inside Prolog and its multi-thread ex-
tension for enterprise use. The knowledge processing server is then briefly intro-
duced. Finally, the multi-thread feature and parallelism of multi-threaded Inside
Prolog, and the scalability of the knowledge processing server are evaluated.

2 Overview of Inside Prolog

Inside Prolog is an ISO/IEC 13211-1 compliant Prolog system with various ex-
tensions. It is developed over the Prolog abstract machine TOAM, which is based
on WAM [25]. Figure 1 illustrates the system architecture of Inside Prolog. It
provides several optimization features, such as unification optimization using the
matching tree [26] and the translation of determinate predicates to C functions
[27]. It also provides advanced APIs, which are required for the development of
practical applications, and integration APIs, which are required for integration
with existing information systems, in a uniform platform-independent manner 1.
These features allow the consistent development of knowledge-based systems from
prototypes to practical use using one programming language, Prolog.

1 Platform-specific functions, such as OLE on Windows, are designed so as to eliminate
platform differences from an application program by providing minimal libraries.
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Fig. 1. Architecture of Inside Prolog

The following subsections briefly introduce several topics related to a multi-
thread extension of Inside Prolog.

2.1 Memory Model

TOAM has three stacks - a control stack, trail stack, and global stack (or heap)
- and a data area (or atom area) for storing global data such as predicate defi-
nitions. The data area is divided into two, i.e., a persistent area and a transient
area. Data that are never modified dynamically, such as an inference engine and
GUI of a knowledge-based system, are stored in the persistent area, while data
that can be modified dynamically, such as a knowledge base and execution re-
sults, are stored in the transient area. The separation of the data area has the
following advantages. That is, the performance of garbage collection can be im-
proved due to the exclusion of the persistent area from its target; the reliability
of a system can be improved due to the prevention of unexpected modifica-
tions while further optimizations are possible using the immutability of program
locations as described in Sect. 2.3.

2.2 Program Code Representation

The components of a knowledge-based system can be classified into several cate-
gories. Immutable programs such as an inference engine and GUI, mutable data
such as inference rules and clinical information, and programs generated dynam-
ically from these data are such examples. These components can be expressed
in a uniform representation of a program code because Prolog’s programs and
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data can be handled in the same manner. However, a program in each cate-
gory has both advantages and disadvantages if a uniform representation is used.
For example, if a program generated from an inference rule, as well as an in-
ference engine are optimized, the program’s execution speed can be improved;
however, its optimization costs result in the inconvenience of the interactive de-
bugging of inference rules. Therefore, Inside Prolog allows the choice of the most
suitable representation of a program code from the following according to its
role and scene in an application, and thus enables the development of practical
knowledge-based systems.

Static program. A static program is represented as a bytecode generated by
an optimizing compiler [26]. It is appropriate to a static predicate whose
execution speed is important, and one that is never modified while an appli-
cation is running. A static program is stored in either the persistent area or
the transient area according to a directive.

Native program. A native program is a kind of a built-in predicate repre-
sented as C functions that are translated from a determinate predicate [27].
It is appropriate to a static predicate whose execution speed is strongly
important, and one whose definition is rarely changed. Although the trans-
lation is automatic, its use is limited because the object binaries rely on the
platform.

Incremental program. An incremental program is represented as a bytecode 2

generated by an incremental (non-optimizing) compiler invoked by asserta/1
and assertz/1. It is appropriate to a dynamic predicate that is defined and
executed dynamically. In such a case, the balance between the time required
for each is important. The compilation is speeded up by the omission of the
optimization while the execution is speeded up by the omission of the logical
database update [19].

Interpretive program. An interpretive program is represented as a term that
is interpreted by the Prolog interpreter. It is appropriate to a dynamic pred-
icate which is defined and executed dynamically in the manner of an incre-
mental program, but the compilation has little effect on execution time. In
the case of a unit clause composed of ground terms, the same effect as that
of structure copying [28] can be expected because terms are shared without
being copied to the global stack. For example, it is appropriate to clinical
information on drug-drug interactions [21,22] and engineering information
regarding product catalogues [29] because they can be represented as a set
of unit clauses composed of ground terms.

2.3 Optimization by Instruction Rewriting

On the execution of a predicate, the symbol table is repeatedly referred to in
order to determine the program code associated with a predicate name. The time
required for referring to the table once is very short, but the cumulative time is
not negligible if the same predicate is executed repeatedly. Therefore, predicate
2 It also has a term representation for clause/2.
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call instructions, such as call and execute, are optimized by rewriting these
instructions according to the type of a program code being called. For example,
if a predicate being called is a static program stored in the persistent area,
a predicate call instruction call to this predicate is rewritten as a direct call
instruction call directwith an absolute address because the location of a static
program is fixed in the persistent area. Likewise, a call instruction to a native
program is rewritten as call native, and others as call indirect that refers
to the symbol table. Thus, instructions that refer to the symbol table are limited
to only a few instructions such as call indirect.

3 Multi-thread Extension for Enterprise Applications

This section describes a multi-thread extension of Inside Prolog for expanding
its application domains to enterprise applications.

3.1 Multi-threading Prolog

Several approaches are known to realize multi-threading in Prolog. The first is to
realize scheduling and context switching in a Prolog abstract machine by itself
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Fig. 2. Execution model of multi-threaded Inside Prolog
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[7,30]. The second is to utilize a standard multi-thread library for scheduling and
context switching [9,8]. In the case of Java-based implementation, the third is to
create multiple single-threaded Prolog engines, and run them in multiple Java
threads [10,31]. The first approach is a kind of user-level thread model, and has
an advantage in performance because kernel resources are not consumed, and
context switching and synchronization can be simplified. It is, however, difficult
to utilize the multiple processors of an SMP system [32]. The second approach
has disadvantages in regard to the costs of context switching and synchroniza-
tion. However, the throughput can be improved by parallel processing on an SMP
system. The third approach has advantages in parallel processing over other ap-
proaches, but it is inadequate for a large knowledge base because the data area
cannot be shared between threads.

Inside Prolog adopts the second approach so that it can deal with a large
knowledge base, and has advantages in throughput improvement on an SMP
system. The POSIX thread library of Unix and Linux, and the Windows thread
library can be used as the multi-thread library.

3.2 Execution Model

Figure 2 illustrates the execution model of multi-threaded Inside Prolog 3.

Shared variables. Shared variables between threads require major changes of
the abstract machine TOAM regarding the handling of backtracking and its
organization [8]. Therefore, communication mechanisms using shared vari-
ables between threads are omitted.

Communication. Shared message queues created in the transient area are used
for communication between threads. The shared message queue is capable
of sending and receiving messages in multi-thread safety. It is also possible
to send an interrupt message as an exception from one thread to another.

Synchronization. Mutual exclusion object (mutex), condition variable (cond),
and read/write mutex based on POSIX threads are provided for the basic
synchronization mechanism. Mutex, cond, and read/write mutex are created
in the transient area, and are shared between threads.

Thread-local data. Globally shared data that should not be reclaimed on
backtracking are usually kept in the data area by associating them with
the symbol table using asserta/1, assertz/1 and so on. However, the risk
of contention exists because the symbol table is shared by all threads. The
thread-local data is provided for managing shared data specific to a thread.

3.3 Extension of Prolog Abstract Machine

Major changes of TOAM for realizing the multi-thread feature include the in-
troduction of thread control data and synchronization 4. The thread control
3 Hereinafter, a multi-threaded version of Inside Prolog is also called Inside Prolog

only when there is no possibility of confusion.
4 Built-in predicates that access the symbol table and the data area also must incor-

porate synchronization.
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data manages the state of multi-threaded TOAM per thread, such as stacks and
registers; in single-threaded TOAM these are managed using global variables.
Thread control data can be implemented using the thread local storage 5 of a
standard multi-thread library. On the other hand, even though synchronization
is unavoidable when accessing the symbol table and the data area, heavy use
of synchronization may cause significant performance degradation, and multi-
ple processors of an SMP system cannot be utilized effectively if the length of
mutual exclusion is long.

There are three cases that require synchronization in TOAM. That is, the
handling of catch/3 and throw/1 that deal with exceptions saved in the tran-
sient area; the rewriting of predicate call instructions such as call; and the
handling of predicate call instructions that refer to the symbol table, such as
call indirect. The first case does not affect usual inference performance and
parallelism because it happens only when exceptions are thrown. The influence of
the second case must be negligibly small because synchronization is required only
once for each instruction occurrence. On the other hand, the third case invokes
a program stored in the transient area, and this invocation procedure consists
of several inseparable steps. Therefore, synchronization is generally required so
that the definition and execution of a predicate can be performed safely under a
multi-threaded environment, though synchronization seriously affects inference
performance and parallelism. In case the definition and execution of a predicate
are performed in parallel, it is customary to ensure the consistency of a predi-
cate definition using explicit synchronization by an application program itself,
as described in Fig. 3 of Sect. 3.4. Consequently, the omission of synchronization
by TOAM is less likely to become a practical issue.

Therefore, synchronization regarding static programs and incremental pro-
grams is omitted by TOAM in order to give priority to inference performance and
parallelism. In contrast, interpretive programs are synchronized by clause/2,
assertz/1 and so on for ensuring the consistency of hash tables for clause in-
dexing and preserving the logical database update. This allows the choice of the
most suitable representation of a program code according to its role and scene
from the viewpoint of inference performance and parallelism, and the consistency
of a predicate definition.

3.4 Examples of Multi-thread Programming

Figure 3 shows a programming example of the producer-consumer problem writ-
ten in Inside Prolog. A condition variable is created by cond create/1 for sus-
pension and resumption of threads, and a mutual exclusion object is created
by mutex create/1. Consumer and producer threads that execute consumer/2
and producer/2 predicates, respectively, are created by thread create/3. A
buffer shared by these two threads is represented by buffer/1, and its con-
tents are updated by assertz/1 and retract/1 with synchronization using

5 For example, it is provided by pthread getspecific() and its family of POSIX
threads and TlsGetValue() and its family of Windows.
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producer_consumer :-
cond_create(Cond), % Create a condition variable
mutex_create(Mutex), % Create a mutual exclusion object
%% Create a producer thread, and call producer/2.
thread_create(Producer, producer(Cond, Mutex), []),
%% Create a consumer thread, and call consumer/2.
thread_create(Consumer, consumer(Cond, Mutex), []).

producer(Cond, Mutex) :-
repeat,
produce_item(Item),
with_mutex_lock(Mutex,
(%% Wait until the buffer has a vacant.
(buffer(Items0), length(Items0, 100) ->
cond_wait(Cond, Mutex) ; true),
%% Add an item to the buffer.
retract(buffer(Items)),
append(Items, [Item], Items1),
assertz(buffer(Items1)),
%% Notify a consumer when the buffer becomes non-emtpy.
(Items1 == [Item] -> cond_signal(Cond) ; true)
)),
fail.

consumer(Cond, Mutex) :-
repeat,
with_mutex_lock(Mutex,
(%% Wait until the buffer becomes non-empty.
(buffer([]) -> cond_wait(Cond, Mutex) ; true),
%% Take out an item from the buffer.
retract(buffer([Item | Items])),
assertz(buffer(Items)),
%% Notify a producer when the buffer has a vacant.
(length(Items, 99) -> cond_signal(Cond) ; true)
)),
consume_item(Item),
fail.

%% An initial value of the buffer is empty.
buffer([]).

Fig. 3. Programming example of the producer-consumer problem

with mutex lock/2. Threads are suspended by cond wait/2 when the buffer is
empty or full, and are resumed by cond signal/1 when the state of the buffer
is changed.
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4 Knowledge Processing Server

The knowledge processing server is a framework for operating a knowledge-based
system written in Inside Prolog with an enterprise application, and for provid-
ing inference services to an enterprise application using a knowledge base. It is
independent of any enterprise application and any knowledge-based system, and
is realized by combining Inside Prolog and Java. The server improves interoper-
ability with various enterprise applications due to its adaptation to distributed
object technology, such as RMI, SOAP, and CORBA, using Java. The server
also makes it easier to incorporate a knowledge-based system into a transaction
system by allowing a knowledge-based system to inherit the transactions of an
enterprise application in the J2EE environment.

Figure 4 illustrates a simplified system configuration of the server that ap-
plies a knowledge-based clinical decision support system to the hospital informa-
tion system CAFE in a J2EE environment. The clinical knowledge base stores
medical inference rules used for clinical decision support such as the valida-
tion of contraindications and proposals of appropriate administration conditions,
while the clinical database consistently stores patient records such as the disease
names and medication orders of patients. The EJB client provides clinical sup-
port functions to health care professionals using an application which handles
workflow in a hospital, and the clinical decision support system. The session
bean is a service interface to clinical decision support functions provided by the
knowledge processing server. The inference engine for clinical decision support
is a knowledge-based system written in Prolog. The knowledge base adaptor
is a Prolog program that fits data types and data structures used in a service
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Fig. 4. System configuration of the knowledge processing server applied to a J2EE-
based hospital information system
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interface into an inference engine and a knowledge base, and vice versa. The ex-
ternal data interface is used to access external data, such as patient records in the
clinical database, from the inference engine via EJB/JNDI services. The Pro-
log server is a generalized mechanism that mediates communications between
a service interface written in Java and a knowledge-based system written in
Prolog.

5 Performance Evaluation

This section presents the evaluation results for the multi-thread feature and
parallelism of Inside Prolog, and the scalability of the knowledge processing
server.

5.1 Overhead Costs of the Multi-thread Extension

In order to evaluate the overhead of the multi-thread extension, the elapsed
times of single- and multi-threaded versions were compared using benchmark
programs boyer, 8 queens, qsort, and takeuchi. Interpretive, incremental, and
static program code representations were applied. Static programs were stored
in the persistent area and executed once to obtain normal performance by forcing
the instructions to be rewritten before the measurement. Sun V880 with 1 CPU
was used in this experiment.

Figure 5 shows the elapsed time ratios of the multi-threaded to the single-
threaded version. The results indicate that the overhead costs of the multi-thread
extension are about 20% at its maximum. These costs are due to synchronization
and representation changes of the TOAM state from global variables to pointer
accesses through the thread control data, as in SWI-Prolog [9].

5.2 Parallelism on SMP Systems

In order to evaluate the parallelism of each program code representation on an
SMP system, the elapsed times of the benchmark programs were measured using
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tive program of the boyer benchmark

a Sun V880 with various CPU configurations. Each of the benchmark programs
was executed in parallel. The number of CPUs varied from 1 to 4, and the
number of threads that execute the programs in parallel varied from 1 to 8.

Figures 6 and 7 show the results of the interpretive and static programs of
8 queens. Elapsed times are normalized by the elapsed time in the case of one
thread for each CPU configuration. The elapsed times of the interpretive pro-
gram were increased as the number of threads increased. Elapsed times were
also increased if the number of CPUs was greater than two. This is because an
interpretive program requires synchronization of the transient area as described
in Sect. 3.3. In contrast, the elapsed times of the static program decreased as the
number of CPUs increased when the numbers of threads were the same. Espe-
cially, when the number of threads was equal to or smaller than that of CPUs,
the elapsed times did not increase even if the number of threads increased. This is
because synchronization is unnecessary for a static program after the instruction
rewriting. Results similar to those of a static program were obtained for an in-
cremental program except for real elapsed times due to optimization differences.
The results of qsort and takeuchi were almost the same.

On the other hand, the results of all program codes of boyer were similar to
those of the interpretive program of 8 queens as shown in Figs. 8 and 9. This is
because parallelism is decreased due to the synchronization caused by the heavy
use of functor/3 which accesses the symbol table.

These results indicate that the multi-thread extension is effective in parallel
processing on SMP systems for incremental and static programs if predicates
including synchronization are not used frequently.

5.3 Scalability of the Knowledge Processing Server

In order to evaluate the scalability of the knowledge processing server on an SMP
system, the server was applied to a J2EE-based application, and the elapsed
times of the inference service were measured against multiple clients. The exper-
imental application was modeled upon the hospital information system CAFE,
and its system configuration was similar to that shown in Fig. 4 except for an
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EJB client, the inference rules in the clinical knowledge base, and the entities
stored in the clinical database.

Initially, a client creates twenty entity beans, whose class is defined for this
experiment and has about ten fields, using an application server. A client then
invokes the inference rules stored in the knowledge base through a session bean.
The inference rules search for twenty entity beans that meet query conditions,
and refer to the values of their fields.

The application server was deployed in a Sun V880 with from 1 CPU to 4
CPUs, and a database management system was deployed in a Sun Ultra60 with
2 CPUs. The number of threads that execute the inference engine was varied
from 1 to 8. The number of clients varied from 1 to 32, and they were run on a
maximum of eight machines. Elapsed times were measured at the point where a
session bean invoked a method of the Prolog server (indicated as circles in Fig. 4).

Figures 10, 11, and 12 show elapsed times normalized by the elapsed time
(about 0.027 seconds) in the case of one thread against one client. These results
indicate that the elapsed times increased as the number of clients increased, but
throughput speed was improved by increasing the number of threads and CPUs.
For example, in the cases of 32 clients and 8 threads, the elapsed times of 2 and
4 CPUs cases were improved 0.51-fold (B in Fig. 11) and 0.28-fold (C in Fig.
12) over that of 1 CPU case (A in Fig. 10). The improvement ratios, however,
did not reach the points estimated based on the number of CPUs, and they
slowed down by degrees. Both the inference engine and the inference rules used
in this experiment are represented as static programs 6, and the synchronization
caused by these code representations is not included. Consequently, one reason
for bounding scalability is the synchronization included in both the inference
engine and the Java interface of Inside Prolog. However, it seems that this effect
is sufficiently small because the elapsed times are not increased even on an SMP
system of up to 4 CPUs, unlike boyer.

6 Inference rules are represented as incremental programs in a development phase and
static programs in an operation phase.
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6 Conclusion

This paper describes a newly implemented multi-threaded Prolog system that
evolves single-threaded Inside Prolog. It is intended as a means to apply a
knowledge-based system written in Inside Prolog to an enterprise application.
It provides several representations of a program code, and allows the choice of
the most suitable one according to its role and scene in an application. This
allows the realization of a high degree of parallelism on an SMP system by min-
imizing mutual exclusion in the Prolog abstract machine TOAM. Also briefly
introduced is the knowledge processing server which is a framework for op-
erating a knowledge-based system written in Inside Prolog with an enterprise
application.

The results of experiments using benchmark programs indicated that the over-
head cost of the multi-thread extension was about 20% at its maximum, and
predicates represented as a bytecode could achieve a high degree of parallelism
on an SMP system. The results of experiments regarding the knowledge process-
ing server also indicated that the extension was effective for the improvement
of throughput speed on an SMP system, and the server could obtain scalability
on it.

The knowledge processing server has been practically applied to clinical de-
cision support in the hospital information system CAFE. It processes about a
thousand prescription orders per day, and contraindications on one order are
validated within about a second. The server has been problem-free for over a
year. This indicates that Inside Prolog and the server are sufficiently robust for
use in an enterprise application.

Because the application for the workflow of the hospital information system
CAFE became too large to run in a 32 bits version of Java VM, a 64 bits ver-
sion for workflow and a 32 bits version for the knowledge processing server were
combined irregularly. It is necessary for Inside Prolog to support a 64 bits archi-
tecture in order to cope with large enterprise applications.
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Abstract. The success of the semantic web would be determined by how easy 
and uniform to access to and exchange of the semantic information among 
computers. In this paper we have developed a framework of multi-agent    
communication of the Semantic Web information. The agent and the communi-
cation between agents are characterized in meta-logic. One single agent, under-
stood as a meta-logical system, adopts a demo(.) predicate as its inference 
engine and meta-programs—transformed from some Semantic Web ontolo-
gies—as its assumptions. Such an agent can reason with its assumptions as well 
as other agent’s assumptions. With this ability, when several agents are created 
by using this framework, the community of these agents can uniformly commu-
nicate the Semantic Web information between each other on the Internet. 

1   Introduction 

The success of the Semantic Web (or briefly “SW”) would be similar to that of the 
web in that its success is mainly due to the easy and uniform way to access to and 
exchange of information among the computers on the Internet. Due to this signifi-
cance, in this paper we shall propose a model of communication of semantic informa-
tion among multiple agents using meta-logic. 

Some previous works on an agent system related to SW are: Zou et. al. [4] used 
SW languages, as the languages for expressing agent’s messages and knowledge base, 
to specify and publish common ontologies; [5] presented a multi-agent based schedul-
ing application in which data sources are described by SW languages and encapsu-
lated in the agents. In [6], an agent is built to perform scheduling with distributed 
ontologies about events, e.g. conferences, classes, published on the SW. 

Those approaches are mainly related to applying the SW technology in a multi-
agent system. However in SW there exist a large number of available distributed but 
linked ontologies, hence based on our previous work [2] in this paper we are con-
cerned with multi-agent communication and reasoning with distributed ontologies. 

The rest of this paper is organized as follows. Next we give an overview of our 
framework. Section 3 presents our meta-representation of SW ontologies and 4 de-
scribes our single agent architecture. Section 5 describes the meta-interpreter which is 
the agent’s inference engine, and 6 introduces multi-agent communication. Section 7 
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shows how to query and reason with SW ontologies by multi-agent communication. 
Finally, we discuss about some other related works and conclude this paper. 

2   Our Framework 

In our previous work [2] we applied meta-logic to develop a meta-logical system 
behaving as an agent, and in this paper such an agent framework has been extended to 
work as a web browser, a web server, or even a web-service provider, in order to 
communicate with each other in a multi-agent communication fashion. 

The meta-logical system for one single agent consists of three main parts: meta-
programs for multiple ontologies, a meta-interpreter, and the communication facility. 
Each of the meta-programs contains meta-level descriptions of ontologies from SW. 
That is, the ontologies expressed in their native form, e.g. in RDF, RDFS, and OWL 
languages, are transformed into a meta-logical representation. (RDF, or Resource 
Description Framework, is a language for representing information about resources on 
the World Wide Web, while RDFS, or RDF Schema, is a language to describe RDF 
vocabularies on the web. OWL is a Web Ontology Language. It builds on RDF and 
RDFS and adds more vocabulary for describing properties and classes.) Some ele-
ments in one ontology may be related to some elements in another ontology. The 
meta-interpreter is the system’s inference engine which is used to infer implicit in-
formation from the multiple ontologies. The communication facility supports the 
communication among the individual agents. One block in Fig. 1. illustrates one agent. 

SW ServerSW Browser

Service Advertising ServerInternet

Meta-interpreter

S On-SW Ontologies 

Comm. Facility

Service S1 can be provided by agent A1.  

...

Meta-interpreter

S On-SW Ontologies 

Comm. Facility

SW Server

Meta-interpreter

S On-SW Ontologies 

Comm. Facility

Service S2 can be provided by agent A2.  

User

 

Fig. 1. Our multi-agent communication system 

When several agents of this kind are formed as an agent community, the way the 
multi-agent system works can be explained as follows. Initially the user queries an 
SW browser to get answers from an SW ontology on SW. The browser can perform 
two alternative ways. Firstly, it may retrieve this ontology from SW, transform it into 
a meta-program, and finally reason with the meta-program to infer the answers; if 
some elements in this ontology are related to some elements of another ontology, the 
interpreter will try to reason with that ontology in itself (by retrieving it first), or  
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request reasoning of that ontology in an SW server and obtain the answers from that 
server, and this scenario may repeat itself. Alternatively, the browser passes the query 
to an SW sever to answer and gets the answers back for the user. The server infers 
those answers based on its inferential results which sometimes also require support of 
the inferential results derived from other servers. In case the browser does not know 
which SW server can answer that query, it will consult the Service Advertising Server 
which gathers information telling which SW server can provide what service. The 
browser then uses this information to communicate with the selected server directly. 

3   The Meta-languages and the Meta-programs 

In this section we develop two meta-languages of an SW ontology by mapping the 
language elements of RDF, RDFS, and OWL into meta-language terms. 

3.1   Language Elements of the Semantic Web Ontology 

The language elements of an SW ontology are classes, properties, class instances, and 
relationships between and among them described in the object level and the meta-
level as illustrated in Fig. 2. At the object level, an instance can be an individual or a 
literal of a domain; and a property is a relationship between individuals, or is an indi-
vidual’s attribute. At the meta-level, a meta-instance can be an individual, property, 
class, and object-level statement; and a meta-property is a property to describe a rela-
tionship between and among meta-instances, or is a meta-instance’s attribute. Next we 
define meta-logical terms to express these elements of the object and meta levels. 

 

Fig. 2. The elements of an SW ontology at the object level and meta-level 

3.2   Meta-languages of the Semantic Web Ontology 

In our meta-logical framework, for an SW ontology we distinguish between its object 
and meta levels, and similarly its object and meta languages. Consequently, we have 
formulated two meta-languages: one discusses mainly about instances and their rela-
tionships, we call it “meta-language for the object level (ML)”, and the other, called 
“meta-language for the meta-level (MML)”, discusses mainly about classes, class 
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instances, properties, and their relationships. Due to some connection between the 
object and meta levels, ML and MML are slightly overlapped. 

• A meta-language for the object level (ML) 
Instances and their relationships at the object level as well as some provability and 
references at the meta-level are specified in an SW ontology and this information is  
expressed at the meta-level by the elements below. (Note that the linguistic elements 
of provability are a part of AgentML (see section 5) and the linguistic elements       
expressing references are a part of MML.) 

Meta-constant specifies a name of an instance and a literal, e.g. ‘john’, including a 
reference, e.g. a namespace, an ontology name. The latter is a meta-constant of 
MML. This means that ML and MML are not entirely separated. 

Meta-variable stands for a different meta-constant at a different time, e.g. Person. 

Meta-function symbol stands for the name of a relation between instances, or of an   
instance’s property—i.e. an object-level predicate name, such as ‘fatherOf’, 
‘name’— and also stand for other meta-level function symbol, e.g. ‘←’, ‘∧’, ‘:’, 
including the name of provability predicate, i.e. demo. 

Meta-term is either a meta-constant or a meta-variable or a meta-function symbol 
(probably labeled with a name prefix) applied to a tuple of terms, such as ‘f’:‘M1’ 
where ‘:’ is meta-function symbol and ‘f’ is signified to be a namespace of ‘M1’. 

To express an object-level predicate, it has the form: P(S, O) where P is an object-
level predicate name, S and O are meta-constants or meta-variables (we presume all 
meta-variables appearing in the tuple are universally quantified), e.g.  

‘f’:‘fatherOf’(‘f’:‘M2’,‘f’:‘M1’). //‘M2’is the father of ‘M1’. 

To express a provability predicate, it has the form: demo(A, T, P(S, O)), e.g. 
demo(a, o, ‘f’:‘fatherOf’(‘f’:‘M2’, ‘f’:‘M1’)). It means the sentence 
P(S, O) can be derived from an ontology (or a theory) T by an agent A. 

The meta-term expressing an object-level sentence (sometimes with some provabil-
ity) is a term P(S, O) or demo(A, T, P(S, O)) or a logical-connective function 
symbol applied to the tuple of these terms. We presume all meta-variables appearing 
in the object-level sentence are universally quantified. One form of the sentence is a 
Horn-clause, e.g. 

‘f’:‘fatherOf’(F,Ch) ‘←’          //F is Ch’s father if b can 

  demo(b,T,‘p’:‘parentOf’(F,Ch))‘∧’  //prove F is Ch’s parent 

  demo(c,T,‘m’:‘male’(F)).      //and c can prove F is a male. 

Meta-statement for the object level reflects an object-level sentence to its existence 
at the meta-level. It has the form: statement(T, S), where T is an ontology name 
and S is an object-level sentence, e.g.  

statement(T, ‘f’:‘fatherOf’(F, Ch) ‘←’   

  demo(b, T, ‘p’:‘parentOf’(F, Ch)) ‘∧’ 

  demo(c, T, ‘m’:‘male’(F))). 
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In the above example, ‘f’:‘fatherOf’(F, Ch) ‘←’ demo(b, T, ‘p’:‘ 
parentOf’(F, Ch)) ‘∧’ demo(c, T, ‘m’:‘male’(F)) is a rule expressing an 
object-level sentence which becomes a meta-representation (meta-term) to be manipu-
lated at the meta-level by a meta-interpreter. 

• A meta-language for the meta-level (MML) 
Additionally, an SW ontology defines classes, properties, and their relationships, and 
also describes class-instance relations. This information is precisely meta-information 
of the object level. Here we express this information by MML which includes: 

Meta-constant specifying a name of an agent, a resource location, a namespace, an 
ontology, an instance, a property, a class, and a literal. 

Meta-variable standing for a different meta-constant at a different time. 

Meta-function symbol standing for a logical connective, e.g. ‘←’, ‘∧’; or  ‘:’ (for 
namespace labeling); or naming a function, e.g. # (a meta-function symbol for ontol-
ogy name labelling); or a name of set operators applied on classes such as union, 
intersection, and complement; or a meta-predicate name being a name of a relation 
between entities, or being a name of characteristic of a property, which may fall into 
one of the following categories: 

Class-class relations: subclass of, equivalent class of, disjoint with, etc. 

Class-instance relations: instance of, class of, etc. 

Property-property relations: sub property of, inverse of, etc. 

Relations between literals and instances/classes/ properties. We can see these re-
lations as attributes of instances, of classes, or of properties, e.g. comment etc. 
Characteristics of properties: symmetric, transitive, functional, etc. 

Meta-term being either a meta-constant or a meta-variable or a meta-function symbol 
applied to a tuple of terms, e.g. ‘ontology’#‘namespace’. 

In our framework, a name of a class, a property, etc., can be referenced by a meta-
term in these three forms: uniqueName or namespace:name or ontology-
Name#namespace:name, e.g. ‘owl’:‘inverseOf’, ‘o’#‘f’:‘fatherOf’. 

When a meta-term expresses a meta-level predicate stating a relation between enti-
ties it has the form of Pred(Sub, Obj), and when it expresses a meta-level predi-
cate stating a characteristic of a property it has the form of Pred(Prop), where Pred 
is a meta-predicate name, Sub,  Obj, and Prop are meta-constants or meta-variables. 

The meta-term expressing a meta-level sentence is a term Pred(Sub, Obj) or 
Pred(Prop) or a logical-connective function symbol applied to the tuple of these 
terms. Let all meta-variables appearing in the meta-level sentence be universally 
quantified. One form of the sentence is a Horn-clause meta-rule, e.g. 

  ‘owl’:‘equivalentClass’(C, EC) ‘←’  

     ‘owl’:‘equivalentClass’(C, EC1) ‘∧’ 

     ‘owl’:‘equivalentClass’(EC1, EC). 

Meta-statement being a meta-representation of a meta-level sentence accessible by 
our meta-interpreter. It has two forms: meta_statement(T, S) and axiom(T, S), 
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where T is an ontology name and S is a meta-level sentence; the latter form represents 
a rule for a mathematical axiom. Here are some examples of the meta-statements: 

meta_statement(T, ‘rdfs’:‘subPropertyOf’( 

  ‘f’:‘hasBrother’, ‘f’:‘hasSibling’) ‘←’ true). 

axiom(T, ‘owl’:‘equivalentClass’(C, EC) ‘←’  

     ‘owl’:‘equivalentClass’(C, EC1) ‘∧’ 

     ‘owl’:‘equivalentClass’(EC1, EC)). 

3.3   Meta-programs of the Semantic Web Ontology 

Each ontology is transformed into a meta-program containing a (sub-)meta-program 
expressed in ML, called “MP”, and/or a (sub-)meta-program expressed in MML, 
called “MMP”. Another meta-program expresses some mathematical axioms, called 
“AMP”. The inference engine often requires AMP to reason with MP and MMP. 

• The meta-program for the object level (MP) 
MP contains information of instances and their relationships in terms of meta-
statements for the object level having the form of statement(T, P(S, O) ‘←’ 
true) and statement(T, P(S, O) ‘←’ Body), where Body expresses a con-
junction of object-level predicates and some provabilities; the latter is its Horn-clause 
form. Notice that we put T as the first argument in statement(T, meta-

statement) to signify that meta-statement belongs to the ontology (or theory) T. 

• The meta-program for the meta-level (MMP) 
MMP contains description of classes, properties, their relations, and class-instance 
relationships in terms of meta-rules. Here are some typical elements of an MMP: 

Some meta-statements discussing about classes and their relationships: 

// The class C is sub-class of the class SC. 

meta_statement(T, ‘rdfs’:‘subClassOf’(C, SC) ‘←’ true). 

// Classes C & EC are equivalent. 

meta_statement(T, ‘owl’:‘equivalentClass’(C, EC) ‘←’ true). 

// Classes C & DC are disjoint. 

meta_statement(T, ‘owl’:‘disjointWith’(C, DC) ‘←’ true). 

// The class C is union of classes in Cs. 

meta_statement(T, ‘owl’:‘unionOf’(C, Cs) ‘←’ true). 

// The class C is intersection of classes in Cs. 

meta_statement(T, ‘owl’:‘intersectionOf’(C, Cs) ‘←’ true). 

// The class C is complement of the class CC. 

meta_statement(T, ‘owl’:‘complementOf’(C, CC) ‘←’ true). 

// The instance I is an instance of the class C. 

meta_statement(T, ‘rdf’:‘type’(I, C) ‘←’ true). 
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Some meta-statements discussing about properties and their relationships: 

// The property P is sub-property of the property SP. 

meta_statement(T, ‘rdfs’:‘subPropertyOf’(P, SP) ‘←’ true). 

// Properties P & EP are equivalent. 

meta_statement(T,‘owl’:‘equivalentProperty’(P, EP) ‘←’ true). 

// The property P is symmetric. 

meta_statement(T, ‘owl’:‘symmetric’(P) ‘←’ true). 

// The property P is transitive. 

meta_statement(T, ‘owl’:‘transitive’(P) ‘←’ true). 

// The property P is functional. 

meta_statement(T, ‘owl’:‘functional’(P) ‘←’ true). 

// The property P is inverse functional. 

meta_statement(T, ‘owl’:‘inverseFunctional’(P) ‘←’ true). 

// The property P is inversion of the property IP. 

meta_statement(T, ‘owl’:‘inverseOf’(P, IP) ‘←’ true). 

// The domain of the property P is D. 

meta_statement(T, ‘rdfs’:‘domain’(P, D) ‘←’ true). 

// The range of the property P is R. 

meta_statement(T, ‘rdfs’:‘range’(P, R) ‘←’ true). 

• The meta-program for the axioms (AMP) 
AMP contains axioms for classes and properties. They are expressed in the meta-rule 
form. Here are some typical elements of the AMP. 

// The following relations of classes and properties are transitive. 

axiom(T, ‘owl’:‘equivalentClass’(C, EC) ‘←’ 

  ‘owl’:‘equivalentClass’(C, EC1) ‘∧’ 

  ‘owl’:‘equivalentClass’(EC1, EC)). 

axiom(T, ‘rdfs’:‘subClassOf’(C, SC) ‘←’ 

  ‘rdfs’:‘subClassOf’(C, SC1) ‘∧’  

  ‘rdfs’:‘subClassOf’(SC1, SC)). 

axiom(T, ‘owl’:‘equivalentProperty’(P, EP) ‘←’ 

  ‘owl’:‘equivalentProperty’(P, EP1) ‘∧’  

  ‘owl’:‘equivalentProperty’(EP1, EP)). 

axiom(T, ‘rdfs’:‘subPropertyOf’(P, SP) ‘←’ 

  ‘rdfs’:‘subPropertyOf’(P, SP1)) ‘∧’  

  ‘rdfs’:‘subPropertyOf’(SP1, SP)). 

axiom(T, ‘owl’:‘sameAs’(I, SI) ‘←’ 

  ‘owl’:‘sameAs’(I, SI1) ‘∧’ ‘owl’:‘sameAs’(SI1, SI)). 
… 

 // The following relations of classes and properties are symmetric. 
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axiom(T, ‘owl’:‘equivalentClass’(C, EC) ‘←’ 

  ‘owl’:‘equivalentClass’(EC, C)). 

axiom(T, ‘owl’:‘disjointWith’(C, DC) ‘←’ 

  ‘owl’:‘disjointWith’(DC, C)). 

axiom(T, ‘owl’:‘equivalentProperty’(P, EP) ‘←’ 

  ‘owl’:‘equivalentProperty’(EP, P)). 

axiom(T, ‘owl’:‘inverseOf’(P, IP) ‘←’  

  ‘owl’:‘inverseOf’(IP, P)). 

axiom(T, ‘owl’:‘sameAs’(I, SI) ‘←’ ‘owl’:‘sameAs’(SI, I)). 

axiom(T, ‘owl’:‘differentFrom’(I, DI) ‘←’ 

  ‘owl’:‘differentFrom’(DI, I)). 
… 

// inheritance axiom: an instance of a subclass is also an instance  of its super class. 

axiom(T, ‘rdf’:‘type’(I, C) ‘←’ 

  ‘rdfs’:‘subClassOf’(SC, C) ‘∧’ ‘rdf’:‘type’(I, SC)). 
… 

// Some axioms are related to characteristics of a property. 

axiom(T, P(S, O) ‘←’ ‘owl’:‘inverseOf’(P, IP) ‘∧’ IP(O, S)). 

axiom(T, P(S, O) ‘←’  

  ‘rdfs’:‘subPropertyOf’(SP, P) ‘∧’ SP(S, O)).                     

axiom(T, P(S, O) ‘←’  

  ‘owl’:‘equivalentProperty’(P, EP) ‘∧’ EP(S, O)).                

axiom(T, P(S, O) ‘←’   

  ‘owl’:‘transitive’(P) ∧ P(S, O1) ‘∧’ P(O1, O)). 

axiom(T, P(S, O) ‘←’ ‘owl’:‘symmetric’(P) ‘∧’ P(O, S)). 

… 

4   Single SW Agent Architecture 

An agent in our framework is denoted by <Meta-interpreter, Knowledge Base, 
Communication, Historical Memory, Transformation> whose components are 
depicted in Fig. 3 and can be described as follows. 

The Transformation module transforms ontologies obtained from SW into MPs 
and MMPs. The Knowledge base already stores AMPs and is later added with the 
transformed MPs and MMPs. The Meta-interpreter reasons with the three kinds of 
meta-programs in order to answer a query posed by the user, and communicates with 
other agents to get ontologies or answers for a query. Historical memory stores infor-
mation required for advance reasoning by the meta-interpreter, such as backtracking 
between alternative answers derived from several agents. Communication module 
facilitates communication with other agents. 
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Fig. 3. Single SW Agent Architecture 

5   Definition of a Communicative Demo  

This meta-interpreter is an extension of the one proposed in [2]. The definition of 
demo/2 in [2] has been extended to demo/3. For demo(Agent, T, A), it means an     
answer A can be inferred from a theory T by an agent Agent. Here the Vanilla meta-
interpreter [1] is adapted for reasoning with multiple ontologies on SW where we 
identified three kinds of meta-level statements, (1) statement(T, A ‘←’ B), (2)  
meta_statement(T, A ‘←’ B) for the meta-level of an ontology, and (3) the 
mathematical axioms axiom(T, A ‘←’ B). The definition of demo/3 is as follows. 

demo(_, empty, true).                           (true) 

demo(Agent, T, demo(Agent’, T, A)) ←                   (ref) 

  demo(Agent’, T, A). 

demo(Agent, T1∪T2, A) ←                        (ost) 

  statement(T1, A ‘←’ B) ∧ demo(Agent, T2, B). 

demo(Agent, T1∪T2, A) ←                          (mst) 

  meta_statement(T1, A ‘←’ B) ∧ demo(Agent, T2, B). 

 

demo(Agent, T1∪T2, A) ←                          (ast) 

  axiom(T1, A ‘←’ B) ∧ demo(Agent, T2, B). 

demo(Agent, T1∪T2, A ‘∧’ B) ←                    (conj) 

  demo(Agent, T1, A) ∧ demo(Agent, T2, B). 

The clauses (true), (ost), and (conj) form the Vanilla meta-interpreter. The 
clause (ref) states that when the meta-interpreter tries to prove demo(Agent, T, 
demo(Agent’, T, A)), it will prove demo(Agent’, T, A) by a reflection. 

For distributed ontologies, some of them may be referred to in other ontologies. In 
this case while demo() is reasoning with an ontology to derive an answer, this may 
require it to reason with another unavailable ontology. Therefore, we should add an-
other demo() clause to allow demo() to retrieve that ontology which is sharable from 
its location on the web, then transform it into MP and MMP, and can finally reason 
with it to complete all the inference steps so that it can derive the answer.  
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  demo(Agent, T, demo(Agent’, T, A)) ←                   (retr) 

    unavailable(T) ∧ myName(Agent’) ∧ retrieve(O, location(T))  ∧ 

    transform(O, P) ∧ demo(Agent’, P, A).  

Here to prove demo(Agent’, T, A) this clause first ensures that ontology T is not 
possessed by the agent with unavailable(T), and that Agent’ is the agent’s name 
with myName(Agent’). If these hold, the agent retrieves T from its location on the 
web and transforms it to a meta-program to be reasoned by demo(Agent’, P, A). 
With this new clause, demo() can now work analogously to a browser. 

Additionally, suppose that each server storing an ontology is equipped with this 
demo() definition. Now for the demo (at the client) to derive an answer from an un-
available ontology; this can be done easily by that the demo() at the client sends the 
query (for an unavailable ontology) to the server, which has that ontology, to answer 
the query. For this to be done, we may add two more demo() clauses: 

demo(Agent, T, demo(Agent’, T, A)) ←     (certain-agent-comm) 

  not myName(Agent’) ∧ known(Agent’) ∧ unavailable(T) ∧ 

  agentLocation(Agent’, Location, Channel) ∧ 

  connect(Agent’, Location, Channel, ConnectID)  ∧ 

  communicate(ConnectID, demo(Agent’, T, A)) ∧ 

  disconnect(ConnectID). 

demo(Agent, T, demo(Agent’, T, A)) ←  (applicable-agent-comm)  

  unknown(Agent’) ∧ unavailable(T) ∧ 

  findAgent(Agent’, A) ∧ demo(Agent, T, demo(Agent’, T, A). 

For the demo clause (certain-agent-comm), demo() will ask another agent 
(not itself) Agent’, which is already known, to answer question A from a theory pos-
sessed by Agent’. To communicate with Agent’, demo() must find its location on 
the network. After the location is known, demo() establishes the connection to that 
location and asking Agent’ for an answer for question A. If it successes demo() 
obtains the answers and finally terminate the communication with Agent’. 

For the last demo clause (applicable-agent-comm), demo() tries to get an 
answer for question A from any agent who can answer it. In this case, demo() 
searches for an agent who can provide an answer (service) by consulting the Service 
Advertising Server which is another agent. This is done by the goal 
findAgent(Agent’, A) which will ask the Service Advertising Server which agent 
can answer (or provide the service) A. When this agent is known, demo() will call 
itself so that the (certain-agent-comm) clause will be employed later. 

Given all above demo clauses, an answer A can be inferred from demo() in differ-
ent ways: firstly A may be inferred using one or more statement in one or many MP, 
and/or using meta-statements in MMPs, and/or using axioms in AMP. Alternatively, 
the inference may require demo() to retrieve some ontologies from different sources 
on SW or to send demo(Agent, T, A) to other servers to request for the answer. 

• Meta-language of the agent (AgentML) 
AgentML is a meta-language we use to formulate the agent <Meta-interpreter, 
Knowledge Base, Communication, Historical Memory, Transformation>. It dis-
cusses about the agent’s components, such as the demo() definition, the agent name 
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and resources, assumptions in ontologies (this part is connected with MP and MMP), 
communication methods and facilities, other agents and their ontologies, and so on. 

• Agent creation and the agent’s life cycle 
To create and start a new agent, we perform the following steps: (1) assign a unique 
name to the new agent by asserting myName(agentName); (2) set up its communica-
tion channels; (3) start the agent to do an endless observation-action cycle. This 
means that the agent will keep listening to the communication channels to get a re-
quest from the user or from other agents, and response to that request accordingly; 
when the response is done it returns back to the observation stage again. 
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SW  Server
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Fig. 4. Web-based multi-agent communication 

6   Multi-agent Communication 

An individual agent created by our agent framework can behave in two fashions. One 
is to work as an SW browser and the other is to work as an SW server. The only dif-
ference between them is that the former communicates with a human user and SW 
servers, whilst the latter communicates to SW browsers and other SW servers. To 
follow the way people have used web browsers so far, an SW browser is designed not 
to receive a query from an SW server or another SW browser although it can do that. 

According to the present use of the current web, we expect that a multi-agent com-
munity of SW would consist of several SW browsers, SW servers, and a few Service 
Advertising Servers virtually linked together on the web, see Fig. 4. 

• Service Advertising Server 
This server maintains information telling which agent can provide which service in 
the form of agentCapability(Agent, Service), where Agent is a name of a 
registered agent, and Service is a service provided by the agent in the form of On-
tologyName#Namespace:PredicateName(…). 

• Backtracking among alternative answers 
Backtracking among alternative answers is an ability of query answering supported in 
our multi-agent framework. Suppose an agent A possesses this statement  

statement(t, ‘d’:‘bookInfo’(ISBN, Cover, Price) ←  

   demo(b, _, ‘b’:‘cover’(ISBN, Cover)) ∧  

   demo(c, _, ‘p’:‘price’(ISBN, Price))). 
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in its MP. The user may pose A a query ?demo(a, _, ‘d’:‘bookInfo’(ISBN, 
Cover, Price)) to find out the cover type and price of a book. Then to get the 
answers, A will pose the query ?demo(b, _, ‘b’:‘cover’(ISBN, Cover)) to 
agent B and ?demo(c, _, ‘p’:‘price’(ISBN, Price)) to agent C. The alter-
native answers inferred from B and C will be given to A one at a time, and A will 
perform backtracking to all the possible answers. This is achieved by each agent em-
ploying a historical memory to keep trace of the possible answers. 

7   Query Answering by Multi-agent Communication 

To illustrate our framework, we use a book purchase scenario of multi-agent commu-
nication that works with multiple distributed ontologies and distributed reasoning. 

Publish SW Server 

PMP: Meta-program for the publication ontology 
statement(pmp, ‘pmp’#‘p’:‘bPrice’( 

  ‘pmp’#‘p’:‘0262631857’, ‘$40’) ‘←’ true). 

statement(pmp, ‘pmp’#‘p’:‘bCover’( 

  ‘pmp’#‘p’:‘0262631857’, ‘hard’) ‘←’ true). 

statement(pmp, ‘pmp’#‘p’:‘bPrice’( 

  ‘pmp’#‘p’:‘0262635828’, ‘$27’) ‘←’ true). 

statement(pmp, ‘pmp’#‘p’:‘bCover’( 

  ‘pmp’#‘p’:‘0262635828’, ‘paper’) ‘←’ true). 

Bookshop SW Server 

BMP: Meta-program for the book ontology 
meta_statement(bmp, ‘rdfs’:‘type’(‘Genetic Algorithm’,  

  ‘bmp’#‘b’:‘GeneticProgramming’) ‘←’ true). 

statement (dmp ∪ T, ‘dmp’#‘d’:‘bookInfo’(Title,Cover,Price) ‘←’ 
   demo(bookShopAgent, T,  

    ‘dmp’#‘d’:‘bookInfo’(Title, Cover, Price))). 

DMP: Meta-program for the documentation ontology 
statement(dmp, ‘dmp’#‘d’:‘bTitle’(‘pmp’#‘p’:‘0262631857’, 

  ‘Genetic Algorithm’) ‘←’  true). 

statement(dmp, ‘dmp’#‘d’:‘bTitle’(‘pmp’#‘p’:‘0262635828’,  

  ‘Genetic Algorithm’) ‘←’ true). 

statement(dmp ∪ mp,‘dmp’#‘d’:‘bookInfo’(Title,Cover,Price)‘←’ 

  ‘dmp’#‘d’:‘bTitle’(ISBN, Title) ‘∧’ 

  demo(_, pmp, ‘pmp’#‘p’:‘bCover’(ISBN, Cover)) ‘∧’ 

demo(publisherAgent, pmp, ‘pmp’#‘p’:‘bPrice’(ISBN, Price))). 

Service Advertising Server 

agentCapability(publisherAgent,  

  service(pmp, ‘pmp’#‘p’:‘bCover’(ISBN, Cover))). 

Fig. 5. The MMP and MP programs for the demonstration 
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Suppose we have an online bookshop selling books supplied by some publishers. 
The bookshop and the publishers have their own SW servers which provide informa-
tion about the books able to be supplied by them. This book information is described 
by some SW ontologies and there are differences between the ontologies in the SW 
servers of different book shops and different publishers. 

An online book purchase begins with firstly a customer wants to buy some books 
from the bookshop. He then uses an SW browser to get some book information—i.e. 
title, short description about the book—(expressed in some ontologies) from the 
bookshop SW server. This information helps him decide which titles to buy. Some-
times, he may want to get more information of the interested titles, such as their pub-
lishers, book cover types (e.g. paperback, hardcover), and prices before placing an 
online order with the bookshop server. Suppose this information is not stored in the 
bookshop server, but the server can request it from some (probably unknown)      
publisher servers. In Fig. 5, we list only some small parts of the meta-programs, MP 
and MMP, possessed by a publisher server, the bookshop server, and service       
advertising information in the Service Advertising Server, respectively. 

A demonstration of the query answering of the SW browser is shown in Fig. 6. To 
answer the first query, the SW browser reasons with its ontologies obtained from the 
bookshop server and derives the answer from the BMP ontology’s first statement. 
However, for the second, the browser adopts BMP’s the second statement, and this 
requires it to pass this query to the bookshop server to answer. The bookshop server 
uses DMP’s third statement to infer the ISBN from the title; and it then queries an 
unknown publisher and the publisher publisherAgent for the cover type and price 
respectively. According to this example, since the ‘Genetic Algorithm’ book has 
two editions, i.e. hardcover and paperback, the user may ask to get more answers after 
the first one has been derived and the browser then performs backtracking to get fur-
ther answers with the similar reasoning steps of the previous one. 

?-demo(browser, _,  
    ‘rdfs’:‘type’(X, ‘bmp’#‘b’:‘GeneticProgramming’)). 

X = ‘Genetic Algorithm’ 

?-demo(browser, _,  
    ‘dmp’#‘d’:‘bookInfo’(‘Genetic Algorithm’, Cover, Price)). 

Cover = ‘hard’, Price = ‘$40’; 

Cover = ‘paper’, Price = ‘$27’ 

Fig. 6. Query answering with the multi-agent communication 

8   Related Works 

There are some works investigating a multi-agent system adopting SW ontologies. In 
[3], Serafini and Tamilin proposed a distributed reasoning architecture for SW which 
used Distributed Description Logic (DDL) to formulate multiple ontologies intercon-
nected by semantic mappings and used a tableau method for performing inference in 
DDL. To compare it with our work, here we use meta-logic to represent SW ontologies, 
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and a demo(.) predicate to perform inference. We also formalize the demo(.) predi-
cate to perform multi-agent communication. 

9   Conclusion 

We have developed a meta-logical framework for multi-agent communication of SW 
information. The multiple ontologies represented by meta-programs are reasoned by 
individual agents using a demo(.) predicate. With this framework the ontologies and 
the information derived from them can be exchanged uniformly among the agents in 
their community. 
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