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Preface

For many years, Artificial Intelligence technology has served in a great variety
of successful applications. AI research and researchers have contributed much to
the vision of the so-called Information Society. As early as the 1980s, some of us
imagined distributed knowledge bases containing the explicable knowledge of a
company or any other organization. Today, such systems are becoming reality.
In the process, other technologies have had to be developed and AI-technology
has blended with them, and companies are now sensitive to this topic.

The Internet and WWW have provided the global infrastructure, while at the
same time companies have become global in nearly every aspect of enterprise.
This process has just started, a little experience has been gained, and therefore
it is tempting to reflect and try to forecast, what the next steps may be. This
has given us one of the two main topics of the 23rd Annual German Conference
on Artificial Intelligence (KI-99) held at the University of Bonn: The Knowledge
Society. Two of our invited speakers, Helmut Willke, Bielefeld, and Hans-Peter
Kriegel, Munich, dwell on different aspects with different perspectives. Helmut
Willke deals with the concept of virtual organizations, while Hans-Peter Kriegel
applies data mining concepts to pattern recognition tasks. The three application
forums are also part of the Knowledge Society topic: “IT-based innovation for
environment and development”, “Knowledge management in enterprises”, and
“Knowledge management in village and city planning of the information society”.

But what is going on in AI as a science? Good progress has been made in
many established subfields such as Knowledge Representation, Learning, Logic,
etc. The KI-99 technical program includes 15 full and 6 short papers out of 32
received; together with the workshop program and poster sessions, we feel the
conference reflects the steady growth of the field and represents the forefront
of AI research. It was a pleasure to work with the program committee, and
especially to choose one of the accepted papers for the Best Paper Award donated
by Springer-Verlag. This year, the prize goes to Bernhard Nebel, Freiburg, for his
paper “Compilation Schemes: A Theoretical Tool for Assessing the Expressive
Power of Planning Formalisms”, which will also be published in the special issue
of the “KI” journal for this conference.

But within the steady flow of research, new trends emerge from time to time,
and an important one, which we as organizers felt should get special attention
at KI-99, is the rediscovery of robotics or, more precisely, of robots for AI.
We put this interest under the second main topic of the conference: Cognitive
Robotics. Three invited speakers present their perspectives: Sebastian Thrun,
Pittsburgh, on learning and probabilistic reasoning; Rolf Pfeifer, Zurich, on a
general methodology for behavior-oriented AI; Hans-Hellmut Nagel, Karlsruhe,
on image processing.

Another flavor of the KI-99 conference is the sharing of a part of the pro-
gram with the pattern recognition conference DAGM-99 in the form of a joint
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invited talk by Takashi Matsuyama on cooperative distributed vision, as well as
a common technical session, and a joint technical exhibition.

As applications and scientific questions evolve, so does this conference. We
have introduced a new section into the program and into these proceedings, in
which short papers are presented that deserve a technical presentation. This
provides faster access to ideas and concepts than with the accepted long pa-
pers. Another reinvention is that of student posters, which give students the
opportunity to present and discuss their work with the scientific community.

The annual AI conference in Germany now has a long tradition, evolving
together with the maturing field of AI, reflecting every year a snapshot of the
quality of research and development. Over the years, the KI conference has
turned out to be one of the largest national Computer Science conferences in
Germany. Yet, the trend to specialization and therefore to fragmentation and
internationalization of AI raises the question: Do we need a regional event like
this, adding another item to the market of proceedings? We as organizers have
answered this question with a yes!, together with all who have contributed in
one way or another to make this conference and this new volume of LNCS a
success.

Many thanks to Christine Harms and Manfred Domke. They made sure that
the details were taken care of and the deadlines were met. Many students from
the Institute on Autonomous intelligent Systems at GMD and the Computer
Science Department at the University of Bonn together with our secretaries
Marie-Luise Liebegut and Myriam Jourdan helped us in preparing this con-
ference. Special thanks to Sylvia Johnigk, who helped produce the complete
proceedings in LATEX.

July 1999 Wolfram Burgard
Thomas Christaller
Armin B. Cremers
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Information Environments for Software Agents . . . . . . . . . . . . . . . . . . . . . . . . 295
Stefan Haustein

Improving Reasoning Efficiency for Subclasses of Allen’s Algebra with
Instantiation Intervals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

Jörg Kahl, Lothar Hotz, Heiko Milde, and Stephanie E. Wessel

Agents in Traffic Modelling – From Reactive to Social Behaviour . . . . . . . . . 303
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From AI to Systemic Knowledge Management

Helmut Willke

Fakultät für Soziologie,
Universität Bielefeld, Postfach 100 131, D - 33501 Bielefeld

helmut.willke@post.uni-bielefeld.de

1 Introduction

AI has suffered severe drawbacks because it has been (mostly) unable as a con-
cept and as an intellectual endeavor, to free itself from the narrow reigns of
a rather restricted and psychologically and sociologically uneducated hard sci-
ences” arrogance. AI has (mostly; for exceptions see Dreyfus/Dreyfus 1988) ig-
nored the linguistic turn” in the hermeneutic sciences, and it has completely
ignored the ongoing cognitivistic turn̈ın the sciences that are mostly interested
in putting to use the vastly exaggerated promises of AI: management sciences,
innovation management, business consulting, and knowledge management (see
Ryan 1991).

So the time has come, it seems, to advance to a more integrated view on
intelligence, artificial or natural, that is embedded and embodied in human and
social systems whenever and before it is put to any use. At the same time there is
an eminent and urgent need for innovative forms of embedded intelligence, of ex-
plicit knowledge, and of genuine organizational expertise. Approaching the new
millenium, we are witnessing a tectonic shift from the traditional factors of pro-
duction, that is land, capital, and labor, to a self-reinforcing predominance of a
fourth factor: knowledge. We are just beginning to understand some parts of the
script for the transition from industrial society via the information society to the
knowledge society. We expect a painful transition of traditional industrial work to
knowledge work, including major challenges for social policies; we expect equally
demanding metamorphoses of tayloristic industrial organizations to intelligent
firms” (Quinn 1992); and there are serious signs for an ubiquitious outphasing
of dumbproducts in favor of intelligent goods”, products and services, that is
goods whose value for the customer lies exclusively in their embedded intelli-
gence - software, pharmaceuticals, communication satellites, health care goods,
entertainment, traffic telematic systems, global communication services, etc. etc.
The problem is that we still are almost completely ignorant of the complicated
and complex interplay of all these factors, including the consequences of an ex-
plosive global communication infrastructure and equally unexpected changes in
suprastructures (governance systems).

The hypocrisy of traditional hard science” AI has been brutally exposed by
the fate of Long Term Hedge Fund”. Founded by two extremely gifted model
builders with an unbridled faith in the power of AI, and ennobled by Nobel prizes,
the fund had attracted gigantic amounts of speculative money, before crashing in

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 1–13, 1999.
c© Springer-Verlag Berlin Heidelberg 1999



2 H. Willke

grand style. The economic and sociological naiveness of its managers had lead to
a systemic risk”, inducing an imminent breakdown of parts of the global financial
system that was avoided only through costly interventions of the Federal Reserve
and a number affiliated foreign banks. The net loss of the breakdown, Nobel
prizes notwithstanding, has been around $ 5.5 billion: LTHF posed unacceptable
risks to the American economy” (Wiliam McDonough, president of the New York
Federal Reserve, Financial Times, October 17/18, 1998, p. 6).

Knowledge work is not a new type of work, but a form, which through chang-
ing organizational, economic and social contexts is turning from a special case
into a common case. Almost all specialized work, and in particular the classic pro-
fessional occupations (doctors, lawyers, teachers, academics) is knowledge work
in the sense that it is based on the specialized expertise of individuals who have
had to go through a laborious training process. Nevertheless, knowledge work is
gaining a new relevance due to the interrelated dynamics of the �Knowledge So-
ciety�(Drucker 1994),the �Intelligent Enterprises�(Quinn 1992) and �Symbolic
Analysis�(Reich 1991) which, at the end of this century, are causing a maelstrom
in the developed industrial societies, changing the foundations of work itself.

Knowledge work has recently become a sociological topic because, within the
context of a knowledge society, it has changed from a person-based occupation
or from an activity of persons into an activity which touches upon an elaborate
interplay of the personal and organizational elements of the knowledge base. It
has permeated from professional businesses and laboratories, through to facto-
ries and offices. Studies on knowledge work don’t ask (as do laboratory studies
and knowledge engineering) about the construction of knowledge in the context
of work, but about the reconstruction of work based on wide-spread and indis-
pensable expertise. Rather like the �workplace studies�(Knoblauch 1996:352ff;
Suchman 1993), studies on knowledge work question the forms of work within
coordination settings, focusing less on the use of highly developed technology
and more on the application and generation of knowledge within the context of
intelligent organizations.

Theory and practice of knowledge work inexorably pose the problem of cop-
ing with complexity. The specific approach of modern sociological systems theory
to researching and reconstructing knowledge management is to resist any reduc-
tionist simplification in confining knowledge work to the level of persons doing
the work. Instead, a serious systems approach includes the organizational (sys-
temic) side of knowledge work, too, and actually starts from the vantage point
that the complexity and specifity of knowledge work only comes to the fore if
both sides are taken into account.

In the following text I will briefly sketch a few of the characteristics of the
emerging knowledge society, equally a few characteristics of intelligent organiza-
tions, in order to use this framework for a closer definition of knowledge work.

At the center of interest here is the newly constituted connection of orga-
nized work in types of businesses which, on the one hand, are dependent on effi-
cient public (or quasi-public) intelligent infrastructures, such as data networks,
telematic traffic systems and interoperational standards, and on the other hand,
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employees, who, as the �cognitariat�, have long outgrown the old stereotype
of proletarian existence: �The knowledge workers of the modern society, the
cognitariat, are in charge of their own means of production: knowledge, infor-
mation, evaluation. The cognitariat forms, by us,the majority of the working
population�(Toffler 1995: 60).

2 An Outline of the Knowledge Society

For a long time now the information society has been officially proclaimed: since
the beginning of the 1960’s in Japan, since the Clinton/Gore government in
the USA and since the EU meeting of the Council of Ministers on Corfu in
the summer of 1994. More fitting however is the term, �knowledge society�,
since the envisaged qualitative changes touch not on information but on the new
power, economic significance and political criticality of knowledge and expertise.
Whereas information denotes relevant system specific differences, knowledge is
created when such information is seen in connection with particular contexts of
experience and communities of practice. One can talk of expertise when knowl-
edge is related to definite or concrete decision making situations (distinguishing
facts from data, information, knowledge, expertise and reflection s. Willke 1998).
At the core of the formation of the knowledge society appears to be the quantity,
quality and speed of innovations through new information, new knowledge and
new expertise.

The concept of a knowledge society, or a knowledge based society, is only then
a substantial one when the structures and processes of material and symbolic
reproduction of a society are so permeated with knowledge dependent opera-
tions that information processing, symbolic analysis and expert systems take
pride of place over other factors of reproduction. Although the fundamental
studies of Fritz Machlup, on the production and economic value of knowledge,
have been little appreciated, and although the definition of indicators and their
measurement, in the area of information, knowledge and knowledge bases have
to remain fuzzy, a clear trend can be seen from the observations available: in
contrast to agriculture, industrial production and �simple�services, knowledge
based occupations are on the increase: in contrast to products with a high pro-
portion of their value in labor and material, products whose value lies primarily
in embedded intelligence or embedded expertise, gain an advantage e.g. software,
logic-chips, computers, color-displays, electronic games, films etc. �At Siemens,
in the meantime, over 50% of their net product comes from knowledge-intensive
services�(Pierer 1996). Whilst simple occupations and services are being taken
over by robots, the need for professional expertise is increasing in all areas.

The knowledge society doesnt exist as yet, but it is already casting its shadow
in advance. With the �victory�of the capitalist democratic form of society over
socialism, the construction of more efficient global digital data networks and
the intensification of global contexts for local trade, the modern nation-state
is gradually losing elements of its significance. With the upgrading of products
and services to knowledge based, professional goods, the conventional production
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factors (land, capital, labor) dramatically lose significance in relation to implicit
or embedded expertise. Therefore the modern capitalist economy is gradually
changing, step by step, to a post-capitalist, knowledge based form of produc-
tion. These combined elements are changing the face of the modern labor and
industrial society. For developed societies, the relevant form of work will become
knowledge work, whilst the conventional forms of �simple�work will be taken
over by machines or will move to the still remaining �low-wage�countries. The
welfare-state is currently collapsing due to the high demands of the social ser-
vices and subvention, which, in a globalizing economy can no longer be controlled
or organized by the state. All these things are happening at the moment in front
of our eyes. Not only politics but also many social scientists are hardly taking
any notice of these developments because they are looking in another direction;
the direction of the defense of the achievements of the 19th century, the defense
of coal and steel, of capitalism and the nation-state.

The construction of a knowledge based infrastructure of the second gener-
ation (intelligent infrastructure) is becoming the driving force of the transfor-
mation of the industrial society into a �post-capitalist�society (Drucker 1994),
in the context of a global, technological-economic competition of the nations.
In the same way as the public infrastructures of energy supply grids, streets
and railway lines brought about the full development of the first and second
industrial revolutions, it appears that it will be the infrastructure of a highly
efficient communications network which will realize the potential of the third
industrial revolution. �That the new society will be both a non-socialist and
a post-capitalist society is practically certain. And it is certain also that the
primary resource will be knowledge�(Drucker 1994:4).

The idea of a �knowledge society�isn’t new. Two of the best earlier texts on
this subject come from Amitai Etzioni (1971) and Daniel Bell (1976). Etzioni
wrote a very impressive chapter on the role of knowledge and the relationship
between politics and knowledge in the context of his model of the �active so-
ciety�(Etzioni 1971, chapters 6-9). Daniel Bell predicted, in his post-industrial
society, the pervasive and dominant role of knowledge based services, symbol
analysis and research (Bell 1976, chapters 2 and 3). Surprisingly, after these
early drafts, the theme knowledge society remained �at rest�for two decades,
whilst social scientists as well as AI-researchers turned their attention to the
conditions and consequences of the triad competition of national economies and
governance regimes (Feigenbaum/McCorduck 1984).

The present renaissance of the theme knowledge society comes remarkably,
not from sociology or political science but from management theory. The main
text is Peter Drucker’s �post-capitalist society�, flanked by Robert Reich’s
(1991) concept of knowledge work through�symbolic analysts�and James Quinn’s
(1992) fundamental text on �intelligent organization�.

The idea of the knowledge society as a possible form of post-industrial and
post-capitalistic society has nothing to do with the questionable model of a sci-
entific society. At least in the case of a modern society a functionally specialized
subsystem of society, whether it be politics, the economy or science, cannot stand
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for the whole without deforming the complete concept of a society. This means
that one should only talk of knowledge society when a qualitative new form of
knowledge base, digitalization and symbolic analysis permeates through all areas
of a society and when the impact of special expertise is transforming all areas of
society.

3 Characteristics of the Intelligent Organization

Management theory and practice have very much caught on to the idea and
vision of the �intelligent enterprise�(Ghawla/Renesch 1995; Quinn 1992; Senge
1990; Senge et al. 1996), not only in the field of the professional service industries
through consultation firms, legal practices, design and film studios, hospitals, re-
search institutes, software firms, pharmaceutical businesses etc., but also through
the whole spectrum of specialized industrial production, from special steels to
bio-genetic products, through to car firms which realize that electronic parts
make , in the meantime, up to 25% of the value of the car and forecast in the
year 2000 up to 40% (Pountain 1995:19).

Whole sectors, such as the entertainment industry, commercial institutes for
training and further education, commercial data bases and information services,
the mass media and the publishing bodies are growing together due to the dig-
italization of the content and the transfer onto electronic media, and through
this are opening up wide reaching global markets for knowledge content and
expertise (Eisenhart 1994). Parallel to this, the digitalization of expertise is al-
lowing the system specific construction of organizational intelligence in the form
of proprietary data-bases, expert systems, rule systems and pattern recognition
procedures for the available knowledge (e.g. data-mining), so that the knowledge
from the members of the organizations - including the implicit and tacit knowl-
edge - can be symbolically prepared, organized and step by step transformed into
an independent knowledge of the organization (Huber 199; Willke 1995, chapter
7).

Scientific knowledge is only one form of knowledge among others. Next to it
stand functional technologies, expertise, intelligence, implicit knowledge, orga-
nized symbolic-systems, organizational knowledge, knowledge-based operation
forms, professional guidance-knowledge and many others. Gerhard Schulmeyer
of Siemens-Nixdorf, spoke in the introduction to the business report 1996 about
the change of the SNI enterprise from a bureaucratic into a �knowledge-based
enterprise�(Computerwoche 1997). The academic/scientific system is no longer
in the position to control the production and the use of specialized expertise
which falls into �foreign�contexts. But above all because of this polycentric
production of knowledge (Jasanoff 1990), the speed of the revision of knowledge
has increased to such an extent, that the laborious detour through the academic
system would be counterproductive.

It is striking, for example, that management expertise and new concepts of
corporate guidance no longer stem from economic, organizational or management
theory, but from either a reflective practice or from hybrid forms of knowledge
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creating organizations and consulting firms (Peters 1989; Peters 1992; Senge
1990; Womack et al. 1991). In the same way new derivatives of financial instru-
ments aren’t created within the financial sciences but in practice from combined
expert teams (Kurtzman 1993; Sassen 1994: 82ff., 89ff.), who cannot and no
longer want to afford the long-winded validation from the academic researchers.

These observations can be generalized with the innumerable case studies
on especially innovative enterprises: Knowledge based, intelligent organizations
develop a self-strengthening recursiveness of the use and the generation of knowl-
edge. Above all Ikuyiro Nonaka (1992; 1994; 1995) extended this basic idea into
a model of an organizational knowledge creation. He takes up and adapts the
difference between �tacit�and �explicit�knowledge from Michael Polanyi. He
is primarily interested, on the one hand in the intersection of these two types
of knowledge, and on the other hand in the transitions between personal and
organizational knowledge. In a table, four modes of the creation of knowledge
are represented (see table 1) which in an optimum combination form a �spiral
of the organizational knowledge creation�(Nonaka 1994: 20).

Transition implicit knowledge explicit knowledge
from

to
implicit knowledge socialization externalization
explicit knowledge internalization combination

Table 1 Modes of Knowledge Creation in Organizations

Nonaka’s main statement is that a knowledge-based organization only be-
comes a generator of innovative knowledge when it has comprehended the pre-
carious intersection points between explicit and implicit knowledge in routinized
organizational processes, which demand that individual knowledge is articu-
lated and spread through accessibility. The basis of such processes are recursive
�rounds of meaningful dialogue�and the ability to use metaphors, which capture
the implicit knowledge in comprehensible symbols (Nonaka 1994: 20).

Similarly elaborated, Dorothy Leonard-Barton (1995) also addresses the ques-
tion of the generation of organizational knowledge. She distinguishes four main
attributes of generating and diffusing knowledge, cross-referencing the dimen-
sions of inside and outside on the one hand and present and future on the other:
problem solving, implementation and integration, experimentation, and the im-
portation of knowledge. She then diversifies this simple scheme with various short
case studies in a detailed grid in order to search for sources and the mechanisms
of knowledge creation. For example, she names as sources of external technolog-
ical knowledge not only customers and universities but equally competing firms,
non-competing firms, salespeople, major research institutes (in the USA national
laboratories) and advisors (1995:15).

For many, it is difficult to even imagine organizational knowledge at all,
that is knowledge which isn’t stored in the minds of people, but which resides
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within the operational rule systems of an organization. Organizational or in-
stitutional knowledge is embedded in the person-independent anonymous rule
systems which define the operational mode, that is the modus operandi of a social
system. Above all these are standard operating procedures, guidelines, encodings,
work processes and descriptions, established prescribed knowledge for particu-
lar situations, routines, traditions, specialized data bases, coded production and
project knowledge, and the specific culture of an organization. Niklas Luhmann
(1990:11) begins on the first page of his theory of knowledge with the preposition
of freeing the attribution of knowledge from the individual consciousness.

In order to trace the knowledge-basis of an organization you have to ask
for the available knowledge of the organization. How and in what form in this
knowledge stored? How, from whom, and in which situations is it retrieved? How
does the organization gain, store, administer and change this knowledge? Other
questions are also the construction/development, the use and the management of
the organizational knowledge (detailed conceptual considerations on this subject
from Huber 1990). From the outset, it should be made clear that although the
knowledge-base of an organization is separate from people, it cannot be activated
independently of them. An important question therefore is the interplay between
individual and organizational knowledge and the interplay of the appropriate
learning processes.

The fundamental studies from James Quinn (1992) on intelligent organi-
zations are seen today as the catalyst for the idea of �corporate reengineer-
ing�(Hammer/Champy 1994) and the restructuring of corporations, organiza-
tions and even administration along the lines of optimizing business processes.
Like Drucker and others, Quinn stresses the new role of knowledge: �With rare
exceptions, the economic and production power of a modern corporation lies
more in its intellectual and service capabilities than its hard assets - land, plant
and equipment�(Quinn 1992:241). But he goes further in developing the vision
of an intelligent organization, in which work consists of remolding knowledge
and expertise as raw materials: � All the trends, new capabilities, and radical
organizations analyzed in earlier chapters are converging to create a new enter-
prise, best described as: a highly disaggregated, knowledge and service based
enterprise concentrated around a core of set knowledge and service skills. This
is what we refer to more succinctly as the intelligent enterprise, in a firm that
primarily manages and coordinates information and intellect to meet customer
needs�(Quinn 1992: 373).

4 Knowledge Work

The basic problems of knowledge work revolve around the question of how the
interplay between personal and organizational knowledge can be understood and
organized. In order to understand the new quality of today’s knowledge-work,
one must realize that it is not sufficient when either the people or the organization
operate on a knowledge-base. Socrates, without a doubt, carried out knowledge
work, but he didn’t need an elaborate organization for his form of knowledge
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work. The big churches and the parliamentary systems of modern democracies
are amazingly elaborate and intelligent organizations but knowledge work only
happens by accident or sporadically in this context, because they are so arranged
that also average people can use their operational procedures (Willke 1997).

The type of knowledge-work possible today only emerges when both sides,
people and organizations, in a complementary way generate, use and in turn
make their knowledge available to each other. This is exactly at which the four
above mentioned modes of intermediation from Nonaka aim. James Quinn also
aims at this when he says that an intelligent firm must learn to manage and co-
ordinate differing knowledge elements: �As a company focuses ever more on its
own internal knowledge and service skills and those of its suppliers, it increas-
ingly finds that managing shifts away from the overseeing and deployment of
fiscal and physical assets and towards the management of human skills, knowl-
edge bases, and intellect both within the company and in its suppliers. In fact,
its raison d’on d’être becomes the systematic coordination of knowledge and
intellect throughout its (often highly disaggregated) network to meet customer
needs�(Quinn 1992: 72).

This seemingly straight forward, reasonable formula, that members and or-
ganizations should make their useful knowledge available to each other actually
is extraordinarily difficult to put into practice. The main reason for this lies in
the fact that we know quite a lot about the construction, development, and the
application of knowledge, in other words the knowledge based operational forms
of people, but almost nothing about organizational intelligence in the sense of
a collective, a systematic or an emerging characteristic of an organized social
system (Marshall et al. 1996). Early views on the problem of organizational
intelligence talk of an intelligent organization when its members work with a
knowledge-base, in other words when they are professionals or experts and when
they don’t hinder each others work to any great extent (Wilensky 1967).

In contrast to this it can be seen today that the actual difficulty in construct-
ing organizational intelligence as a framework for knowledge-work lies in incorpo-
rating independent expertise in the anonymous trans-personal rule system of the
organization. That is not to say that this organization specific knowledge-base
is created or operates independently from people, but that it is independent of
specific people, and therefore functions in the sense of a �collective mind�(We-
ick/Roberts 1993) or an institutionalized rule-structure, that instructs the ac-
tions (operational mode) of its members with a high degree of reliability and
resilience.

In spite of its traditional fixation upon people and their activities, the idea of
an emerging collective or a systemic quality of organized contexts is not entirely
foreign to sociological thinking. Under the keywords autonomy, auto-dynamic
or auto-logic which appear again and again in descriptions of complex social
systems, is the suggestion of a reality beyond that of individual activity.

If one frees the idea of autopoiesis from its ballast of the natural sciences,
the central components of self-reference and operational closure remain. Neither
of which are new concepts. Self-reference has been a theme in communication
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theory since the development of the visions of meta-communication and the re-
flective mechanism of the stabilization of communication rules. Considering the
extent to which the sociological systems theory makes communication central to
the construction of social systems, it becomes clear that systems constitute and
stabilize themselves in relation (reference) to themselves. Self-reference denotes
the operational mode of a system in which the reproduction of the unity of the
system concedes to the condition of the possibility of environmental contacts
(external references). The system itself and the continuation of its operational
closure in terms of its functions, becomes the measure of the suitability of the
operations of the system. The environment offers possibilities and sets restric-
tions, which only can be recognized in reference to the features of the operational
mode of the system. Therefore self-reference in non-trivial systems denotes a par-
ticular relationship to the outside world through the rules of the autonomous
operational mode of the system. Self-reference therefore doesn’t rule out contact
with the outside world but selects the nature of the contacts by rules and cri-
teria, which are laid down not from the outside but from the system itself. It
is obvious that the organizational generation and processing of knowledge differ
greatly from one another depending on whether self-referential processes are at
work or not.

It certainly appears to be quite difficult to see and accept processes and
effects of operative closure. Operational closure appears to contradict all our
visions of the necessary openness of systems. How can systems enter into rela-
tionships amongst themselves, share and cooperate with each other if they are
operationally closed? Doesn’t the idea of operational closure have an isolationist
and unworldliness about it?

Before one starts to have a heated discussion over these and further ques-
tions it would be quite useful to look in more detail at what is meant by the
term operational closure. Operative closure is created when a system networks
its specifically operative elements (e.g. its special communications, decisions or
activities) in a circular form to one another, in other words self-referentially
organized, and if in addition its specific processes are also concatenated in a
circular form to one another so that an interlocking, self-strengthening and in
this sense auto-catalyzing network of processes is formed (Varela 1981: 1435).
If a self-strengthening circular networking materializes on both these levels it is
possible to speak of the concept of a hypercycle (a concept formed by Manfred
Eigen). Operational closure in this sense means the hypercyclic organizational
mode of a system (Teubner 1990).

If one takes a sociological look at actual existing organizations it is not par-
ticularly difficult to recognize self-reference and operational closure when one
knows what it is about. It is this inherent feature of organizations, for example
enterprises, which brings about their own destruction, although this is contrary
to the interests of their members (one can hardly fail to ask the question of how
these actions relate to the idea of rational behavior), although warning signs
are in abundance in the outside world, although other organizations behave dif-
ferently in similar situations, although individual people or groups within the



10 H. Willke

organization see the destruction coming and take measures against it (classi-
cal case studies on this subject by Allison 1971; Dörner 1989; Wilensky 1967;
Wohlstetter 1962; 1966). What is in effect here is the operational logic of the
system, deep frozen in its anonymous rule systems and its institutionalized col-
lective identity. These rules frequently enough restrict the possibilities of action
of the firm’s members, even if the penalty is high losses or the destruction of the
system. This shows that exactly because of established self-reference and �inner-
directed�ways of operating, operational closure of organizations can also have a
destructive effect when it promotes a �pathological�learning process within the
system (for details on this see Argyris/Schön 1996).

On the other hand, there are, in the meantime, descriptions of organizations
in which high quality knowledge-work only functions because personal and orga-
nizational knowledge-bases are understood as two separate entities, which have
to relate to one another in a productive way but shouldn’t disturb or hinder
one another. This includes above all reports on the knowledge management of
globally operating consulting firms (overview see Willke 1996), the descriptions
of �high-reliability�organizations (LaPorte/Consolini 1991), and an abundance
of case descriptions which come from applications of Peter Senge’s model of the
�fifth discipline�(Kim 1993; Senge et al. 1996). And there are some ventures
in building a theory of knowledge management and knowledge society (Non-
aka/Takeuchi 1995; Willke 1998).

5 Closing Remarks

The research into organizational knowledge work has only just begun. It is obvi-
ously not just restricted to classical professional work and the new” businesses of
consulting firms and financial services. Organizational knowledge affects all or-
ganizations which use and produce knowledge-based �goods�. It is known that a
whole range of global firms, from very differing sectors, are presently regrouping
their businesses according to knowledge-work (Marshall et al 1996: 80).

The difficulties of researching and reconstructing knowledge work seem to
contain a lesson for AI studies and knowledge studies in general. Most of these
studies have been concerned with hard sciences and technology and have been
subjected to a reductionist technological bias. Knowledge production and knowl-
edge work in �multiple centers of expertise�(Jasanoff) raise the question, how
the social and systemic embeddedness of knowledge work and of strategies of
coping with the complexities of knowledge work will have repercussions on our
understanding of any form of intelligence, including artificial intelligence. There
seem to be some good reasons for a new beginning.
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Abstract. This paper describes an interactive tour-guide robot which
was successfully exhibited in a Smithsonian museum. Minerva employed
a collection of learning techniques, some of which were necessary to cope
with the challenges arising from its extremely large and crowded environ-
ment, whereas others were used to aid the robot’s interactive capabilities.
During two weeks of highly successful operation, the robot interacted
with thousands of people, traversing more than 44km at speeds of up to
163 cm/sec in the un-modified museum.

1 Introduction

This paper presents Minerva, the latest in a series of mobile tour-guide robots.
The idea of a tour-guide robot goes back to Horswill [8], who implemented a
vision-based tour-guide robot in the AI lab of MIT. More recently, Burgard
and colleagues developed a more sophisticated tour-guide robot called Rhino,
which that successfully installed in the Deutsches Museum Bonn [1]. Inspired by
this, Norbakhsh and colleagues developed a similar robot called Chips for the
Carnegie Museum of Natural History [14].

Building on these successes, the Minerva project pursued two primary goals:

1. Scaling up: Minerva’s environment was an order of magnitude larger and
more crowded than previous museum environments. The robot’s top speed
of 163 cm/sec was more than double than that of previous robots. An ad-
ditional scaling goal was a reduction in lead-time for installing such robots
(from several months to only three weeks). As in the Rhino project, the
environment was not modified in any way to facilitate the robot’s operation.

2. Improved user interaction. To aid the robot’s interactive capabilities,
Minerva was designed to exhibit a life-like character, strongly relying on
common tokens in inter-human interaction. For example, Minerva possessed
a moving head with motorized face and a voice. The robot’s behavior was a
function of its “emotional state,” which adjusted in accordance to people’s
behavior. These new interactive means were essential for the robot’s ability
to attract, guide, and educate people—something which was recognized as
a clear deficiency of previous tour-guide robots.

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 14–26, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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Fig. 1. Panoramic view of the Material World Exhibition, Minerva’s major operation
area which is located in the entrance area of the Smithsonian’s National Museum of
American History (NMAH).

These goals mandated the pervasive use of learning, at several levels of the
software architecture. Minerva

– employs statistical techniques to acquire geometric maps of the environ-
ment’s floor plan and its ceiling (other such robots did not learn their map),
thereby facilitating the installation process,

– uses the ML estimator to acquire high-level models of time-to-travel, en-
abling the robot to follow much tighter schedules when giving tours, and

– employs reinforcement learning to acquire skills for attracting people, thereby
increasing its overall effectiveness.

In addition, Minerva continuously estimates other important quantities, such as
its own location, the location of people, and its battery charge.

During a two-week exhibition that took place in August/September 1998
in one of the world’s largest museums, the Smithsonian’s National Museum of
American History (NMAH), Minerva successfully gave tours to tens of thousands
of visitors. The “Material World” exhibition (see Figure 1), where most exhibits
were located, was a huge and usually crowded area, which almost entirely lacked
features necessary for localization (even the ceiling was uninformative, as the
center area had a huge whole with a continuously moving pendulum inside).
During the exhibition, more than 100,000 people visited the NMAH, and thou-
sands of people interacted with the robot. The robot successfully traversed 44km,
at an average speed of 38.8 cm/sec and a maximum speed of 163 cm/sec. The
top speed, however was only attained after closing hours. During public hours,
we kept the robot at walking speed, to avoid frightening people.

This article describes major components of Minerva’s software. Since we
adopted much of the software approach by Burgard and colleagues [1], the fo-
cus is here on research that goes beyond this work. In particular, we describe
in detail Minerva’s learning components, and only highlight other, previously
published components .

2 Learning Maps

Previous tour-guide robots were unable to learn a map; instead they relied on
humans to provide the necessary information. To facilitate the rapid installation
in novel environments, Minerva learns maps of its environments. In particular,
Minerva learns two types of maps, Occupancy maps (see also [3,18]), and ceiling
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(a) (b) (c)

Fig. 2. (a) Minerva. (b) Minerva’s motorized face (in happy mode). (c) Minerva gives
a tour in the Smithsonian’s National Museum of American History.

texture maps. The use of a dual map is unique; however, it is necessary in large,
open and densely crowded environments such as the museum, where a single
sensor modality is often insufficient to track the robot’s position reliably.

2.1 Statistical Mapping with EM

Both mapping algorithms are variants of a single, overarching approach origi-
nally presented in [19]. The general problem is typically referred to as concurrent
mapping and localization, which indicates its chicken-and-egg nature: Building
maps when the positions at which sensor readings were taken are known is rela-
tively simple, and so is determining the robot’s positions when the map is known;
however, if neither the map nor the robot’s positions are known, the problem is
hard.

The key idea is to treat the concurrent mapping and localization problem as
a maximum likelihood estimation problem, in which one seeks to determine the
the most likely map given the data.

Pr(m|d) (1)

Here m denotes the map, and d the data (odometry and range data/camera im-
ages). The likelihood Pr(m|d) takes into account the consistency of the odometry
(small odometry errors are more likely than large ones), and it also considers the
perceptual consistency (inconsistencies in perception are penalized). As shown
in [19], the likelihood function can be re-expressed as

Pr(m|d) = α

∫
· · ·
∫ T∏

t=0

Pr(s(t)|m,x(t)) (2)

T−1∏
t=0

Pr(x(t+1)|u(t), x(t)) dx(0), . . . , dx(T ).

where x(t) denotes the robot’s pose at time t, s(t) denotes an observation (laser,
camera) and u(t) an odometry reading.
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(a) (b)

Fig. 3. (a) Occupancy map and (b) ceiling mosaic of oddly-shaped ceiling (center area
has a hole and a moving pendulum).

Finding the global maximum of Pr(m|d) is computationally infeasible. How-
ever, local maxima can be found efficiently using the EM algorithm, a well-known
statistical approach to likelihood maximization. This approach interleaves phases
of localization (in the E-step) with mapping phases (the M-step). More specif-
ically, in the E-step our approach estimates the various past robot locations
denoted x

Pr(x|m, d) (3)

assuming knowledge of the map m (initially, there is no map and x is exclusively
estimated from odometry). The M -step computes the most likely map based on
the previously computed x:

argmax
m

Pr(m|x, d) (4)

As argued in [19], iteration of both steps leads to a local maximum in likelihood
space. In practice, this approach has been shown to generate maps of unprece-
dented complexity and size. However, the approach in [19] required that a person
put tape on the floor and pushed a button every time the robot traversed a piece
of tape—something that we want to avoid since it is an obstacle in rapid, robust
installation.

2.2 Occupancy Maps

Our approach deviates from [19] in two aspects: First, we omit the “backward
phase” in the E-step (localization), and second, we replace the density Pr(x|m, d)
by its maximum likelihood estimate argmaxx Pr(x|m, d). We found that both
simplifications have only a marginal effect on the result; however, they greatly
reduce the computational and memory requirements. This, in turn, makes it pos-
sible to use raw laser data for localization and mapping, instead of the “button
pushes” that were required in the original approach to reduce the computation.

Simplified speaking, the resulting mapping algorithm performs Markov lo-
calization [2,10,15] (E-step), interleaved with occupancy grid mapping [3,18]
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(M-step). Both are easily done in real-time. In practice, we found that ≤ 5
iterations are sufficient, so that the resulting mapping algorithm is fast. A map
of the museum is shown in Figure 3a. This map, which was used during the
entire exhibition, is approximately 67 by 53 meter in size.

2.3 Texture Maps of the Ceiling

The sheer size, openness, and density of people in the present museum made it
necessary to learn a map of the museum’s ceiling, using a (mono) B/W camera
pointed up. The ceiling map is a large-scale mosaic of a ceiling’s texture (c.f.,
Figure 3b). Such ceiling mosaics are difficult to generate, since the height of the
ceiling is unknown, which makes it difficult to map the image plane to world
coordinates.

Just like the occupancy grid algorithm, our approach omits the backwards
phase. In addition, we make the restrictive assumption that all location distri-
butions are normal distributed (Kalman filters), which makes the computation
extremely fast. Unfortunately, this assumption requires that all uncertainty in
the robot’s pose is unimodal—an assumption that is typically only true when
the position error is small at all times (c.f., [12]).

The plain EM approach, as described above, does not produce small error.
However, a modified version does, for environments of the size of the museum
and for sensors as rich in information as cameras. The idea is to interleaves the
E-step and the M-step for each sensor item, which is much finer grained a level
than the approach described above. Whenever a sensor item is processed (new
and past data alike), it is first localized and then the map is modified accordingly.
A mosaic of the museum’s ceiling is shown in Figure 3b. One can clearly see the
ceiling lights and other structures of the museum’s ceiling (whose height varied
drastically).

3 Localization

In everyday operation, Minerva continuously tracks its position using its maps.
Position estimates are necessary for the robot to know where to move when
navigating to a specific exhibit, and to ensure the robot does not accidentally
leave its operational area. Here we adopt Markov localization, as previously
described in [2,10,15]. Markov localization is a special case of the E-step above.

Figure 4 illustrates how Minerva localizes itself from scratch (global localiza-
tion). Initially, the robot does now know its pose; thus, Pr(x|m, d) is distributed
uniformly. After incorporating one sensor reading (laser and camera), Pr(x|m, d)
is distributed as shown in Figure 4a. While this distribution is multi-modal, high
likelihood is already placed near the correct pose. After moving forward and sub-
sequently incorporating another sensor reading, the final distribution Pr(x|d,m)
is centered around the correct pose, as shown in Figure 4b. We also employed
a filtering technique described in depth in [7], to accommodate the crowds that
frequently blocked the robot’s sensors (and thereby violated the Markov assump-
tion that underlies Markov localization).
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(a) (b)

robot�robot�

Fig. 4. Global localization: (a) Pose probability Pr(x) distribution after integrating
a first laser scan (projected into 2D). The darker a pose, the more likely it is. (b)
Pr(x) after integrating a second sensor scan. Now the robot knows its pose with high
certainty/accuracy.

4 Collision Avoidance

Minerva’s collision avoidance module controls the momentary motion direction
and velocity of the robot so as to avoid collisions with obstacles—people and ex-
hibits. At velocities of up to 163 cm/sec, which was Minerva’s maximum speed
when under exclusive Web control, inertia and torque limits impose severe con-
straints on robot motion which may not be neglected. Hence, we adopted a colli-
sion avoidance method called µDWA, originally developed by Fox and colleagues
[5,6]. This approach considers torque limits in collision avoidance, thereby pro-
viding safety even at high speeds.

The µDWA algorithm was originally designed for circular robots with synchro-
drive. Minerva, however, possesses a non-holonomic differential drive, and the
basic shape resembles that of a rectangle. Collision avoidance with rectangu-
lar robots is generally regarded more difficult. However, µDWA could easily be
extended to robots of this shape by adapting the basic geometric model. The
approach was able to safely steer the robot at speeds of 1.63 cm/sec, which is
more than twice as high as that of any autonomous robot previously used in
similar applications. This suggests that the µDWA approach applies to a much
broader class of robots than previously reported.

5 “Coastal” Navigation

Minerva’s path planner computes paths from one exhibit to another. The prob-
lem of path planning for mobile robots has been solved using a variety of different
methods [11]. Most mobile robot path planners, however, do not take into ac-
count the danger of getting lost; instead, they minimize path length (see [17] for
an exception). In wide, open environments, the choice of the path influences the
robot’s ability to track its position. To minimize the chances of getting lost, it
is therefore important to take uncertainty into account when planning paths.
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(a) (b)

Fig. 5. Coastal navigation: The entropy map, shown in (a), characterizes the informa-
tion loss across different locations in the unoccupied space. The darker an area, the
less informative it is. (b) Path generated by the planner, taking both information loss
and distance into account. Minerva avoids the center area of the museum.

Our idea is simple but effective: In analogy to ships, which typically stay
close to coasts to avoid getting lost (unless they are equipped with a global posi-
tioning system), Minerva’s path planner is called a coastal planner1. In essence,
paths are generated according to a mixture of two criteria: path length and in-
formation content. The latter measure, information content, reflects the amount
of information a robot is expected to receive at different locations in the environ-
ment. A typical map of information content is shown in Figure 5a. Here the grey
scale indicates information content: the darker a location, the less informative it
is. This figure illustrates that the information content is smallest in the center
area of the museum.

Formally, information content is defined as the expected reduction in entropy
upon sensing, i.e.,

H [Pr(x)] −
∫
Pr(x) E[s|x] H [Pr(x′|s)] dx. (5)

Here E[s|x] denotes the expected sensor reading at pose x. When constructing
the map shown in Figure 5a, this expression is computed off-line for every loca-
tion, making the assumption that the robot knows its position within a small,
Gaussian-distributed uncertainty margin. Our approach also exploits the fact
that the robot’s sensors cover a 360◦ field of view, which allows us to ignore the
orientation θ when considering information content. When computing (5), the
presence of people is taken into account by modeling noise in sensing (assuming
500 randomly positioned people in the museum).

As described above, paths are generated by simultaneously minimizing path
length and maximizing information content, using dynamic programming [9].
A typical result is shown in Figure 5b. Here the path (in white) avoids the
center region of the museum, even though the shortest path would lead straight
through this area. Instead, it generates a path that makes the robot stay close to
1 The name “coastal navigation” was suggested by Thomas Christaller in a private

communication
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 26 68 14 28
2 23 38 13
3 81 66 51 66 60
4 76 22
5 62 49
6 41 44
7 44 1 55 42 51
8 44 63
9
10
11 34 16 69
12 61 53 69 72 32 87 55
13 28
14 33 39
15 60
16 46 68
17 59 13 57
18 46 42 31 36 31 12
19 1 25 58 69 12
20 57 62 37
21 55 24 20 15 74
22 208 66 46 38 38 23 56 39
23 113 76 59 24 46 59

Table 1. Time (in sec) it takes to move from one exhibit to another, estimated from
1,016 examples collected in the museum. These times, plus the (known) time used for
explaining an exhibit, form the basis for the decision-theoretic planner.

obstacles, where chances of getting lost are much smaller. In comparative tests,
we found that this planner improved the certainty in localization by a factor of
three, when compared to the shortest-path approach.

6 Learning to Compose Tours

It was generally desirable for tours to last approximately six minutes—which
was determined to be the duration the average visitor would like to follow the
robot. Unfortunately, in practice the rate of progress depends crucially on the
number and the behavior of the surrounding people. Thus, the duration of tours
can vary widely if the the exhibits are pre-selected. To meet the target duration
as closely as possible, tours are composed dynamically, based on the crowdedness
in the museum.

To address this problem, Minerva uses a flexible high-level control module,
capable of composing tours on-the-fly. This module learns the time required for
moving between pairs of exhibits, based on data recorded in the past (using
the maximum likelihood estimator). After an exhibit is explained, the interface
chooses the next exhibit based on the remaining time. If the remaining time
is below a threshold, the tour is terminated and Minerva instead returns to
the center portion of the museum. Otherwise, it selects exhibits whose sequence
best fit the desired time constraint. The learning algorithm (maximum likelihood
estimator) and the decision algorithm were implemented in RPL, a language for
reactive planning [13].

Table 2 illustrates the effect of dynamic tour decomposition on the duration of
tours. Minerva’s environment contained 23 designated exhibits, and there were 77
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average min max

static 398 ± 204 sec 121 sec 925 sec
with learning 384 ± 38 sec 321 sec 462 sec

Table 2. This table summarizes the time spent on individual tours. In the first row,
tours were pre-composed by static sequences of exhibits; in the second row, tours were
composed on-the-fly, based on a learned model of travel time, successfully reducing the
variance by a factor of 5.

sensible pairwise combinations between them (certain combinations were invalid
since they did not fit together thematically). In the first days of the exhibition,
all tours were static. The first row in Table 2 illustrates that the timing of those
tours varies significantly (by an average of 204 seconds). The average travel time,
shown in Table 1, was estimated using 1,016 examples, collected during the first
days of the project. The second row in Table 2 shows the results when tours were
composed dynamically. Here the variance of the duration of a tour is only 38
seconds. Minerva’s high-level interface also made the robot return to its charger
periodically, so that we could hot-swap its batteries.

7 Spontaneous Short-Term Interaction

Interaction with people was Minerva’s primary purpose—it is therefor surpris-
ing that previous tour-guide robots’ interactive capabilities were rather poor.
The type of interaction was spontaneous and short-term: Visitors of the museum
typically had no prior exposure to robotics technology, and they could not be
instructed beforehand as to how to “operate” the robot. The robot often had
to interact with crowds of people, not just with single individuals. Most people
spent less then 15 minutes (even though some spend hours, or even days). This
type of interaction is characteristic for robots that operate in public places (such
as information kiosks, receptionists). It differs significantly from the majority of
interactive modes studied in the field, which typically assumes long-term inter-
action with people one-on-one.

To maximize Minerva’s effectiveness, we decided to give Minerva “human-
like” features, such as a motorized face, a neck, and an extremely simple finite
state machine emulating “emotions,” and use reinforcement learning to shape
her interactive skills.

7.1 Emotional States

When giving tours, Minerva used its face, its head direction, and its voice to
communicate with people, so as to maximize its progress. A stochastic finite
state machine shown in Figure 6 is employed to model simple “emotional states”
(moods), which allowed the robot to communicate its intent to visitors in a social
context familiar to people from human-human interaction [4]. Moods ranged
from happy to angry, depending on the persistence of the people who blocked its
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happy

path blocked?

no

polite

path blocked?

no

yes

sad

path blocked?

no

yes

angry

path blocked?

no

yes

yes

“Get out of my way!”

“Ccould you please
get behind me?”

“To give tours,
I need space.”

Fig. 6. The finite state automaton that governs Minerva’s “emotional” states.

path. When happy, Minerva smiled and politely asked for people to step out of
the way; when angry, its face frowned and her voice sounded angry. Most museum
visitors had no difficulty understanding the robot’s intention and “emotional
state.” In fact, the ability to exhibit such extremely simplified “emotions” proved
one of the most appreciated aspect of the entire project.

The effect of this approach is best evaluated by comparing it with Rhino
[1], which uses a similar approach for navigation but mostly lacks these in-
teractive capabilities. We consistently observed that people cleared the robot’s
path much faster than reported by the Rhino team. We found that both robots
maintained about the same average speed (Minerva: 38.8 cm/sec, Rhino: 33.8
cm/sec), despite the fact that Minerva’s environment was an order of magnitude
more crowded. These numbers shed some light on the effectiveness of Minerva’s
interactive approach. People clearly “understood’ the robot’s intentions, and
usually cooperated when they observed the robot’s “mood” changed.

7.2 Learning to Attract People

How can a robot attract attention? Since there is no obvious answer, we applied
an on-line learning algorithm. More specifically, Minerva used a memory-based
reinforcement learning approach [16] (no delayed award). Reinforcement was
received in proportion of the proximity of people; coming too close, however, led
to a penalty (violating Minerva’s space). Minerva’s behavior was conditioned
on the current density of people. Possible actions included different strategies
for head motion (e.g., looking at nearest person), different facial expressions
(e.g., happy, sad, angry), and different speech acts (e.g., “Come over,” “do you
like robots?”). Learning occurred during one-minute-long “mingling phases” that
took place between tours. During learning, the robot chose with high probability
the best known action (so that it attracted as many people as possible); however,
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(a) (b)

Fig. 7. (a) User interaction; (b) The Web interface for monitoring and control.

with small probability the robot chose a random action, to explore new ways of
interaction.

During the two weeks, Minerva performed 201 attraction interaction experi-
ments, each of which lasted approximately 1 minute. Over time, Minerva devel-
oped a “positive” attitude (saying friendly things, looking at people, smiling).
As shown in Figure 8, acts best associated with a “positive” attitude attracted
the most people. For example, when grouping speech acts and facial expressions
into two categories, friendly and unfriendly, we found that the former type of
interaction performed significantly better than the first (with 95% confidence).
However, people’s response was highly stochastic and the amount of data we
were able to collect during the exhibition is insufficient to yield statistical sig-
nificance in most cases; hence, we are unable to comment on the effectiveness of
individual actions.

8 Conclusion

This article described the software architecture of a mobile tour-guide robot,
which was successfully exhibited for a limited time period at the Smithsonian’s
National Museum of American History. During more than 94 hours of operation
(31.5 hours of motion), Minerva gave 620 tours and visited 2,668 exhibits. The
robot interacted with thousands of people, and traversed more than 44km. Its
average speed was 38.8 cm/sec, and its maximum speed was 163 cm/sec. The
map learning techniques enabled us to develop the robot in 3 weeks (from the
arrival of the base platform to the opening of the exhibition). A much improved
Web interface (Figure 7b) gave people direct control of the robot when the
museum was closed to the public.

Our approach contains a collection of new ideas, addressing challenges arising
from the size and dynamics of the environment, and from the need to interact
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Fig. 8. Statistics of people’s response to different styles of interaction (from friendly
on the left to upset/demanding on the right). The data were input to a reinforcement
learning algorithm, which learned on-line optimal interaction patterns.

with crowds of people. Special emphasis has been placed on learning, to accom-
modate the challenges that arose in this unprecedently large, open and crowded
environment. In particular, Minerva differed from previous tour-guide robots in
its ability to learn maps (of the floor-plan and the ceiling), models of typical nav-
igation times for scheduling tours, and patterns of interaction when attracting
people. In addition, Minerva differed from previous tour-guide robots in that she
exhibited a “personality,” adopting various cues for interaction that people are
already familiar with. The empirical results of the exhibition indicate a high level
of robustness and effectiveness. Future research issues include the integration of
speech recognition, to further develop the robot’s interactive capabilities.
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Abstract. Early approaches to understanding intelligence have assu-
med that intelligence can be studied at the level of algorithms which is
why for many years the major tool of artificial intelligence (AI) resear-
chers has been the computer (this has become known as classical AI). As
researchers started to build robots they realized that the hardest issues in
the study of intelligence involve perception and action in the real world.
An entire new research field called “embodied intelligence” (or “New AI”,
“embodied cognitive science”) emerged and “embodimen t” became the
new buzzword. In the meantime there has been a lot of research employ-
ing robots for the study of intelligence. However, embodiment has not
been taken really seriously. Hardly any studies deal with morphology
(i.e. shape), material properties, and their relation to sensory- motor
processing. The goal of this paper is to investigate – or rather to raise –
some of the issues involved and discuss the far-reaching implications of
embodiment which leads to a new perspective on intelligence. This new
perspective requires considerations of “ecological balance” and sensory-
motor coordination, rather than algorithms and computation exclusively.
Using a series of case studies, it will be illustrated how these considera-
tions can lead to a new understanding of intelligence.

Key phrases: embodiment; relation between materials, morphology and con-
trol; cheap design; ecological balance; sensory-motor coordination

1 Introduction

Early approaches to understanding intelligence have abstracted from physical
properties of individual organisms. The generally accepted assumption was that
behavior can be studied at the level of algorithms which is why for many years
the major tool of AI researchers has been the computer (this has become known
as classical AI). As researchers started to build robots they realized that the
hardest issues in the study of intelligence involve perception and action in the
real world. There is a growing consensus that if we are ever to understand hu-
man intelligence we must first understand the basics of how individuals interact
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with their environment: human intelligence must be grounded in sensory-motor
behavior.

Rodney Brooks of the MIT AI Lab who was among the first to recognize
the importance of system-environment interaction for intelligence, started a new
research field called “behavior-based robotics” (or “embodied AI”, or “New AI”)
(e.g. [1]). The concept of embodiment became the main focus of research in AI,
psychology, and what is normally subsumed under the label “cognitive science”.
By embodiment we mean that agents in the real world have a body, i.e. they are
realized as physical systems and can thus exhibit behavior that can be observed
in the real world. The physical characteristics of sensory and motor systems as
well as their morphology, i.e. their form and structure, are important aspects of
embodiment. In biology morphology has always been a central research topic.
In the cognitive sciences, especially in AI, cognitive psychology, and in neuro-
biology it has been largely neglected which implies that an essential explanatory
component is missing. For example, if we want to understand the function of
the neural substrate, the brain, it is not sufficient to look at the neural sub-
strate itself but it has to be known how the neural network is embedded in the
physical agent and what the properties, i.e. the morphology and the physical
characteristics of the sensory and the motor systems are to which the neural
network is connected. Through embodiment it is determined what signals the
neural system has to process in the first place. During the course of evolution,
neural systems have started to exploit embodiment in ingenious ways. Problems
that seem intractable at the purely computational level are often dramatically
simplified if embodiment is taken advantage of.

It is obvious and undisputed that embodiment is required for behavior, for
the interaction with the environment. But many researchers in cognitive science
doubt that this has anything to do with higher cognitive processes. It has been
argued elsewhere that, in essence, so-called high-level cognition is emergent from
sensory-motor processes, i.e. it is grounded through embodiment [6,11,25,29,31].
For example, the embodied origins of categorization, i.e. the ability to make
distinctions in the real world and to form abstract categories, and memory pro-
cesses have been discussed by these authors. It turns out that if we look at the
mechanisms underlying the so-called high-level processes like categorization and
memory the distinction between high-level processes and sensory-motor proces-
ses starts to blur. In this paper the focus is on fundamental implications of
embodiment for intelligence. In this context, a number of ideas and principles
are introduced, in particular sensory-motor coordination, cheap design, and eco-
logical balance.

We proceed as follows. First we elaborate the notion of embodiment and its
main implications. We then illustrate first the physical implications with several
examples, the passive dynamic walker, the Lee-Shimoyama artificial hand [17],
the Face Robot, and the doll “Bit”. We will see that these physical aspects have
direct consequences for control. We then discuss a number of case studies illust-
rating the interdependence of morphology, sensory, and sensory-motor processes.
Then in order to illustrate potential ways in which ecological balance can be ex-
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plored, we discuss the evolution of the morphology of an “insect eye” on a real
robot, the use of humanoid robots, and morpho-functional machines. Finally, we
try to bring all of this together and show how we can bring these diverse topics
and ideas to bear on the issue of emergence of cognition.

2 Implications of embodiment

Two kinds of closely related types of implications can be distinguished, physical
and information theoretic ones. The physical ones relate to the physical setup
of the agent, the body, the limbs, its mass, physical forces acting on the agent,
gravity, friction, inertia, and energy dissipation. The neural systems of animals
and humans have evolved to cope with these effects and are therefore tuned
to the particular embodiment. This implies that the signals the neural system
has to process depend on the physical characteristics of the agent which is an
aspect of the information theoretic implications of embodiment: depending on
the body, the neural system’s tasks will be different (We use the term information
theoretic in its commonsense meaning and not in the strict technical sense). The
point becomes even more obvious if we look at the sensory side. Information
about the environment can only be acquired through an agent’s sensory system.
Depending on the physical characteristics of the sensors, their morphology, and
their position on the agent, the sensory signals will be different. The basic issues
involved are best explained by a number of examples.

2.1 Control

As pointed out in the introduction there is a close interdependence of embodi-
ment and neural processing. We first discuss control and then sensory processing.

The passive dynamic walker

The passive dynamic walker was originally suggested by Tad McGeer [20,21]. A
passive dynamic walker is a robot capable of walking down an incline without
control, i.e. without actuation (Figure 1). The requires that the dynamics (the
physical characteristics) be carefully taken into account. The strategy behind
the passive dynamic walker is that once the robot can walk down an incline,
little control is required to make it walk on a flat surface and once this ability
is in place it is again easy to add control to make it go over obstacles. A picture
of a passive dynamic walker is shown in figure 1. The passive dynamic walker
is an example of “cheap design”, meaning that it exploits the physics and the
system-environment interaction which makes it cheap and parsimonious (see also
[23,25]).

This approach is quite in contrast to the one taken by the Honda design team
where the goal was to design a humanoid robot (i.e. a robot that looks like a
human) that could move its limbs into every possible position and thus perform a
large number of possible movements. By contrast, all the passive dynamic walker
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Fig. 1. The passive dynamic walker built at Cornell University, Dep. of Theoretical
and Applied Mechanics. It walks down a shallow slope, driven solely by gravity. There is
no electronic control whatsoever on the robot: it has no “brain”. Still, the movements of
the robot look very natural and human-like. This is a beautiful example of exploitation
of dynamics (http://www.msc.cornell.edu/∼ruinalab/pwd.html#overview).

can do is walk, and it can only walk down an incline; but within that narrow
ecological niche it can walk very well. The Honda robot is much more flexible,
it can walk uphill, downhill, even up and down the stairs, but it always requires
a lot of control effort and looks a bit unnatural. The Honda approach reflects
the currently dominating philosophy of top down design whereas the passive
dynamic walker is an epitome of the bottom-up approach. It seems that there is
a kind of “ecological balance” between task-environment, dynamics and control:
by exploiting the dynamics of a particular task environment less control effort
may be needed.

If we take these ideas one step further, we realize that in natural systems
the joints are actuated by muscles and tendons and that they have their own
dynamic properties which, in turn, can be utilized by the control system. The
next case study, artificial muscles, illustrates the point.

Artificial muscles

The traditional approach to robot control is illustrated by the Puma arm. The
Puma arm is a very popular beautifully designed robot arm that is used in
many research laboratories and industrial applications. It is, like most robots
today, made up mostly of rigid materials and actuation is achieved by electrical
motors. If the arm-hand system has many degrees of freedom, we are faced with
a hard control problem. One of the reasons is that all the degrees of freedom
are “full” or unconstrained degrees of freedom, i.e. the joint can, within its
boundary condition (maximum and minimum angle), be moved freely. This is
true because of the way the arm was engineered by its developers and it is also
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what users who develop applications actually want: They want to be able to
freely move the arm into every desired position. By contrast, natural arms – of
humans, for example – typically have constrained degrees of freedom: Because
the joints, the tendons and the muscles have intrinsic material properties like
stiffness and elasticity that provide the joint with a preferred (minimal energy)
position, some positions are more difficult to achieve than others. If the joint
is moved away from this equilibrium point, there is a natural tendency for the
joint to move back to its natural position without the need for neural control.
In some sense the materials have their own control properties. And these are
very nice properties because they are local (i.e. there is no need to communicate
with a central processor) and do not have to be controlled by the nervous system
(i.e. it requires no central resources). Of course, because the human arm is so
awesomely complex, there will always be neural control involved at some level.
What we are trying to do here is make an in principle point. While at first sight
accounting for material properties of muscles and tendons seems to complicate
matters, it leads in fact to a significant simplification because much of the control
task is taken over by material properties.

Another point is worth mentioning. The Puma arm has been designed such
that a user can simply specify the target position and the arm will move there.
He does not have to worry about physics, about forces acting on the arm, inertia,
etc. In a sense, the physical problem has been turned into a purely geometric
one. As a consequence, the dynamics, the physical forces, do not have to be taken
into account by the applications programmer. However, in natural systems, the
muscles and the system as a whole have their own intrinsic dynamics which,
again, can be exploited by the neural system (but such natural properties may
be undesirable in an industrial environment).

Because natural systems by exploiting these properties can deal with the
complexity of control of systems with many degrees of freedom, it seems like
a good idea to draw inspiration from biological designs, e.g. natural muscle-
skeletal systems. One idea is to use (artifical) muscles or muscle-like devices as
actuators. There is already a considerable literature on artificial muscles: springs,
rubber bands, and springs simulated with electrical motors are the most simple
examples. The series elastic actuators (e.g. [26]) fall into this category. The main
idea is to attach a spring between the motor and the actuator. This spring has
some muscle-like properties like elasticity and damping and thus provides its
own (local) dynamics. The spring can be simulated by electrical motors which
has the advantage that the particular dynamics, i.e. the spring constant and the
damping properties can be changed. Again, this control can be done locally and
no central resources are required. A relatively popular artificial muscle is the
McKibben pneumatic actuator [3] (figure 2a) An illustration of the application
of pneumatic actuators is the artificial hand by Lee and Shimoyama [17] (fi-
gure 2b). Pneumatic actuators have many advantages: they are fast, they have a
good contraction ratio, they produce considerable force, and they can be made
small. The important point to be made here is that using pneumatic actuators
instead of electrical motors completely changes the control problem. If we are
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using neural networks, they will look completely different from controllers for
hands based on electrical motors. Once again, we see the interdependence of
materials, or more generally embodiment, and neural control. Many other tech-
nologies have been suggested for artificial muscles (for a partial review, see, for
example, Kornbluh et al. [14]). Because of their potentially favorable properties,
in particular the potential for exploitation of intrinsic material dynamics, we
suspect that advances in artificial muscle technology will lead to a quantum leap
in robot technology in general.

a. b.

Fig. 2. Pneumatic actuator and artificial hand. (a) A pneumatic actuator contracts if
air pressure is applied. (b) Artificial and natural hand.

Facial expression

An example that illustrates the potential ways in which properties of muscles
and characteristics of tissue in general can be exploited concerns facial expres-
sion. Hiroshi Kobayashi and Fumio Hara of the Science University of Tokyo have
developed the world-famous “Face Robot” [13]. The goal of the project is the in-
vestigation of human-robot communication and more generally, human-machine
communication. We use the case study here for a different purpose, namely to
illustrate the implications of materials for control. The face robot is based on
18 actuators driven by a hydraulic technology and 6 driven by electrical motors,
yielding a total of 24 degrees of freedom. Figure 3a shows the frame which is
then covered by a silicon rubber skin. Figure 3b shows some of the facial ex-
pressions the face robot can display: the neutral face, and some basic emotions,
i.e., surprise, fear, anger, and happiness. The robot’s ability for facial expression
is indeed impressive; it is also capable of mimicking the facial expressions of
a person looking at it (there are cameras inside its eyes). However, one of the
problems is that this setup requires a lot of resources.
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Fig. 3. The “Face Robot”. (a) Frame. (b) Some facial expressions. The Face Robot
consists of 18 hydraulic actuators and 6 electrical motors to produce a large variety of
facial expression based on FACS, the facial action coding system.

By contrast, the robot doll “Bit” is equipped with much simpler mechanisms
than the Face Robot to produce facial expression. Because the doll should even-
tually be sold in toy stores it was clear that a much cheaper solution for the
facial expression had to be found. The solution was to find the right materials
for the face. As a result, “Bit” can do with five actuators only and displays a
considerable number of distinct facial expressions with a surprising feel of rea-
lity. For example, if two actuators are pulling the material in between apart,
the facial “tissue”, given the right materials, will exhibit the appropriate shape
for a particular facial expression such as happiness. Figure 4 shows a few facial
expressions of “Bit.” Clearly, the flexibility of “Bit” is lower than the one of the
Face Robot, but the design is much simpler than the one of the Face Robot and
its performance is still impressive, another beautiful example of cheap design.
What we see nicely in this illustration is that, given the right materials, the con-
trol problem to achieve certain desired behaviors, in this case displaying facial
expressions, becomes much simpler.

So far we have seen how material properties, physical characteristics, and
morphology influence control, i.e. the motor system. But the import of embo-
diment is even more far-reaching. Let us now look at the consequences of em-
bodiment for sensory processes. Later we will discuss how the two, control and
sensory processes, are in fact intimately coupled.
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Fig. 4. Some facial expressions of the robot doll “Bit”, developed by IS Robotics, a
spin-off company of the MIT Artificial Intelligence Laboratory.

2.2 Sensor signal processing: Sensor morphology and sensor
positioning

There is a strong dependence of behavior on sensor morphology and sensor
position which can best be illustrated by a set of examples. The first is about
a number of robots that, given the right sensor positioning, are cleaning an
arena, the second concerns categorization and sensory-motor coordination, and
the third one shows how motion parallax can be exploited.

The “Swiss Robots”

The “Swiss Robots” are simple robots equipped with infrared sensors, as shown
in figure 5. They are controlled by a very simple neural network that implements
the following rule: if there is sensory stimulation on the left turn right (and vice
versa), a rule intended for obstacle avoidance. If put into an arena with Styrofoam
cubes, they move the cubes into clusters, and some cubes end up along the wall
(figure 5b). The reason is given in figure 5c. Normally the robots simply avoid
obstacles. If they happen to encounter a cube head on, they push the cube.
However, they are not searching for cubes and then pushing them: because of
the particular geometry and the arrangement of the sensors, they push the cubes
if they happen to encounter them head on. They will push the cube until there
is another cube on the side that will provide sufficient sensory stimulation for
the robot to turn away. But now there are already two cubes together and the
probability that an additional cube will be deposited near them is higher. If
now the position of the infrared sensors is changed as shown in figure 5d, the
“Swiss Robots” will no longer move the cubes into clusters. For a more complete
discussion of these experiments, see [19].
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Fig. 5. Cluster formation with robots. The figure illustrates how simple robots, the
“Swiss Robots”, form clusters. (a) The robots with two sensors and a simple neural
network that implements an avoidance reflex. (b) The clustering process (overall dura-
tion about 20 minutes). (c) Explanation of cluster formation. (d) Didabot with changed
positions of the sensors. In this case its behavior will be entirely different even though
the neural network is identical: the robots no longer clean the arena!

This example illustrates the strong interdependence of behavior, morphology,
and environment (e.g. block size). Although obvious in this example, it is surpri-
sing that this idea is normally not explicitly taken into account in agent design.
Of course, clustering can be achieved in many ways. For example, one might
put a CCD camera on the robots which can be used to recognize the cubes, to
move towards them. The robots could then look for a cluster and move the cube
towards the cluster where it is to be deposited. This seems like a very natural
solution, but it requires that the robots have highly sophisticated visual abilities,
it is an expensive solution. The solution of the “Swiss Robots”, by contrast, is
cheap because it exploits the specific properties of the ecological niche and the
morphology of the robots. However, if the geometry changes, e.g. the cubes get
bigger, this solution no longer works.

2.3 Categorization as sensory-motor coordination

While the examples shown demonstrate some basic abilities of behaving systems,
it can be argued that the kinds of tasks the agents had to perform do not require
cognitive skills. If the nature of the task is changed and made more complex,
so one could continue to reason, additional mechanisms, cognitive mechanisms,
will be required that are independent, or at least much less dependent, on em-
bodiment. Let us pursue this point a little further.
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One of the most fundamental abilities of agents – animals, humans, and
robots – in the real world, is the capacity to make distinctions: food has to
be distinguished from non-food, predators from con-specifics, the nest from the
rest of the environment, and so forth. Many models of categorization have been
proposed in the past, the most prominent one presumably the ALCOVE model
[15]. Indeed, ALCOVE is an excellent model: It can predict a large part of the
experimental data published in the psychological categorization literature. In
essence, ALCOVE is a connectionist model in which certain nodes, the category
nodes, are activated whenever an instance of a particular category is encountered.
In other words, these category nodes are representations of the categories. The
task of ALCOVE can then be seen as one of mapping the input feature vector
onto an internal representation of the category.

The main problem with ALCOVE, as is the problem with most models in
classical cognitive psychology, is that it is not connected to the outside world: its
inputs are feature vectors, its output activation levels of nodes in a connectionist
network. In the real world, agents are exposed to a stream of continuously chan-
ging sensory stimulation, not to feature vectors, and they require a continous
stream of motor control. Moreover, there is the problem of object constancy,
i.e. the phenomenon that the sensory stimulation from one and the same object
varies enormously depending, for example, on distance, orientation, and lighting
conditions. It turns out – and it has been discussed extensively in the literature
– that categorization in the real world requires a completely different approach.
The attempt to map sensory stimulation onto an internal representation has
not been met with much success, at least not in a general sense, i.e. in a world
in which the agent only has incomplete knowledge, as the history of computer
vision teaches.

The insight that categorization in the real world is not a computational
problem, or at least not an exclusively computational one and requires that
embodiment be taken into account is gaining increasing acceptance: It has been
demonstrated that categorization is best viewed as a process of sensory-motor
coordination [6,23]. The term sensory-motor coordination which goes back to
John Dewey 1896 [5] designates processes where there is a coupling of sensory and
motor processes with respect to a particular purpose. For example, a robot which
is turning about its own axis is not involved in a sensory-motor coordination
whereas a robot that is moving up to and grasping a particular object is (with
respect to this object). By definition, sensory-motor coordination involves both
the sensory and motor systems, in other words, it involves the agent’s body.
Moreover, the sensory stimulation that the neural system has to process depends
on the physical characteristics and on the positioning of the sensors on the agent.
But not only that, it also crucially depends on the agent’s behavior. It has been
demonstrated that through its own actions, the agent can generate stable sensory
patterns in different sensory channels that can be exploited to form cross-modal
associations (e.g. [23,24,25]). The creation of cross-modal associations seems to
be at the heart of the process of concept formation (e.g. [29]) and concepts
are fundamental to cognition. In turn, these cross-modal associations crucially
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depend on the agent’s morphology. For example, touching a bottle with a stiff
hand yields entirely different sensory stimulation than fully grasping the bottle
with the entire hand bent around the bottle. Note that this is a change in the
morphology of the hand which leads to a change in the sensory stimulation.
So, there are two closely related factors influencing the sensory stimulation,
morphology, and sensory-motor coordination.

If we want to construct robots capable of acquiring their own concepts in
the interaction with the real world, they have to be designed such that they are
exposed to, or can generate, appropriate sensory stimulation, e.g. in order to form
cross-modal associations. As of now, there is no general solution to the problem
of how to optimally design sensory systems with different channels and where
to position the sensors. This is because the optimal design strongly depends
on the task environment. Thus, a good bet, is once again to draw inspiration
from natural systems, hoping that evolution did in fact do a good designer’s job.
The essential point here is not so much finding optimal solutions to particular
problems but to understand the ecological balance between task environment,
sensory positioning – or more generally sensor morphology – , neural processing
and behavior. In the following section we will explore aspects of this ecological
balance.

3 Exploring ecological balance

In a number of places in the paper we mentioned the idea of ecological balance,
the interdependence of task environment, morphology, and neural processing.
Given that there is currently no theory about these interdependencies, we can
try to gain some insights through empirical exploration. There are essentially two
ways in which this can be done. First, we can study existing systems, natural
systems, where we know that they are ecologically balanced because they are
the result of natural evolution. Second, we can ask ourselves if the distribution
of “labor” between morphology and neural substrate of a system, natural or
artificial, is really optimal, given a certain task environment. Of course, the task
environment of humans is almost impossible to describe comprehensively, and
thus this is really a mute point. But we can define simple task environments
and explore different ecological balances in these environments. Once the task
environments are defined, we can use artificial evolution, as we will illustrate
below.

The idea of exploring ecological balance can be nicely illustrated in the con-
text of motion parallax which we present next. Thereafter we discuss the use of
humanoids and morpho-functional machines to study ecological balance.

3.1 Motion parallax and the evolution of an insect eye

The basic phenomenon of motion parallax is very simple and everyone is familiar
with it. Very briefly, when sitting in a train, a light spot, say from a tree or a
house, travels very slowly across the visual field if it is towards the front and far
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away. The closer it gets and the more the spot moves to the side, the faster it
moves across the visual field. This phenomenon has been studied in the context of
insects. For example, Franceschini et al. [9] showed that in the eye of the fly there
is a non-uniform layout of the visual axes such that sampling of the visual space
is finer towards the front than laterally. If the fly is moving at constant speed the
time for a light spot to move from one facet to the next remains essentially the
same which implies that at the neural level a uniform array of elementary motion
detectors can be used, i.e. neural processing for motion detection becomes very
simple.

Let us follow up on this idea a little further and put artificial evolution to
work on this problem of exploring ecological balance [18]. In contrast to standard
evolutionary robotics practice the authors did not prescribe the morphology and
then evolve the neural control. Rather, they started with a fixed neural substrate,
i.e. an array of simple, uniform motion detectors. In this experiment the neural
network is kept constant and the morphology of the “insect eye” is changed
instead.

a. b.

Fig. 6. Evolving eye morphology. (a) Top view of the setup of the experiments. The
robot is equipped with a number of tubes that can be moved under program control.
Light sensitive diodes have been placed at the inner end of the tubes (which mimic
the facets) to ensure that a particular aperture is maintained. The vertical light tube
represents the obstacle. (b) One distribution of the facets. The non-uniform spacing is
clearly visible.

Figure 6a shows the experimental setup and the robot used for the expe-
riments. The facets of the robot can be adjusted individually under program
control. In the experiment the facets are adjusted by means of an evolution stra-
tegy [27]. The environment consists of vertical light tubes. The task of the robot
is to maintain a critical lateral distance (not too far away, not too close) to the
obstacle which is given by the vertical light tubes. Its fitness is increased if it
manages to maintain the critical distance. The robot experiment takes about 5
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to 6 hours until a stable distribution of the facets is achieved. Figure 6b shows
the results of some runs with different initial conditions. The result is what one
would theoretically expect: a non-uniform distribution which is more densely
spaced towards the front. In other words, evolution has found a solution that
enables the agent to perform its task with the neural substrate with which it
was endowed. This is an example of how sensory morphology was not predesi-
gned but emergent from an evolutionary process in which task environment and
neural substrate was given. In this case evolution has exploited the potential for
adaptation in the morphology of the sensory system.

To conclude this case study it is worth mentioning that in the field of com-
puter and robot vision, aspects of this trade-off have been taken into account
and exploited for various robot tasks. The approach is called space-variant sen-
sing or space-variant vision (e.g. [8,30]). We now turn to the next method for
investigating ecological balance, humanoid robots

3.2 Humanoid robots

In recent years many researchers and research labs have taken to building hu-
manoid robots, or briefly humanoids [2,16,33]. Humanoids are robots that su-
perficially resemble humans. In the context of exploring ecological balance, they
are of interest mainly for the following reasons. They have complex morpholo-
gies that can change dynamically (e.g. the hands, the flexible body) which is
in contrast to the insect examples we just looked at. Complex morphologies are
important if we want to investigate sensory-motor coordination. In contrast to
humans, where little is known about the sensory data the neural system has
to process, we can simply record sensory data on humanoids (and, of course,
on all robots) and we can calculate various statistical measures. In this way we
can acquire a good understanding of the sensory stimulation in relation to the
morphology. And the sensory stimulation constitutes the “raw material” that
the neural system has to process and on top of which, for example, cross-modal
associations and later more abstract concepts can be formed. Let us now turn to
the last approach for exploring ecological balance that we discuss in this paper,
the morpho-functional machines.

3.3 Morpho-functional machines

Very briefly, morpho-functional machines which were originally proposed by Fu-
mio Hara and his collaborators (e.g. [12]) are machines that change their mor-
phology based on a particular situation, which in turn implies that they can
perform different functions. Changing morphologies are very common in nature,
but his idea has not been explored to date for engineering purposes. With only
few exceptions, machines don’t change their shape significantly during their li-
fetimes. As an example, Kawai and Hara [12] suggested a linear-cluster robotic
system that has to solve a “baggage carrying problem”. A linear-cluster robotic
system consists of linearly connected autonomous mobile modules, each equipped
with sensory and motor components. The “baggage carrying problem” consists
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of three subtasks: passing through a narrow and winding corridor, approaching
and enclosing the “baggage”, and carrying the “baggage” to a goal location.

Fig. 7. Change of morphology as the linear-cluster robot is solving the “baggage
carrying problem.”

The neural system for controlling the individual modules has been hand-
designed and is not changed during the experiments: what changes is only the
morphology. The way different morphologies are achieved is by means of a head
module that can pull in a particular direction, by friction, and by the movement
of the individual modules. Luggage and goal are marked with different light
sources that the modules can detect. Figure 7 shows the result of a simulation.
(1) is the starting position. Then there are three types of morphologies or shapes:
S-shaped as the robot is passing through the corridor (2), a kind of “arch” shape
as the robot passes the corner in the upper right (3), and the semi-circle shape
as the robot is enclosing the “baggage” and moving it towards the goal (top of
figure). The head and tail modules send signals to the other modules as they are
touching something. If they simultaneously touch a “baggage”, the individual
modules start moving towards the light source. Because they cooperate in this
way they can move large pieces of “luggage.” This case study illustrates that by
applying the idea of morpho-functional machines, the space of potential designs
can be enlarged by orders of magniute so that original solutions can be found
by using flexible hardware components, i.e. flexible morphology, that would not
be possible if the flexibility were restricted to software.

4 Discussion – moving towards cognition

We have looked at a large number of different case studies illustrating various
ways in which embodiment – morphology, material properties – are related to
neural processing. The question we have to ask now is how this all connects to
the study of cognition. Before we discuss this point, a terminological comment
is in order. Cognition is a descriptive term used by observers to describe certain
kinds of activities of individuals. Clearly, performing a logical deduction is very
different from riding a bicycle. The former would be termed cognitive, the latter
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sensory-motor. Ultimately, we would like to understand not only sensory-motor
processes, but also cognitive ones. Now, the goal of AI and cognitive science
has always been to discover the mechanisms underlying intelligent behavior. It
turns out that as we try to model the mechanisms underlying cognitive proces-
ses, we soon discover that the distinction between cognitive and sensory-motor
starts to blur, as mentioned earlier. Categorization, perception, but even me-
mory processes turn out to be directly coupled to sensory-motor processes and
thus to embodiment (e.g. [6,10,25]. Moreover, it has been demonstrated that
performance on mental rotation tasks which are just about as “high-level” and
cognitive as one can get, depends not only on the size of the angle through
which the figure has to be rotated, but also on embodiment, i.e. on the particu-
lar sensory-motor task the subject is engaged in [32]. It has also been suggested
that abstract relationships like transitivity can be explained as emergent from
embodied interactions with the environment (Linda Smith, pers. comm.).

Now how does what we call cognition come about? What we have shown
is the basic ways in which neural processing, morphology, and environment are
interconnected. It is also clear that the neural substrate subtends all cognitive
processes and so an explanation of cognition will have to resort to neural pro-
cesses. A number of people have argued that we have to understand ontogenetic
development if we are to explain cognition and we fully agree with their rationale
(e.g. [4,6,7,29]). From a developmental perspective the question is what the me-
chanisms are through which, over time, those processes which are initially highly
sensory motor and are directly coupled to the system-environment interaction,
become more and more “decoupled” from the environment, to our knowledge an
unresolved research issue.

From developmental studies we also learn that exploration strategies play
an essential role. For example, through object exploration, i.e. a particular kind
of sensory-motor coordination, correlated sensory stimulation is generated in
various sensory channels. From the perspective of embodiment, the resulting
sensory stimulation depends on the position of the sensors, on the types of ma-
nipulations that are possible in the first place, i.e. on the morphology of the arm-
hand system, and on how this arm-hand system can be controlled. The kind of
control depends on the materials, which leads to particular movements, to parti-
cular sensory-motor coordinations, which in turn generate sensory stimulation.
In some sense “everything is connected,” which makes it hard to investigate
these issues and which may, at least partially, explain why many researchers in
AI prefer to stay with the computational paradigm even tough it is clear that it
falls short of explaining intelligent behavior. By trying to come up with a set of
principles (sensory-motor coordination, cheap design1, ecological balance) and
by the series of case studies presented we tried to demonstrate how, in spite of
the “connectedness” of all aspects of agents, relevant issues in the study of intel-

1 We should perhaps mention that in this paper we focused on cheap design. There
is a complementary principle about redundancy that we did not discuss here for
reasons of space limitations. However, redundancy is the prerequisite for adaptive
behavior. For more details, see [25].
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ligence can be productively investigated. We have been focusing on fairly basic
processes. But if we want to explore the neural mechanisms by which abstract
thinking eventually comes about we must understand the “raw material” the
neural system has to process, and this raw material must not be seen, for exam-
ple, exclusively in sensory stimulation but in the ecological balance of sensory
stimulation, task environment, dyanmics, morphology, materials, and control.

One of the problems with the examples and ideas presented in this paper is
that they are mostly qualitative. For sensory- motor coordination of a humanoid
robot, we can calculate the correlations, but it is as yet unclear how we can
quantitatively capture something like “ecological balance”. Clearly, more quan-
titative statements will be required to make the story more compelling. But we
hope that researchers will take up the challenges posed by embodiment.

The frequently asked question that must be asked at this point is whether
this bottom-up approach, starting from the “raw material” will indeed scale up
to high-level cognitive processes. Above we suggested that this is indeed the
case. The jury is still out on whether this is a sound intuition or will turn out
to be flawed. All we can do at the moment is outline a research program. But
because embodiment provides a new perspective and many ideas for empirical
studies on natural and artificial systems, as well as for new kinds of agents, we
are optimistic that we can achieve a better understanding of cognition in the
future.
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Abstract. An image sequence evaluation process combines information
from different information sources. One of these sources is a camera
which records a scene and provides the acquired information as a di-
gitized image sequence. A different source provides knowledge regarding
signal processing and geometry, exploited in order to map the image se-
quence signal to a system-internal representation of visible bodies and
their movement in the depicted scene. Still another type of source provi-
des abstract conceptual knowledge linking the system-internal geometric
representation to tasks and goals of agents which act within the depicted
scene or may influence it from the outside.
Rather than providing this third type of information for inference engines
by ‘handcrafted’ rules or sets of axioms, it is postulated that this type
of knowledge should be derived by algorithmic analysis of a suitably
formulated natural language text: natural language text is considered
as a genuine represention of abstract knowledge for an image sequence
evaluation process. This hypothesis is studied for the example of a system
which transforms video sequences of road scenes into natural language text
describing the recorded actual traffic.
Keywords: Machine Vision, Image Sequence Evaluation, Situation, Fuz-
zy Metric-Temporal Logic, Knowledge Representation, Natural Langu-
age Text Understanding, Road Traffic, Vehicle Behavior.

1 Introduction

A natural language text constitutes a genuine represention of conceptual know-
ledge which can be exploited by an algorithmic system. Although such a statement
may sound preposterous to many, I shall defend it in the remainder of this con-
tribution. Habitual rules of scholarship recommend at least to qualify such a
general statement which I shall do – eventually. First, however, I want to discuss
why this subject is brought up now : it is considered neither an idiosyncrasy of the
author nor an accidental event in the development of image (sequence) evalua-
tion in general. In Section 3, I then outline an approach towards the evaluation
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of video sequences recording road traffic at innercity intersections. This should
provide a framework for the introduction of a representation – called ‘Situation
Graphs (SG)’ – of conceptual knowledge about the development of traffic situa-
tions at road intersections in Section 4. Section 5 illustrates the exploitation of
SGs in order to track vehicles which change their behavior while they are (more
or less) occluded.

A closer analysis of SGs in Section 6 will show that, not surprisingly, they
exhibit a strong affinity to a logic representation of simple natural language sta-
tements describing what may happen at a road intersection. At this point, it is
suggested to substitute the explicit construction of SGs by a process which algo-
rithmically ‘understands’ a corresponding natural language text and transforms
such a text into the required system-internal knowledge representation. Some of
the difficulties to be expected for such an approach will be discussed, followed by
suggestions how to overcome these problems. At this point of the exposition, the
overall approach hopefully should be understood well enough so that a cautious
qualification of the introductory statement may ease its acceptance as a serious
contender for further investigations.

2 Extracting Complex Information from a Large Volume
of Signal Data: Precursors to Current Developments

In the early seventies, it required a major effort to digitize videos of road traffic
scenes and to transfer the digitized image sequence into a digital computer. 25
years later, the ‘Hamburg Taxi Sequence’ – one of the first results of such an
effort – still serves as a test sequence, documented by recent publications in
leading international journals. Nowadays, using a PC with fast memory and
bus transfer rates exceeding 30 MByte per second, digitization and storage of
road traffic image sequences are no longer a real problem, not even for a small
laboratory. Whereas in the seventies even simple change detection experiments
required hours on the small to medium size computers available then for such
experiments, a modern workstation can track a vehicle, depicted in an image
region comprising up to several thousand pixels, from frame to frame in about
a second. Simple (and thus fast, but usually less robust) approaches may even
run in real-time.

As a consequence, experiments are no longer restricted to the detection of
moving vehicles and to attempts to track them for short distances. The challenge
currently consists in tracking vehicles under difficult boundary conditions (small
vehicle images, highly varying contrasts, shadows, partial occlusions, etc.) for
thousands of frames. Consider a vehicle which approaches an intersection, beco-
mes partially occluded by a preceding vehicle or by others on neighboring lanes,
slows down in front of a traffic light and progresses in stop-and-go cycles until it
can finally cross the intersection, see Figure 1. More than mere computing power
(and patience) is needed to cope with such challenges, in particular a very robust
tracking approach. Otherwise, the vehicle might be lost – with the consequence
that its behavior can not be determined reliably, at least not without interactive
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Fig. 1. An image from the sequence ‘stau02’ recorded at the Durlacher-Tor-Platz
Karlsruhe in order to study problems associated with the build-up and dissolution of
vehicle queues in front of traffic lights.

help. Since such interactions are time consuming, they do not constitute a way
out if a sample of interest for traffic engineers needs to be accumulated on short
notice at reasonable cost.

The progress in image sequence evaluation indicated in the preceding para-
graphs thus dramatically increases the spatio-temporal scale of problems which
become amenable to a systematic investigation: rather than merely counting ve-
hicles which pass a particular sampling area on a selected lane, one may now
begin to study the behavior of specific vehicle configurations given particular
traffic conditions at road intersections. The boundary conditions and results of
such investigations will most likely be described at a conceptual rather than
at a numerical level. The quantitative improvement in speed and reliability of
image sequence evaluation thus induces the desire for a qualitative improvement
in handling the results, namely an abstraction from the geometry of individual
vehicle trajectories to the conceptual description of vehicle behavior in a particu-
lar traffic situation. Technological improvements in the design and production of
computers – combined with the methodological improvements in image sequence
evaluation – increasingly cause research groups, therefore, to study links between
image sequences and their conceptual descriptions.

A simple, but not particularly powerful possibility consists in the provision
of sentence templates into which selected items of information have to be inser-
ted – see, e. g., [18]. In order to provide a versatile Human-Computer-Interface
(HCI), the transformation of geometric descriptions resulting from an evaluation
of image sequences into conceptual descriptions in the form of natural language
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texts is best decomposed into two component steps: on the one hand, based on
formal logic, the selection and combination of instances of individual concepts
and – on the other hand – the transformation of these selected pieces of infor-
mation into a natural language text. Such an approach exploits the increasingly
closer interaction between formal logic and natural language processing. Both
of these disciplines have advanced considerably during the past three decades,
independently from – but in parallel with – image sequence evaluation. A recent
contribution to AI magazine documents the high esteem held by the internatio-
nal community regarding research into automatic deduction in Germany [15].
For a non-specialist, advances in natural language text understanding – in par-
ticular its close connection to formal logic – are treated in an exemplary manner
by Kamp and Reyle in the book ‘From Discourse to Logic’ [13].

These advances for themselves, however, would not suffice to facilitate the
design and implementation of an algorithmic link between image sequence eva-
luation and natural language processing. Image sequences are inherently related
to time-varying scenes. In order to accomodate this aspect, formal logic had to
take time into account – a significant extension, increasingly investigated during
the past decades. Similarly, logic has been extended in order to cope with spa-
tial in addition to temporal reasoning, see [2]. There are still two other aspects
for which solution approaches had to become available in order to link image
sequence evaluation and logic-based natural language text processing: a further
extension to a metric-temporal logic and the accommodation to various types
of uncertainty regarding the transition from video signals to natural language
terms.

Consumer video recording in Europe samples the incoming spatio-temporal
light intensity distribution at 50 (interlaced) half-frames per second, thus provi-
ding a ‘natural’ unit of time, namely 20 msec: according to Shannon’s sampling
theorem, any change occurring within a time interval substantially shorter than
40 msec can not be properly evaluated from a digitized video sequence. The
discretization of time as a concatenation of basic (20 msec) intervals allows to
treat metric temporal aspects relevant for the evaluation of digitized videos.

It is advantageous, moreover, to distinguish three types of uncertainty since
each type is associated with different difficulties. Starting from digitized video
signals, image sequence evaluation has to take into account the stochastic na-
ture of the basic data to be evaluated. A second aspect concerns the evaluation
artefacts due to unavoidable simplifications designed into the algorithms and
– unfortunately, but realistically – due to undetected errors or inappropriate
parameterisations of the evaluation program. This second type of uncertainty
can result in a much more erratic and brittle performance than properly treated
stochastic errors. Usually, the more prominent evaluation artefacts have been
detected and removed in the course of extended tests so that the remaining ar-
tefacts can be difficult to distinguish from stochastic effects. The third type of
uncertainty is related to the vagueness of concepts encountered at the logical and
natural language processing level. In order to accommodate such uncertainties,
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a metric-temporal logic has been extended even further by the incorporation of
fuzzy reasoning, see [20].

All of the methodological developments mentioned in the preceding para-
graphs have been necessary in order to link the evaluation of digitized video
sequences to a level of conceptual processing, facilitating an appropriate Human-
Computer-Interface. It thus should not come as a surprise that only now serious
efforts are started to investigate natural language text as a potential form of
knowledge representation in the context of image sequence evaluation systems.

3 Outline of an Overall System Structure

The importance of explicitly represented conceptual knowledge about an ap-
plication domain will be illustrated by an example which in turn can be best
understood by first sketching the overall structure of an advanced image se-
quence evaluation system. A more detailed recent discussion of this approach
can be found in [16]. This system has been implemented, but is not considered
to be finished! Salient aspects of this structure are presented in the form of a
hierarchy of layers which emphasizes the forward/upward flow of information,
suppressing feedback links and layer-jumping connections. In addition, I do not
distinguish between processing (or transformation) layers and layers representing
intermediate results.

1. The signal or source layer provides digitized image sequences, either directly
input from a video camera or read-in from background storage.

2. The Picture Domain (PD) processing layer transforms digitized video signals
into image regions which tentatively correspond to stationary scene compo-
nents or to images of moving vehicles. In addition, the 2D frame-to-frame
motions of such regions in the image plane are estimated, see [17].

3. The Scene Domain (SD) processing layer introduces explicit knowledge ab-
out the three-dimensional structure of a depicted scene in the form of body
models – representing either passive ‘objects’ or active ‘agents’ in the scene
– and their admissible 3D trajectories. Based upon explicit body models
(usually approximated by polyhedra) and information about light sources,
processing takes into account shadow casting and occlusion relations, see [6].

4. The Geometric/Conceptual-Interface (G/C-I) layer links the geometric re-
presentation resulting from the processing at the preceding SD layer to a con-
ceptual representation. This representational transformation applies both to
bodies and to their motion. Based on ‘fuzzy logic’ conversion rules, stocha-
stic uncertainties as well as processing artefacts originating in the preceding
layers will thereby be merged with the vagueness of conceptual terms. Alt-
hough these transformations did not yet generate occasions for concern so
far, no claim is made that they are free from distortion or bias.

5. The Conceptual Processing (CP) layer (based upon a fuzzy metric-temporal
logic as mentioned above [20]) allows to select and combine elementary con-
cepts provided by the G/C-I layer in order to generate a conceptual repre-
sentation of the output according to what the system’s user specified.
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6. The Natural Language Processing (NLP) layer accepts the conceptual repre-
sentation provided by the CP layer and converts it into a natural language
text, see [4].

7. The Human-Computer-Interface (HCI) layer combines the natural language
text generated by the NLP layer with (possibly magnified) image regions
cropped from original image frames in areas specified implicitly by interme-
diate results or explicitly by the user – potentially supplemented by overlays
illustrating particular processing aspects – and makes these available to the
user. Any user commands will be accepted at this layer, too, and will be
decoded and forwarded to the required layer for further processing.

4 Representing Conceptual Knowledge about Vehicle
Behavior: the Situation Graph (SG)

Exploitation of a-priori knowledge about a scene – in particular about its tempo-
ral variation while it is recorded by a video camera – can substantially improve
the extraction of information about temporal developments in the depicted scene.
This has been shown repeatedly for the extraction of geometric information re-
garding vehicle trajectories, i. e. for SD processing. Although it may appear
plausible that such a statement applies to conceptual processing, too, a note of
caution could be advisable in the case of image sequence evaluation.

As outlined above, information about vehicle behavior is extracted from geo-
metric information provided by SD processing and forwarded via the G/C-I layer.
In such a feed-forward structure, a-priori conceptual knowledge about vehicle be-
havior represented at the CP layer can not influence the geometric processing
in the SD layer. Knowledge at the CP layer about behavior could thus only
facilitate the recognition of inconsistencies, allowing to reject inconsistent in-
termediate results fed forward from the preceding G/C-I layer. Apart from the
potential for such consistency checks, however, a-priori knowledge about vehicle
behavior needs to be available in order to combine elementary conceptual repre-
sentations into more complex ones for the subsequent preparation of appropriate
natural language text.

Vehicle behavior is formalized here as a concatenation of generically describa-
ble situations (gd situations): a gd situation schema comprises a state description
schema and an associated action schema. The state description schema is formu-
lated as a conjunction of predicates relating to particular (conceptually formula-
ted) properties of an agent and his environment. It is understood that an agent
will execute the action associated with a gd situation if his current state can
be instantiated from the state-schema component of the selected gd situation.
Instantiation is performed by a process operating on the information provided
by the G/C-I layer. The action schema can be parameterized by functions of
variables which appear in the argument expressions of predicates in the state
schema. A successful instantiation of a state schema will thus provide parameter
values which completely specify the action to be performed by an agent in the
respective gd situation.
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Representations for different gd situations can be considered as nodes for-
ming a graph, the so-called ‘Situation Graph (SG)’. A path through such a SG
corresponds to a particular concatenation of gd situation nodes. Each node im-
plies the execution of an action by an agent traversing the SG along such a path.
In the case of a SG comprising vehicle states at road traffic intersections, the
concatenation of actions along a path through the SG corresponds to a sequence
of maneuvers to be performed by a vehicle.

In addition to the a-priori knowledge encoded into state and action schemata
and their association, a-priori knowledge about vehicle behavior is coded, too,
into the selection of edges admitted between nodes of the SG as well as into
edge priorities: edges linking a node to different successor nodes are prioritized
according to the design preferences with which a process traversing the SG should
attempt to instantiate successor nodes. An edge leading back to the node from
which it originates provides the opportunity to have a vehicle being observed in
a particular state for several consecutive time units.

Since situations at innercity road intersections can be quite complex, related
SGs thus quickly become difficult to analyze and to modify. It has been deci-
ded, therefore, to represent SGs in the form of hypergraphs where a node may
be decomposed hierarchically into subgraphs which ‘inherit’ attributes of their
ancestor nodes. The traversal rule has been modified so that the process corre-
sponding to a vehicle will search the SG in depth-first manner, always attemp-
ting to instantiate the most specialized node compatible with the elementary
conceptual data about a vehicle as forwarded from the SD layer via the G/C-I
layer.

Figure 2 shows a five-level hierarchy representing in schematic form the be-
havior of a vehicle which crosses an intersection. In order to fit this schema-
tic presentation within the space available, some of the predicates qualifying
a node and the action part of each node have been omitted in this Figure.
The root node at Level I corresponds to the notion ‘cross an intersection’. The
hierarchical decomposition introduces at the next more specific Level II a conca-
tenation of gd situations for ‘drive to intersection’, ‘drive on intersection’, and
‘leave intersection’. Level III introduces further specializations – which address
cycles of stopping, waiting, restarting, and proceeding – either during the ap-
proach phase or during the phase where the vehicle actually is on the intersection
proper. Level IV essentially refines the admissible situations further by taking
into account whether or not a vehicle in question follows another one. Level V
eventually differentiates between the situations according to whether a vehicle
turns off or proceeds straight ahead across the intersection.

5 Feedback from the Conceptual Processing to the Scene
Domain Layer: an Example

The fastback enclosed by a box in Figure 1 is about to be occluded by a large
traffic direction indicator board – see, too, Figure 3. In order to cope with such
a configuration, one could assume that the fastback continues at about the same
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Fig. 2. ‘Situation Graph’ representing a-priori knowledge about the behavior of a
vehicle which crosses a road intersection (see text for further explanations).
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speed and direction which have been estimated prior to the beginning occlu-
sion: based on this assumption, the trajectory could be extrapolated during the
occlusion period.

In this particular case, however, such an approach will fail. Since a van in
the same lane as the fastback has come to a stop in front of a traffic light, the
fastback has to slow down and stop, too, to avoid crashing into the van. The
‘behavior’ of the fastback thus changes significantly during the occlusion period
which invalidates a simple extrapolation on the basis of prior estimates. Such a
situation, therefore, requires to extend the spatio-temporal scale of considerati-
ons which have to be taken into account.

Since the model-based tracking approach operating in the SD ‘knows’ about
the spatial arrangement of the recording camera, the traffic direction indicator
board, and the fastback in the scene, it can predict – based on the trajectory
of the fastback estimated prior to the impending occlusion – that an occlusion
is imminent. Although the van has been tracked, too, and thus its position in
the scene is known to the system, the implicit relation between the stopped
van and the approaching fastback, however, is not taken into account by SD
tracking. One could debate whether this should be done at the SD level, but this
alternative has been ruled out since a purely kinematic approach does not appear
to constitute the appropriate level of abstraction to handle such a situation:
the number of potential relations to be taken into account and the complex
numerical quantification of potential reactions by the ‘agents’ involved (in this
case the fastback and, as will be seen in a later stage, also the van) tipped the
balance against such an attempt.

It is at this point where feedback from the CP layer appears to be the better
choice. The leftmost bottom box from Figure 2 comprises the most specialized
maneuver ‘proceed to intersection straight ahead behing vehicle’. Its ‘grandpa-
rent’ node comprises – at a less specific level – a subgraph representing a stop-
and-go cycle. Since this state schema is inherited, the leftmost bottom node from
Figure 2 represents in schematic form the ‘behavior’ expected from the fastback
shown in Figure 1. The system thus has the capability to instantiate a case
where the fastback switches from a situation of unrestricted approach towards
the intersection into one where ‘it follows the preceding van’.

As is illustrated in Figure 3, the fastback has to approach the van which has
stopped on the same lane in front of the fastback. Since the fastback becomes
occluded by the direction indicator board, this expected slowdown can not be
observed directly. As a consequence, the state vector describing the motion of
the fastback has to be subjected to an additional input, counteracting a mere
prediction of the current velocity vector during the next time unit. ‘Distance
control’ – which prevents a crash into the preceding vehicle by assuring that a
minimum distance between vehicles is preserved – replaces ‘velocity control’, i. e.
the tendency to retain the same velocity as at previous time intervals.

The G/C-I layer constitutes the appropriate level where to realize this switch
between control regimes. The CP layer can infer qualitatively that the lane ahead
of the fastback is blocked by the van. As a consequence, the situation schema
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Fig. 3. Supplementary predicates for the SG of Figure 2, corresponding to a specializa-
tion of ‘drive to intersection’ via the set of alternatives ‘stop in front of intersection’,
‘wait in front of intersection’, ‘start in front of intersection’, ‘proceed to intersection’
to the corresponding further specializations obtained by adding to each alternative a
new condition ‘behind preceding vehicle’ in the action schema. The left column shows
the window selected in Figure 1 for half-frame 1080 (top left panel), 1200 (center), and
1450 (bottom) with the corresponding estimated projected model positions for two
vehicles superimposed (‘obj 7’ in blue and ‘obj 9’ in green). Note the superposition (in
violet) of the projected model for the occluding direction indicator board and the mast
carrying this board, as well as the shadows cast by modeled objects onto the road.
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‘proceed to intersection straight ahead behing vehicle’ can be instantiated for
the ‘fastback agent’. The resulting action consists in ‘fastback approaching van’,
implying that the fastback has to slow down. This qualitative conclusion is fed
back to the G/C-I layer where the quantitative data about both agents are avai-
lable in order to determine (so far based on default assumptions about normal
deceleration in such a case) the numerical value for deceleration of the fastback.
This additional control input is fed into the prediction phase of the Kalman-
Filter which tracks the fastback at the SD layer. In due course, the fastback
model will come to a complete stop although the fastback itself is invisible to
the recording camera – see the panel in the center row of Figure 3.

As soon as the traffic light has switched to green and the van begins to
accelerate, the wait-state for the fastback will be assumed to be terminated,
too, since it is still in the situation ‘proceed to intersection behind vehicle’. The
distance control regime at the G/C-I layer obtains the conclusion from inferences
at the CP layer that the wait for the fastback can be replaced again by a motion.
The G/C-I layer begins to feed a (default) value for an acceleration back to SD
tracking whereupon the model for the fastback begins to move again. After
several time units, the state-update phase of the Kalman-Filter which tracks the
fastback will determine that the model for the fastback is no longer fully occluded
by the direction indicator board: edge elements around the visible segments of the
model are matched again to the latter. Provided all these steps are parameterized
and executed properly, the projection of the fastback model catches onto the
reappearing fastback image and tracking can continue in the normal manner,
illustrated by the bottom panel in Figure 3.

This is but one example for feedback from the CP layer down to the SD layer
studied by [6]. It demonstrates the interaction between qualitative inferences at
the CP layer and quantitative tracking operations in the SD layer. Each layer
performs the tasks best suited to it, thereby considerably simplifying the design,
implementation, debugging, and maintainance of the overall system.

6 A Critical Look at Situation Graphs

The preceding section illustrated how a-priori knowledge about vehicle behavior
is represented by a SG and exploited by a fuzzy metric-temporal inference engine.
The interaction between qualitative reasoning at the CP layer and quantitative
processing at the SD layer demonstrated by this example supports the hypothesis
that SGs constitute a reasonable representation for (vehicle) behavior – to be
investigated further.

As explained in Section 4, the SG in Figure 2 is structured into five levels,
each level consisting of one row comprising one or more outer boxes. Each outer
box contains either a single situation node (in the top row) or a sub-SG. A
specialization link (downward pointing arrow) connects a parent node to the
corresponding subgraph which is enclosed by an outer box, too. At any given
time, an agent can activate only one node at each level, but an entire branch in
the tree-like structure from the root to a leaf node. The packaging of knowledge
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as a (situation) graph should not distract from the fact that this knowledge is
eventually represented as logic formulas. A given SG is (hand-)translated into
a formal langual SIT++ (see [20]) from where it is automatically compiled into
the logic representation (see [7]) evaluated by a fuzzy metric-temporal inference
engine [20].

Upon closer inspection of Figure 2, each node identifier (given at the top of
an inner box representing a SG-node, above the dotted line) can be looked at
as a predicate. This becomes true if the conjunction of constituent predicates
given below the dotted line are satisfied by an appropriate mapping of their
arguments to individuals extracted by image sequence evaluation, i. e. by an
instantiation of this SG node schema. An outer box encloses a subgraph which
corresponds to a disjunction of the predicates represented by node identifiers.
Since instantiation of a child node in a SG implies instantiation of its parent
node, a particular situation is characterized by the conjunction – one node at
each level in a sub-SG-hierarchy – of a disjunction of situation nodes.

Predicate identifiers can be read immediately as verbphrases. With some
exceptions – due to historical traces of the development – such a verbphrase
comprises more prepositional noun phrases the closer the corresponding node
is to a leaf node, i. e. the more specifications have been added in the course of
conceptual differentiation. Usually, the specification added upon further diffe-
rentiation of a node corresponds to a(n) additional predicate(s) which turn(s)
up below the dotted line of the child-node. Not surprisingly, a node is constitu-
ted by the conjunction of predicates: one corresponds to a verb and the others
either to a prepositional noun phrase, an adverbial phrase, or an attribute. The
subject noun phrase is missing since it is by definition represented by the agent
on behalf of which a process traverses the SG.

During the gradual development of this SG, pushed by the necessity to acco-
modate a growing and increasingly complex set of situations encountered during
the evaluation of ever more image sequences, knowledge about vehicle behavior
at intersections has been encoded in conceptual terms which come rather close to
a set of natural language sentences. This observation more or less reflects the in-
ductive manner in which conceptual knowledge about traffic situations has been
gradually encoded into a SG. Since – as has been shown in the preceding section
– this knowledge representation can be exploited algorithmically, let us take a
next step: can we replace the hand-construction of a SG by natural language text
analysis, for example according to the Discourse Representation Theory (DRT)?
Kamp and Reyle [13] describe in detail how entire discourses are to be converted
by an algorithm into Discourse Representation Structures (DRS) and how a set
of DRSs can be turned systematically into logic formulas, see [13, Chapter 1.5].
Rather than handcrafting a SG which is then translated by a human specialist
into a SIT++ representation, it appears more attractive to formulate knowledge
about the behavior of vehicles at intersections as a text. This text can be trans-
lated automatically via DRSs into a set of logic formulas which then have to
be instantiated by suitable mapping to the results of image sequence evalua-
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tion – with other words, the textual description of expected vehicle behavior at
intersections directly specifies a (logic) knowledge representation schema.

It appears worthwhile at this point to study some of the implications of this
suggestion. There is no question that the SG as shown in Figure 2 – or, bet-
ter, the knowledge to be supplied to an evaluation system for image sequences
of road intersection scenes – has to be supplemented by additional variants of
vehicle behavior. Sticking to a tree-like structure has the consequence that cer-
tain predicates, for example the one corresponding to the prepositional phrase
‘behind vehicle’, will show up repeatedly in different branches. This observa-
tion brings up another question, namely in which order predicates should be
appended during repeated specialization of a concept. Subgraphs in the lower
right quadrant of Figure 2 illustrate – albeit not in a fully expanded form, due to
space limitations – that in principle one has to incorporate both permutations of
two differentiating attributes, ‘behind vehicle’ and the disjunction of ‘turn left’,
‘drive straight ahead’, or ‘turn right’. A tree-like specialization structure lets the
SG expand quickly, potentially impeding clarity of understanding. In a similar
vein, the prioritized links between nodes of the same subgraph can create dif-
ficult questions during the design phase and might necessitate experiments in
order to determine an appropriate collection of situation nodes for a subgraph.

On the positive side, the prioritized links guide the instantiation process and
thus enable a more efficient graph traversal. The tree-like specialization structure
of the SG and the depth-first search during traversal never leaves in doubt to
which parent node the search has to return if a predicate can no longer be
instantiated. Since each node is associated with an action, the next action to be
performed thus is always well defined.

It is expected to overly complicate knowledge input by natural language text
if prioritized links between nodes have to be specified. Should graph traversal
eventually become fast enough, this aspect could simply be dropped. An alter-
native would consist in implementing an analogy to the ‘working set’ approach
in managing virtual memory spaces, i. e. one would have to monitor the (time-
varying) frequency with which subsets of nodes will be visited successfully and
prioritize the associated links dynamically during subsequent graph traversals.

Much more difficult appears the following problem: the history of a graph
traversal – corresponding to the sequence of maneuvers executed by a vehicle
agent – can easily be lost if the next situation node (and thereby the next ac-
tion to be executed) is selected merely according to the satisfiability of a set
of logic formulas at a particular instant in time. As has been observed, even
minor changes in intermediate results – due to, for example, sensor noise – can
severely influence selections unless these are stabilized by a kind of low-pass tem-
poral filtering based on (at least short-term) history. We have experimented with
beam-search approaches in order to be able to retain some situation selection
even if it is not the most favored one at a particular instant, for example if (pre-
sumably by accident) some more special node can be successfully instantiated
for a few half-frames. The SIT++ language provides means to specify minimal
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and maximal durations for certain states, thus allowing to accomodate some of
the more qualitative criteria into the logic formalism.

The graphical representation of a SG in the form outlined above thus com-
prises some means which simplify the design of experiments. No experience is
available yet regarding alternative means if knowledge about vehicle behavior at
intersections will be provided in the form of a natural language text: although
it will always be possible to introduce a natural language equivalent for direct
specification of particular paths in a SG, the substitution of conventions by au-
tomatic in-depth analysis of alternative path configurations within a tentative
SG could be more attractive in the long run.

7 Discussion and Outlook

The effort to extend image sequence evaluation into an area where it has to be
performed efficiently with large volumes of data necessitates to integrate me-
thods from several disciplines: signal processing, geometry, control, spatial and
temporal reasoning, natural language text processing, and systems engineering
certainly have to be taken into account. The abstraction process – necessita-
ted by the large volume of data to be handled – enforces an incorporation of
formal logic into the structure of an image sequence evaluation system. The re-
presentation and use of knowledge about behavior increasingly illustrates this
need.

Although road traffic constitutes an application domain which comprises nu-
merous challenges for image (sequence) evaluation as well as for spatial and
metric-temporal reasoning, it appears too early to rank published approaches.
More experience should be collected with various alternatives regarding know-
ledge representation for (vehicle) behavior, see [16] for pointers to earlier litera-
ture. Additional contenders for knowledge representation regarding behavior are
Bayesian Networks – e. g., the survey in [1], the study of [8], and experiments
reported in [18] – and Semantic Networks, see for example the monograph by
Sagerer and Niemann [19]. Research by Intille and Bobick [10], although not re-
fering to the road traffic domain, exemplifies still another approach towards the
representation of behavior. These authors emphasize the recognition of activities
performed by an entire group of interacting agents, instantiating their models
on data from (interactively) evaluated video recordings of American Football.

Links between behavioral modeling and control engineering clearly begin to
emerge – albeit in a rather early stage, see [3]. In a similar vein, the connection
between image (sequence) understanding and logic becomes closer as exempli-
fied by the study of [9]. Whereas the approaches mentioned so far explored
either the use of particular representation formalisms (Bayesian Networks, Se-
mantic Networks, Formal Logic) or were primarily oriented towards control ([3]),
a number of recent investigations study predominantly data-driven approaches
towards image sequence evaluation in order to cluster road traffic developments
for subsequent conceptual categorization as exemplified by [5,14,11], with [12]
as precursor.
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Discussion of an encompassing, already fairly complex system for the evalua-
tion of digitized video sequences recorded at road intersections has shown that
knowledge represented at the conceptual level can contribute to system robustn-
ess. Upon closer inspection, it turned out that the knowledge about the behavior
of vehicles crossing road intersections has been represented more or less unnoti-
ced in a form which exhibits close affinity to a natural language text. This led
to the idea to use established means of natural language text analysis in order
to transform knowledge formulated as a text into the logic structure required by
the Conceptual Processing layer of an image sequence evaluation system. The
realization of such an approach would obviate the ever more complicated task of
handcrafting ‘Situation Graphs’ for subsequent translation into the required lo-
gic structures. Knowledge represented in the form of natural language text could
be converted algorithmically into logic formulas which would allow to access the
a-priori knowledge at any desirable level of abstraction. The increasingly closer
interaction between computational linguistics and logic lets it appear plausible
that such tools will become available in the near future. It will have the advan-
tage that standard tools for extension, adaptation, and maintainance of texts
may be used – avoiding the necessity to construct the required tools ad-hoc in
the context of designing image (sequence) evaluation systems.

The qualification promised at the beginning: I consider the initial statement
as a hypothesis, a challenging one, as this contribution attempted to show. It
will certainly require considerable efforts to validate it – even if it is restricted
to road traffic scenes.
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Abstract. Both, the number and the size of spatial databases, such as geographic
or medical databases, are rapidly growing because of the large amount of data ob-
tained from satellite images, computer tomography or other scientific equipment.
Knowledge discovery in databases (KDD) is the process of discovering valid,
novel and potentially useful patterns from large databases. Typical tasks for
knowledge discovery in spatial databases include clustering, characterization and
trend detection. The major difference between knowledge discovery in relational
databases and in spatial databases is that attributes of the neighbors of some ob-
ject of interest may have an influence on the object itself. Therefore, spatial
knowledge discovery algorithms heavily depend on the efficient processing of
neighborhood relations since the neighbors of many objects have to be investi-
gated in a single run of a typical algorithm. Thus, providing general concepts for
neighborhood relations as well as an efficient implementation of these concepts
will allow a tight integeration of spatial knowledge discovery algorithms with a
spatial database management system. This will speed-up both, the development
and the execution of spatial KDD algorithms. For this purpose, we define a small
set of database primitives, and we demonstrate that typical spatial KDD algo-
rithms are well supported by the proposed database primitives. By implementing
the database primitives on top of a commercial database management system, we
show the effectiveness and efficiency of our approach, experimentally as well as
analytically. The paper concludes by outlining some interesting issues for future
research in the emerging field of knowledge discovery in spatial databases.

1 Introduction

Knowledge discovery in databases (KDD) has been defined as the process of dis-
covering valid, novel, and potentially useful patterns from data [9]. Spatial Database
Systems (SDBS) (see [10] for an overview) are database systems for the management of
spatial data. To find implicit regularities, rules or patterns hidden in large spatial data-
bases, e.g. for geo-marketing, traffic control or environmental studies, spatial data min-
ing algorithms are very important (see [12] for an overview). 

Most existing data mining algorithms run on separate and specially prepared files,
but integrating them with a database management system (DBMS) has the following ad-
vantages. Redundant storage and potential inconsistencies can be avoided. Further-
more, commercial database systems offer various index structures to support different
types of database queries. This functionality can be used without extra implementation
effort to speed-up the execution of data mining algorithms. Similar to the relational
standard query language SQL, the use of standard primitives will speed-up the devel-
opment of new data mining algorithms and will also make them more portable. 

In this paper, we introduce a set of database primitives for mining in spatial databas-
es. [1] follows a similar approach for mining in relational databases. Our database prim-
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itives (section 2) are based on the concept of neighborhood relations. The proposed
primitives are sufficient to express most of the algorithms for spatial data mining from
the literature (section 3). We present techniques for efficiently supporting these primi-
tives by a DBMS (section 4). Section 5 summarizes the contributions and discusses sev-
eral issues for future research. 

2 Database Primitives for Spatial Data Mining

The major difference between mining in relational databases and mining in spatial
databases is that attributes of the neighbors of some object of interest may have an in-
fluence on the object itself. Therefore, our database primitives (see [7] for a first sketch)
are based on the concept of spatial neighborhood relations.

2.1 Neighborhood Relations

The mutual influence between two objects
depends on factors such as the topology,
the distance or the direction between the
objects. For instance, a new industrial plant
may pollute its neighborhood depending
on the distance and on the major direction
of the wind. Figure 1 depicts a map used in
the assessment of a possible location for a
new industrial plant. The map shows three
regions with different degrees of pollution
(indicated by the different colors) caused
by the planned industrial plant. Further-
more, the influenced objects such as com-

munities and forests are depicted.
We introduce three basic types of binary spatial relations: topological, distance and

direction relations. Spatial objects may be either points or spatially extended objects
such as lines, polygons or polyhedrons. Spatially extended objects may be represented
by a set of points at its surface, e.g. by the edges of a polygon (vector representation) or
by the points contained in the object, e.g. the pixels of an object in a raster image (raster
representation). Therefore, we use sets of points as a generic representation of spatial
objects. In general, the points p = (p1, p2, . . ., pd) are elements of a d-dimensional Eu-
clidean vector space called Points. In the following, however, we restrict the presenta-
tion to the 2-dimensional case, although, all of the introduced notions can easily be
applied to higher dimensions d. Spatial objects O are represented by a set of points, i.e.
O ˛ 2Points. For a point p = (px, py), px and py denote the coordinates of p in the x- and
the y-dimension.

Topological relations are relations which are invariant under topological transfor-
mations, i.e. they are preserved if both objects are rotated, translated or scaled simulta-
neously. 

Fig. 1. Regions of pollution around a planned 
industrial plant [3]
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Definition 1: (topological relations) The topological relations between two objects A
and B are derived from the nine intersections of the interiors, the boundaries and the
complements of A and B with each other. The relations are: A disjoint B, A meets B, A
overlaps B, A equals B, A covers B, A covered-by B, A contains B, A inside B. A formal
definintion can be found in [5].

Distance relations are those relations comparing the distance of two objects with a
given constant using one of the arithmetic operators. 

Definition 2: (distance relations) Let dist be a distance function, let s  be one of the
arithmetic predicates <, > or = , let c be a real number and let A and B be spatial objects,

i.e. A, B ˛ 2Points. Then a distance relation A distances c B holds iff dist(A, B) s  c.

In the following, we define 2-dimensional direction relations and we will use their
geographic names. We define the direction relation of two spatially extended objects us-
ing one representative point rep(A) of the source object A and all points of the destina-
tion object B. The representative point of a source object is used as the origin of a virtual
coordinate system and its quadrants define the directions. 

Definition 3: (direction relations) Let rep(A) be the representative of a source object A.
- B northeast A holds, iff "  b ˛  B: bx ‡ rep(A)x Ù by ‡ rep(A)y 

southeast, southwest and northwest are defined analogously.
- B north A holds, iff "  b ˛  B: by ‡ rep(A)y . south, west, east are defined analogously. 

- B any_direction A is defined to be TRUE for all A, B.
Obviously, for each pair of spatial objects at least one of the direction relations holds

but the direction relation between two objects may not be unique. Only the special re-
lations northwest, northeast, southwest and southeast are mutually exclusive. However,
if considering only these special directions there may be pairs of objects for which none
of these direction relations hold, e.g. if some points of B are northeast of A and some
points of B are northwest of A. On the other hand, all the direction relations are partially
ordered by a specialization relation (simply given by set inclusion) such that the small-
est direction relation for two objects A and B is uniquely determined. We call this small-
est direction relation for two objects A and B the exact direction relation of A and B. 

Topological, distance and direction relations may be combined by the logical oper-
ators Ù  (and) as well as Ú  (or) to express a complex neighborhood relation. 

Definition 4: (complex neighborhood relations) If r1 and r2 are neighborhood rela-

tions, then r1 Ù r2 and r1 Ú r2 are also (complex) neighborhood relations.

2.2 Neighborhood Graphs and Their Operations

Based on the neighborhood relations, we introduce the concepts of neighborhood
graphs and neighborhood paths and some basic operations for their manipulation.

Definition 5: (neighborhood graphs and paths) Let neighbor be a neighborhood rela-

tion and DB ˝ 2Points be a database of spatial objects.

a) A neighborhood graph  is a graph where the set of nodes N cor-

responds to the set of objects . The set of edges  contains the
pair of nodes (n1, n2) iff neighbor(n1,n2) holds. Let n denote the cardinality of N and

GDB
neighbor N E,( )=

o DB˛ E N N·˝
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let e denote the cardinality of E. Then, f:= e / n denotes the average number of edges
of a node, i.e. f is called the “fan out” of the graph.

b) A neighborhood path is a sequence of nodes [n1, n2, . . ., nk], where neighbor(ni, ni+1)

holds for all . The number k of nodes is called the length of the neigh-

borhood path.
Lemma 1: The expected number of neighborhood paths of length k starting from a

given node is f k -1 and the expected number of all neighborhood paths of length k is then

n*f k -1.
Obviously, the number of neighborhood paths may become very large. For the pur-

pose of KDD, however, we are mostly interested in a certain class of paths, i.e. paths
which are “leading away” from the starting object in a straightforward sense. Therefore,
the operations on neighborhood paths will provide parameters (filters) to further reduce
the number of paths actually created.

We assume the standard operations from relational algebra such as selection, union,
intersection and difference to be available for sets of objects and for sets of paths. Fur-
thermore, we define a small set of basic operations on neighborhood graphs and paths
as database primitives for spatial data mining. In this paper, we introduce only the two
most important of these operations: 

neighbors: NGraphs x Objects x Predicates --> 2Objects

extensions: NGraphs x 2NPaths x Integer x Predicates -> 2NPaths

The operation neighbors(graph,object,pred) returns the set of all objects
connected to object via some edge of graph satisfying the conditions expressed
by the predicate pred. The additional selection condition pred is used if we want to
restrict the investigation explicitly to certain types of neighbors. The definition of the
predicate pred may use spatial as well as non-spatial attributes of the objects.

The operation extensions(graph,paths,max,pred) returns the set of all
paths extending one of the elements of paths by at most max nodes of graph. All
the extended paths must satisfy the predicate pred. Therefore, the predicate pred in
the operation extensions acts as a filter to restrict the number of paths created using
domain knowledge about the relevant paths. 

2.3 Filter Predicates for Neighborhood Paths

Neighborhood graphs will in general contain many paths which are irrelevant if not
“misleading” for spatial data mining algorithms. The task of spatial trend analysis, i.e.
finding patterns of systematic change of some non-spatial attributes in the neighbor-
hood of certain database objects, can be considered as a typical example. Detecting such
trends would be impossible if we do not restrict the pattern space in a way that paths
changing direction in arbitrary ways or containing cycles are eliminated. In the follow-
ing, we discuss one possible filter predicate, i.e. starlike. Other filters may be useful de-
pending on the application. 

Definition 6: (filter starlike) Let p = [n1,n2,...,nk] be a neighborhood path and let reli be

the exact direction for ni and ni+1, i.e. ni+1 reli ni holds. The predicates starlike and var-

iable-starlike for paths p are defined as follows: 
starlike(p) :Û  ($  j < k: "  i > j: ni+1 reli ni Û  reli ˝ relj), if k > 1; TRUE, if k=1. 

ni N 1 i k<£,˛

64 M. Ester, H.-P. Kriegel, and J. Sander



The filter starlike requires that, when extending a
path p, the exact “final” direction relj of p cannot be
generalized. For instance, a path with “final” direction
northeast can only be extended by a node of an edge
with exact direction northeast but not by an edge with
exact direction north.
Under the following assumptions, we can calculate

the number of all starlike neighborhood paths of a certain length l for a given fanout f
of the neighborhood graph. 
Lemma 2: Let A be a spatial object and let l be an integer. Let intersects be chosen as
the neighborhood relation. If the representative points of all spatial objects are uni-
formly distributed and if they have the same extension in both x and y direction, then
the number of all starlike neighborhood paths with source A having a length of at most

l is O(2l) for f = 12 and O(l) for f = 6. (see [6] for a proof)
The assumptions of this lemma may seem to be too restrictive for real applications.

Note, however, that intersects is a very natural neighborhood relation for spatially ex-
tended objects. To evaluate the assumptions of uniform distribution of the representa-
tive points of the spatial objects and of the same size of these objects, we conducted a
set of experiments to compare the expected numbers of neighborhood paths with the ac-
tual number of paths created from a real geographic database on Bavaria. The database
contains the ATKIS 500 data [2] and the Bavarian part of the statistical data obtained
by the German census of 1987. 

We find that for f = 6 the number of all neighborhood paths (starting from the same
source) with a length of at most max-length is O(6max-length) and the number of the star-
like neighborhood paths only grows approximately linear with increasing max-length -
as stated by lemma 2. For f = 12 the number of all neighborhood paths with a length of
at most max-length is O(12max-length) as we can expect from the lemma. However, the
number of the starlike neighborhood paths is significantly less than O(2max-length). This
effect can be explained as follows. The lemma assumes equal size of the spatial objects.
However, small destination objects are more likely to fulfil the filter starlike than large
destination objects implying that the size of objects on starlike neighborhood paths
tends to decrease. Note that lemma 2 nevertheless yields an upper bound for the number
of starlike neighborhood paths created.

3 Algorithms for Spatial Data Mining

To support our claim that the expressivity of our spatial data mining primitives is
adequate, we demonstrate how typical spatial data mining algorithms can be expressed
by the database primitives introduced in section 2. 

3.1 Spatial Clustering
Clustering is the task of grouping the objects of a database into meaningful subclass-

es (that is, clusters) so that the members of a cluster are as similar as possible whereas
the members of different clusters differ as much as possible from each other. Applica-
tions of clustering in spatial databases are, e.g., the detection of seismic faults by group-

Fig. 2. Illustration of two 
different filter predicates

starlike
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ing the entries of an earthquake catalog or the creation of thematic maps in geographic
information systems by clustering feature spaces. 

Different types of spatial clustering algorithms have been proposed. The basic idea
of a single scan algorithm is to group neighboring objects of the database into clusters
based on a local cluster condition performing only one scan through the database. Sin-
gle scan clustering algorithms are efficient if the retrieval of the neighborhood of an ob-
ject can be efficiently performed by the SDBS. Note that local cluster conditions are
well supported by the neighbors operation on an appropriate neighborhood graph.
The algorithmic schema of single scan clustering is depicted in figure 3. 

Different cluster conditions yield different notions of a cluster and different cluster-
ing algorithms. For example, GDBSCAN [16] relies on a density-based notion of clus-
ters. The key idea of a density-based cluster is that for each point of a cluster its e -
neighborhood has to contain at least a minimum number of points. This idea of “densi-
ty-based clusters” can be generalized in two important ways. First, any notion of a
neighborhood can be used instead of an e -neighborhood if the definition of the neigh-
borhood is based on a binary predicate which is symmetric and reflexive. Second, in-
stead of simply counting the objects in a neighborhood of an object other measures to
define the “cardinality” of that neighborhood can be used as well. Whereas a distance-
based neighborhood is a natural notion of a neighborhood for point objects, it may be
more appropriate to use topological relations such as intersects or meets to cluster spa-
tially extended objects such as a set of polygons of largely differing sizes. 

3.2 Spatial Characterization

The task of characterization is to find a compact description for a selected subset
(the target set) of the database. A spatial characterization [8] is a description of the spa-
tial and non-spatial properties which are typical for the target objects but not for the
whole database. The relative frequencies of the non-spatial attribute values and the rel-
ative frequencies of the different object types are used as the interesting properties. For

SingleScanClustering(Database db; NRelation rel)
set Graph to create_NGraph(db,rel);
initialize a set CurrentObjects as empty;
for each node O in Graph do

if O is not yet member of some cluster then
create a new cluster C;
insert O into CurrentObjects;
while CurrentObjects not empty do

remove the first element of CurrentObjects as O;
set Neighbors to neighbors(Graph, O, TRUE);
if Neighbors satisfy the cluster condition do

add O to cluster C;
add Neighbors to CurrentObjects;

end SingleScanClustering;
Fig. 3. Schema of single scan clustering algorithms
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instance, different object types in a geographic database are communities, mountains,
lakes, highways, railroads etc. To obtain a spatial characterization, not only the proper-
ties of the target objects, but also the properties of their neighbors (up to a given maxi-
mum number of edges in the relevant neighborhood graph) are considered. 

A spatial characterization rule of the form target Þ p1 (n1, freq-fac1) Ù ... Ù  pk (nk,
freq- fack) means that for the set of all targets extended by ni neighbors, the property pi
is freq-faci times more (or less) frequent than in the whole database. The characteriza-
tion algorithm usually starts with a small set of target objects, selected for instance by
a condition on some non-spatial attribute(s) such as “rate of retired people = HIGH”
(see figure 4, left). Then, the algorithm expands regions around the target objects, si-
multaneously selecting those attributes of the regions for which the distribution of val-
ues differs significantly from the distribution in the whole database (figure 4, right).

In the last step of the algorithm, the following characterization rule is generated de-
scribing the target regions. Note that this rule lists not only some non-spatial attributes
but also the neighborhood of mountains (after three extensions) as significant for the
characterization of the target regions:

community has high rate of retired people Þ  
apartments per building = very low (0, 9.1) Ù 
rate of foreigners = very low (0, 8.9) Ù 
. . . Ù 
object type = mountain (3, 4.1)

3.3 Spatial Trend Detection

A spatial trend [8] is as a regular change of one or more non-spatial attributes when
moving away from a given start object o . Neighborhood paths starting from o are used
to model the movement and a regression analysis is performed on the respective at-
tribute values for the objects of a neighborhood path to describe the regularity of
change. For the regression, the distance from o is the independent variable and the dif-
ference of the attribute values are the dependent variable(s) for the regression. The cor-
relation of the observed attribute values with the values predicted by the regression
function yields a measure of confidence for the discovered trend. 

Fig. 4. Characterizing wrt. high rate of retired people [8]

maximally expanded regionstarget objects
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Algorithm global-trends detects global trends around a start object o. The existence
of a global trend for a start object o indicates that if considering all objects on all paths
starting from o the values for the specified attribute(s) in general tend to increase (de-
crease) with increasing distance. Figure 5 (left) depicts the result of algorithm global-
trends for the trend attribute “average rent” and a start object representing the city of
Regensburg. 

Algorithm local-trends detects single paths starting from an object o and having a
certain trend. The paths starting from o may show different pattern of change, for ex-
ample, some trends may be positive while the others may be negative. Figure 5 (right)
illustrates this case again for the trend attribute “average rent” and the start object rep-
resenting the city of Regensburg.

4 Efficient DBMS Support Based on Neighborhood Indices

Typically, spatial index structures, e.g. R-trees [11], are used in an SDBMS to speed
up the processing of queries such as region queries or nearest neighbor queries [10].
Therefore, our default implementation of the neighbors operations uses an R-tree. If
the spatial objects are fairly complex, however, retrieving the neighbors of some object
this way is still very time consuming due to the complexity of the evaluation of neigh-
borhood relations on such objects. Furthermore, when creating all neighborhood paths
with a given source object, a very large number of neighbors operations has to be
performed. Finally, many SDBS are rather static since there are not many updates on
objects such as geographic maps or proteins. Therefore, materializing the relevant
neighborhood graphs and avoiding to access the spatial objects themselves may be
worthwhile. This is the idea of the neighborhood indices. 

4.1 Neighborhood Indices

Our concept of neighborhood indices is related to the work of [15] and [13]. [15]
introduced the concept of spatial join indices as a materialization of a spatial join with
the goal of speeding up spatial query processing. This paper, however, does not deal
with the questions of efficient implementation of such indices. [13] extends spatial join
indices by associating each pair of objects with their distance. In its basic form, this in-
dex requires O(n2) space because it needs one entry not only for pairs of neighboring
objects but for each pair of objects. Therefore, in [13] a hierarchical version of distance

Fig. 5. Trends of the“average rent” starting from the city of Regensburg

Global trend Local trends

direction of decreasing attribute values
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associated join indices is proposed. In general, however, we cannot rely on such hierar-
chies for the purpose of supporting spatial data mining. Our approach, called neighbor-
hood indices, extends distance associated join indices with the following new
contributions:
• A specified maximum distance restricts the pairs of objects represented in a neigh-

borhood index.
• For each of the different types of neighborhood relations (that is distance, direction,

and topological relations), the concrete relation of the pair of objects is stored.

Definition 7: (neighborhood index) Let DB be a set of spatial objects and let max and
dist be real numbers. Let D be a direction relation and T be a topological relation. Then

the neighborhood index for DB with maximum distance max, denoted by , is de-

fined as follows:  = {(O1,O2,dist,D,T) | 
O1, O2  ̨  DB Ù  O1 distance=dist O2 Ù  dist £  max Ù  O2 D O1 Ù  O1 T O2}.

A simple implementation of a neighborhood index using a B+-tree on the key at-
tribute Object-ID is illustrated in figure 6.

A neighborhood index supports not only one but a set of neighborhood graphs. We
call a neighborhood index applicable for a given neighborhood graph if the index con-
tains an entry for each of the edges of the graph. To find the neighborhood indices ap-
plicable for some neighborhood graph, we introduce the notion of the critical distance
of a neighborhood relation. Intuitively, the critical distance of a neighborhood relation
r is the maximum possible distance for a pair of objects O1 and O2 satisfying O1 r O2. 

Definition 8: (applicable neighborhood index) Let  be a neighborhood graph and

let  be a neighborhood index.  is applicable for  iff

Definition 9: (critical distance of a neighborhood relation) Let r be a neighborhood
relation. The critical distance of r, denoted by c-distance(r), is defined as follows:

A neighborhood index with a maximum distance of max is applicable for a neigh-
borhood graph with relation r if the critical distance of r is not larger than max.

Imax
DB

Imax
DB

Object-ID Neighbor Distance Direction Topology

o1 o2 2.7 southwest disjoint

o1 o3 0 northwest overlap

. . . . . . . . . . . . . . .

B+-
tree

Fig. 6. Sample Neighborhood Index
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if r = r1 Ú r2
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Lemma 3: Let  be a neighborhood graph and let  be a neighborhood index. 

If max ‡ c-distance(r), then  is applicable for .

Obviously, if two neighborhood indices and  with c1 < c2 are available and
applicable, using  is more efficient because in general it has less entries than .
The smallest applicable neighborhood index for some neighborhood graph is the appli-
cable neighborhood index with the smallest critical distance.

In figure 7, we sketch the algorithm for processing the neighbors operation
which makes use of the smallest applicable neighborhood index. If there is no applica-
ble neighborhood index, then the standard approach that uses an R-tree is followed. 

The first step of algorithm neighbors, the index selection, selects a neighborhood in-
dex. The filter step returns a set of candidate objects (which may satisfy the specified
neighborhood relation) with a cardinality significantly smaller than the database size.
In the last step, the refinement step, for all these candidates the neighborhood relation
as well as the additional predicate pred are evaluated and all objects passing this test are
returned as the resulting neighbors. The extensions operation can obviously be im-
plemented by iteratively performing neighbors operations. Therefore, it is obvious
that the performance of the neighbors operation is very important for the efficiency
of our approach.

To create a neighborhood index , a spatial join on DB with respect to the neigh-
borhood relation  is performed. A spatial join can
be efficiently processed by using a spatial index structure, see e.g. [4]. For each pair of
objects returned by the spatial join, we then have to determine the exact distance, the
direction relation and the topological relation. The resulting tuples of the form

 are stored in a relation which is indexed
by a B+-tree on the attribute O1.

Updates of a database, i.e. insertions or deletions, require updates of the derived
neighborhood indices. Fortunately, the update of a neighborhood index  is restrict-
ed to the neighborhood of the respective object defined by the neighborhood relation A
distance< max B. This neighborhood can be efficiently retrieved by using either a neigh-
borhood index (in case of a deletion) or by using a spatial index structure (in case of an
insertion).

GDB
r Imax

DB

Imax
DB

GDB
r

Ic1
DB

Ic2
DB

Ic1
DB

Ic2
DB

neighbors (graph , object o, predicate pred)
select as I the smallest applicable neighborhood index for ; // Index Selection
if such I exists then  // Filter Step

use the neighborhood index I to retrieve as candidates the set of objects c 
having an entry (o,c,dist, D, T) in I

else use the R-tree to retrieve as candidates the set of objects c satisfying o r c;
initialize an empty set of neighbors; // Refinement Step
for each c in candidates do

if o r c and pred(c) then add c to neighbors
return neighbors;

GDB

r GDB

r

Fig. 7. Algorithm neighbors

Imax
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4.2 Cost Model

We developed a cost model to predict the cost of performing a neighbors opera-
tion with and without a neighborhood index. We use tpage, i.e. the execution time of a
page access, and tfloat, i.e. the execution time of a floating point comparison, as the units
for I/O time and CPU time, respectively. 

In table 1, we define the parameters of the cost model and list typical values for each
of them. The system overhead s includes client-server communication and the overhead
induced by several SQL queries for retrieving the relevant neighborhood index and the
minimum bounding box of a polygon (necessary for the access of the R-tree). pindex and
pdata denote the probability that a requested index page and data page, respectively,
have to be read from disk according to the buffering strategy.

Table 2 shows the cost for the three steps of processing a neighbors operation
with and without a neighborhood index. In the R-tree, there is one entry for each of the
n nodes of the neighborhood graph whereas the B+-tree stores one entry for each of the
f * n edges. We assume that the number of R-tree paths to be followed is proportional
to the number of neighboring objects, i.e. proportional to f. A spatial object with v ver-
tices requires v/cv data pages. We assume a distance relation as neighborhood relation
requiring v2 floating point comparisons. When using a neighborhood index, the filter
step returns ff * f candidates. The refinement step has to access their index entries but
does not have to access the vertices of the candidates since the refinement test can be
directly performed by using the attributes Distance, Direction and Topology of the index
entries. This test involves a constant (i.e. independent of v) number of floating point
comparisons and requires no page accesses implying that its cost can be neglected.

Table 1: Parameters of the cost model

name meaning typical values

n number of nodes in the neighborhood graph [103 . . 105]

f average number of edges per node in the graph (fan out) [1 . . 102]

v average number of vertices of a spatial object [1 . . 103]

ff ratio of fanout of the index and fanout (f) of the graph [1 . . 10]

cindex capacity of a page in terms of index entries 128

cv capacity of a page in terms of vertices 64

pindex probability that a given index page must be read from disk [0..1]

pdata probability that a given data page must be read from disk [0..1]

tpage average execution time for a page access 1 * 10-2 sec

tfloat execution time for a floating point comparison  3 * 10-6 sec

s system overhead depends on DBMS
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4.3 Experimental Results

We implemented the database primitives on top of the commercial DBMS Illustra
using its 2D spatial data blade which provides R-trees. A geographic database of Bavar-
ia was used for an experimental performance evaluation and validation of the cost mod-
el. This database represents the Bavarian communities with one spatial attribute
(polygon) and 52 non-spatial attributes (such as average rent or rate of unemployment).
All experiments were run on HP9000/715 (50MHz) workstations under HP-UX 10.10. 

The first set of experiments compared the performance predicted by our cost models
with the experimental performance when varying the parameters n, f and v. The results
show that our cost model is able to predict the performance reasonably well. For in-
stance, figure 8 depicts the results for n = 2,000, v = 35 and varying values for f. 

We used our cost model to compare the performance of the neighbors operation
with and without neighborhood index for combinations of parameter values which we
could not evaluate experimentally with our database. Figure 9 depicts the results (1) for
f = 10, v = 100 and varying n and (2) for n = 100,000, f = 10 and varying v. These results
demonstrate a significant speed-up for the neighbors operation with compared to
without neighborhood index. Furthermore, this speed-up grows strongly with increas-
ing number of vertices of the spatial objects. 

The next set of experiments analyzed the system overhead which is rather large.
This overhead, however, can be reduced when calling multiple correlated neighbors op-
erations issued by one extensions operation, since the client-server communication,

Table 2: Cost model for the neighbors operation

Step Cost without neighborhood index Cost with neighborhood index

Selec-
tion

s s

Filter

Refine-
ment

f logcindex
n pindex× × tpage× logcindex

f n×( ) pindex× tpage×

1 f+( ) v cv⁄ pdata× × tpage× f v
2

tfloat× ×+ ff f pdata× × tpage×

Fig. 8. Comparison of cost model versus experimental results
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the retrieval of the relevant neighborhood index etc. is necessary only once for the
whole extensions operation and not for each of the neighbors operations. In our
experiments, we found that the system overhead was typically reduced by 50%, e.g.
from 211 ms to 100 ms, when calling multiple correlated neighbors operations.

5 Conclusions

In this paper, we defined neighborhood graphs and paths and a small set of database
primitives for spatial data mining. We showed that spatial data mining algorithms such
as spatial clustering, characterization, and trend detection are well supported by the pro-
posed operations. Furthermore, we discussed filters restricting the search to such neigh-
borhood paths “leading away” from a starting object. An analytical as well as an
experimental analysis demonstrated the effectiveness of the proposed filter. Finally, we
introduced neighborhood indices to speed-up the processing of our database primitives.
Neighborhood indices can be easily created in a commercial DBMS by using standard
functionality, i.e. relational tables and index structures. We implemented the database
primitives on top of the object-relational DBMS Illustra. The efficiency of the neigh-
borhood indices was evaluated by using an analytical cost model and an extensive ex-
perimental study on a geographic database.

So far, the neighborhood relations between two objects depend only on the proper-
ties of the two involved objects. In the future, we will extend our approach to neighbor-
hood relations such as “being among the k-nearest neighbors” which depend on more
than the two related objects. The investigation of other filters for neighborhood paths
with respect to their effectiveness and efficiency in different applications is a further in-
teresting issue. Finally, a tighter integration of the database primitives with the DBMS
should be investigated. 
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Abstract. We believe intelligence does not dwell solely in brain but
emerges from active interactions with environments through perception,
action, and communication. This paper give an overview of our five years
project on Cooperative Distributed Vision (CDV, in short). From a prac-
tical point of view, the goal of CDV is summarized as follows: Embed in
the real world a group of network-connected Observation Stations (real-
time image processor with active camera(s)) and mobile robots with
vision. And realize 1) wide area dynamic scene understanding and 2)
versatile scene visualization. Applications of CDV include real-time wide
area surveillance, remote conference and lecturing systems, navigation
of (non-intelligent) mobile robots and disabled people. In this paper, we
first define the framework of CDV and then present technical research
results so far obtained: 1) fixed viewpoint pan-tilt-zoom camera for wide
area active imaging, 2) active vision system for real-time moving object
tracking and, 3) cooperative moving object tracking by communicating
active vision agents.

1 Introduction

This paper gives an overview of our five years project on Cooperative Distributed
Vision (CDV, in short). From a practical point of view, the goal of CDV is
summarized as follows (Fig. 1):
Embed in the real world a group of network-connected Observation Stations
(real-time image processor with active camera(s)) and mobile robots with vision,
and realize
1. Wide area dynamic scene understanding and
2. Versatile scene visualization.

Applications of CDV include real-time wide area surveillance and traffic mo-
nitoring systems, remote conference and lecturing systems, interactive 3D TV
and intelligent TV studio, navigation and guidance of (non-intelligent) mobile
robots and disabled people, and cooperative mobile robots.
? Invited by the DAGM-99 for the common part of the DAGM-99 and KI-99.

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 75–88, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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Fig. 1. Cooperative distributed vision.

From a scientific point of view, we put our focus upon dynamic integration
of visual perception, action, and communication. That is, the scientific goal of
the project is to investigate how the dynamics of these three functions can be
characterized and how they should be integrated dynamically to realize intelligent
systems.

In this paper, we first discuss functionalities of and mutual dependencies
among perception, action, and communication to formally clarify the meaning
of their integration. Then we present technical research results so far obtained
on moving target detection and tracking by cooperative observation stations:
Visual Perception:
Fixed Viewpoint Pan-Tilt-Zoom (FV-PTZ) camera for wide area active imaging
Visual Perception ⊕ Action1:
Real-time object detection and tracking by an FV-PTZ camera
Visual Perception ⊕ Action ⊕ Communication:
Cooperative object tracking by communicating active vision agents.

2 Integrating Perception, Action, and Communication

2.1 Modeling Intelligence by Dynamic Interactions

To model intelligence, (classic) Artificial Intelligence employs the scheme

Intelligence = Knowledge + Reasoning

and puts its major focus upon symbolic knowledge representation and symbolic
computation. In this sense, it may be called Computational Intelligence[1].

1 The meaning of ⊕ will be explained later.
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Fig. 2. Model of an Active Vision Agent.

In the CDV project, on the other hand, we propose an idea of modeling
intelligence by dynamic interactions, which can be represented by the following
scheme:

Intelligence = Perception ⊕ Action ⊕ Communication,

where ⊕ implies dynamic interactions among the functional modules.
That is, we define an agent as an intelligent system with perception, action,

and communication capabilities and regard these three functions as fundamental
modules to realize dynamic interactions between the agent and its outer world
(i.e. scene and other agents):

Function From To
Perception : World → Self
Action : Self → World
Communication : Self ↔ Others

By integrating perception, action, and communication, various dynamic in-
formation flows are formed. In our model, reasoning implies the function which
dynamically controls such flows of information. We believe intelligence does not
dwell solely in brain but emerges from active interactions with environments
through perception, action, and communication.

2.2 Model of Active Vision Agent

First we define Active Vision Agent (AVA, in short) as a rational agent with
visual perception, action, and communication capabilities. Let Satei denote the
internal state of ith AVA, AVAi, and Env the state of the world. Then, funda-
mental functions of AVAi can be defined as follows (Fig. 2):

Perceptioni : Env × Satei 7→ Percepti (1)
Actioni : Satei 7→ Satei × Env, (2)

Reasoningi : Percepti × Satei 7→ Satei, (3)

where Percepti stands for entities perceived by AVAi.
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The communication by AVAi can be defined by the following pair of message
exchange functions:

Sendi : Satei 7→ Messagej (4)
Receivei : Messagei × Satei 7→ Satei, (5)

where Messagei and Messagej denote messages sent out to AVAi and AVAj

via the communication network, respectively.
Based on the functional definitions given above, we can derive the following

observations:
1. Actioni in (2) can be decomposed into

InternalActioni : Satei 7→ Satei, (6)
ActionToWorldi : (Satei 7→ Satei) 7→ Env. (7)

The former implies pure internal state changes, such as pan-tilt-zoom controls
of an active camera, while the latter means those state transitions whose side-
effects incur state changes of Env, e.g. mechanical body-arm controls of a robot.
2. The internal state transition is caused by the (internal) action, the perception
followed by the reasoning, and/or the message acception. Thus we can summa-
rize these processes into

StateTransitioni : Percepti × Messagei × Satei 7→ Satei. (8)

3. The above described model merely represents static functional dependencies
and no dynamic properties are taken into account. A straightforward way to
introduce dynamics into the model would be to incorporate time variable t into
the formulae. For example, equation (8) can be augmented to

StateTransitioni(Percepti(t), Messagei(t), Satei(t)) = Satei(t + ∆t). (9)

This type of formulation is widely used in control systems. In fact, Asada[2] used
linearized state equations to model vision-based behaviors of a mobile robot. We
believe, however, that more flexible models are required to implement the dyna-
mics of an AVA;
1) Asynchronous Dynamics: Communications between AVAs are asynchronous
in their nature.
2) Conditional Dynamics: Cooperations among AVAs require conditional reac-
tions.

In what follows,
1. we first introduce Fixed Viewpoint Pan-Tilt-Zoom (FV-PTZ) camera, with
which camera actions can be easily correlated with perceived images. (Section
3).
2. Then, a real-time object tracking system with an FV-PTZ camera is pre-
sented, where a novel dynamic interaction mechanism between perception and
action is proposed (Section 4).
3. Finally, we present a cooperative object tracking system, where a state tran-
sition network is employed to realize asynchronous and conditional dynamics of
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Fig. 3. Appearance sphere and plane.

an AVA, i.e. dynamic interactions among perception, action, and communication
modules. (Section 5).

3 Fixed Viewpoint Pan-Tilt-Zoom Camera for Wide
Area Active Imaging

The pan-tilt-zoom camera control can be modeled by InternalActioni in (6),
which transforms AVAi’s internal state from Statei(before) to Statei(after).
This state change is reflected on Percepti by Perceptioni in (1). As is well know
in Computer Vision, however, it is very hard to find the correlation between
Statei(before) → Statei(after) and Percepti(before) → Percepti(after);
complicated 3D → 2D geometric and photometric projection processes are in-
volved in Perceptioni even if Env is fixed.

We devised a sophisticated pan-tilt-zoom camera, with which camera actions
can be easily correlated with perceived images.

3.1 Fixed Viewpoint Pan-Tilt-Zoom Camera

In general, a pan-tilt camera includes a pair of geometric singularities: 1) the
projection center of the imaging system and 2) the rotation axes. In ordinary
active camera systems, no deliberate design about these singularities is incorpo-
rated and the discordance of the singularities causes photometric and geometric
appearance variations during the camera rotation: varying highlights and mo-
tion parallax. In other words, 2D appearances of a scene change dynamically
depending on the (unknown) 3D scene geometry.

Our idea to overcome the above problem is simple but effective:
1. Make pan and tilt axes intersect with each other.
2. Place the projection center at the intersecting point.
3. Design such a zoom lens system whose projection center is fixed irrespectively
of zooming.
We call the above designed active camera the Fixed Viewpoint Pan-Tilt-Zoom
camera (in short, FV-PTZ camera)[3].

3.2 Image Representation for the FV-PTZ Camera

While images observed by an FV-PTZ camera do not include any geometric
and photometric variations depending on the 3D scene geometry, object shapes
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(−30◦, 10◦) (0◦, 10◦) (30◦, 10◦)

(−30◦,−10◦) (0◦,−10◦) (30◦,−10◦)

Fig. 4. Observed images with (pan, tilt). Fig. 5. Generated APP image.

in the images vary with the camera motion. These variations are caused by
the movement of the image plane, which can be rectified by projecting observed
images onto a common virtual screen. On the virtual screen, the projected images
form a seamless wide panoramic image.

For the rectification, we can use arbitrarily shaped virtual screens:
APS: When we can observe the 360◦ panoramic view, a spherical screen can
be used (Fig. 3 (a)). We call the omnidirectional image on the spherical screen
APpearance Sphere (APS in short).
APP: When the rotation angle of the camera is limited, we can use a planar
screen (Fig. 3 (b)). The panoramic image on the planar screen is called APpea-
rance Plane (APP in short).

As illustrated in the right sides of Figs. 3(a)(b), once an APS or an APP is
obtained, images taken with arbitrary combinations of pan-tilt-zoom parameters
can be generated by re-projecting the APS or APP onto the corresponding image
planes. This enables the virtual look around of the scene.

We developed a sophisticated camera calibration method for an off-the-shelf
active video camera, SONY EVI G20, which we found is a good approximation
of an FV-PTZ camera ( −30◦ ≤ pan ≤ 30◦, −15◦ ≤ tilt ≤ 15◦, and zoom: 15◦ ≤
horizontal view angle ≤ 44◦) [4]. Figs. 4 and 5 show a group of observed images
and the APP panoramic image synthesized.

4 Dynamic Integration of Visual Perception and Action
for Real-Time Moving Object Tracking

As shown in (1), (2), and (3), Perceptioni and Actioni are mutually dependent
on each other and their integration has been studied in Active Vision and Visual
Servo[5]. To implement an AVA system, moreover, we have to integrate three
modules with different intrinsic dynamics:

Visual Perception : video rate periodic cycle
Action : mechanical motions involving variable (large) delays
Communication : asynchronous message exchanges, in which variable

delays are incurred depending on network activities.
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4.1 Dynamic Memory

We are proposing a novel scheme named Dynamic Vision, whose distinguishing
characteristics are as follows.
1. In a dynamic vision system, complicated information flows are formed between
perception and action modules to solve When to Look and How to Look problems
as well as ordinary Where to Look problem (Fig. 6):

Where to Look : Geometric camera motion planning based on image analysis
When to Look : Image acquisition timing should be determined depending on

the camera motion as well as the target object motion, because quick camera
motion can degrade observed images (i.e. motion blur).

How to Look : Depending on camera parameters (e.g. motion speed, iris, and
shutter speed), different algorithms and/or parameter values should be used
to realize robust image processing, because the quality of observed images is
heavily dependent on the camera parameters.

2. The system dynamics is represented by a pair of parallel time axes, on which
the dynamics of perception and action modules are represented respectively (See
the lower diagram in Fig. 7). That is, the modules run in parallel dynamically
exchanging data.

To implement a dynamic vision system, the dynamic memory architecture
illustrated in Fig. 7 has been proposed, where perception and action modules
share what we call the dynamic memory. It records temporal histories of state
variables such as pan-tilt angles of the camera and the target object location.
In addition, it stores their predicted values in the future (dotted lines in the
figure). Perception and action modules are implemented as parallel processes
which dynamically read from and write into the memory according to their own
intrinsic dynamics.

While the above architecture looks similar to the ”whiteboard architecture”
proposed in [6], the critical difference rests in that the dynamic memory main-
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tains dynamically varying variables whose temporal periods are continuously
spanning from the past to the future. That is, each entity in the dynamic memory
is associated with the following temporal interpolation and prediction functions
(Fig. 8):

1. Temporal Interpolation: Since the perception and action modules can write
data only intermittently, the dynamic memory interpolates such discrete
data. With this function, a module can read a value at any temporal moment,
for example at T1 in Fig. 8.

2. Future Prediction: Some module runs fast and may require data which are
not written yet by another module (for example, the value at T3 in Fig. 8).
The dynamic memory generates predicted values based on those data so far
recorded. Note that multiple values may be defined by the interpolation and
prediction functions, for example, at NOW and T2 in Fig. 8. We have to
define the functions to avoid such multiple value generation.

With these two functions, each module can get any data along the time axis
freely without waiting (i.e. wasting time) for synchronization with others. That
is, the dynamic memory integrates parallel processes into a unified system while
decoupling their dynamics; each module can run according to its own dynamics
without being disturbed by the others. Moreover, prediction-based processing
can be easily realized to cope with various delays involved in image processing
and physical camera motion.

4.2 Prototype System Development

To embody the idea of Dynamic Vision, we developed a prototype system for
real-time moving object detection and tracking with the FV-PTZ camera [7].
Fig. 9 illustrates its basic scheme:
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frame:0 frame:20 frame:40 frame:60 frame:80 frame:100 frame:120 frame:140

Fig. 10. Partial image sequence of tracking (Upper: captured images, Lower: detected
target regions).

1. Generate the APP image of the scene.
2. Extract a window image from the APP according to the current pan-tilt-zoom
parameters and regard it as the background image.
3. Compute difference between the background image and an observed image.
4. If anomalous regions are detected in the difference image, select one and
control the camera parameters to track the selected target.
5. Otherwise, move the camera along the predefined trajectory to search for an
object.

Fig. 10 illustrates a partial sequence of human tracking by the system. Fig.
11 illustrates object and camera motion dynamics which were written into and
read from the dynamic memory:
1. The action module reads pan-tilt angles (P’,T’) from the camera and writes
them as CAM data into the dynamic memory.
2. When necessary, the perception module reads the CAM data from the dynamic
memory: i.e. (Cp(t),Ct(t)) in the figure. Note that since the latter module runs
faster, the frequency of reading operations of (Cp(t),Ct(t)) is much higher than
that of writing operations of (P’,T’) by the former. (Compare two upper graphs.)
3. Then, the perception module conducts the object detection as illustrated in
Fig. 9, whose output, i.e. the detected object centroid (Op(t),Ot(t)), is written
back to the dynamic memory as OBJ data.
4. The action module, in turn, reads the OBJ data to control the camera.

Fig. 12 shows the read/write access timing to the dynamic memory by the
perception and action modules. Note that both modules work asynchronously
keeping their own intrinsic dynamics. Note also that the perception module runs
almost twice faster than the action module (about 66msec/cycle).

These figures verify that the smooth real-time dynamic interactions between
the perception and action modules are realized without introducing any inter-
ruption or idle time for synchronization.

5 Cooperative Object Tracking by Communicating
Active Vision Agents

5.1 Task Specification

This section addresses a multi-AVA system which cooperatively detects and
tracks a focused target object. The task of the system is as follows: 1) Each
AVA is equipped with the FV-PTZ camera and mutually connected via the
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communication network. 2) Initially, it searches for a moving object indepen-
dently of the others. 3) When an AVA detects an object, it navigates the gazes
of the other AVAs toward that object (Fig. 13). 4) All AVAs keep tracking the
focused target cooperatively without being disturbed by obstacles or other mo-
ving objects (Fig. 14). 5) When the target goes out of the scene, the system
returns back to the initial search mode.

All FV-PTZ cameras are calibrated and the object detection and tracking
by each AVA is realized by the same method as described in Section 4.

5.2 Cooperative Object Tracking Protocol

Target Object Representation The most important ontological issue in the
cooperative object tracking is how to represent the target object being tracked.
In our multi-AVA system, “agent” means an AVA with visual perception, action,
and communication capabilities. The target object is tracked by a group of such
AVAs. Thus, we represent the target object by an agency, a group of those AVAs
that are observing the target at the current moment.

Agency Formation Protocol When AVAi detects an object, it broadcasts the
object detection message. If no other AVAs detect objects, then AVAi generates
an agency consisting of itself alone (Fig. 13). When multiple object detection
messages are broadcast simultaneously, AVAi can generate an agency only if it
has the highest priority among those AVAs that have detected objects.

Suppose AVAi has generated an agency.
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Gaze Navigation :First, AVAi broadcasts the 3D line, Li, defined by the pro-
jection center of its camera and the object centroid in the observed image.
Then, the other AVAs search for the object along this 3D line by controlling
their cameras respectively (Fig. 13).

Object Identification : Those AVAs which can successfully detect the same ob-
ject as AVAi are allowed to join into the agency. This object identification is
done by the following method. Suppose AVAj detects an object and let Lj
denote the 3D view line directed toward that object from AVAj . AVAj re-
ports Lj to AVAi, which then examines the nearest 3D distance between Li
and Lj . If the distance is less than the threshold, a pair of detected objects
by AVAi and AVAj are considered as the same object and AVAj is allowed
to join the agency.

Object Tracking in 3D : Once multiple AVAs join the agency and their percep-
tion modules are synchronized, the 3D object location can be estimated by
computing the intersection point among 3D view lines emanating from the
member AVAs. Then, the 3D object location is broadcast to the other AVAs
which have not detected the object.

Role Assignment Protocol Since the agency represents the target object
being tracked, it has to maintain the object motion history, which is used to
guide the search of non-member AVAs. Such object history maintenance should
be done exclusively by a single AVA in the agency to guarantee the consistency.
We call the right of maintaining the object history the master authority and the
AVA with this right the master AVA. The other member AVAs are called worker
AVAs and AVAs outside the agency non-worker AVAs (Fig. 14).

When an AVA first generates the agency, it immediately becomes the ma-
ster. The master AVA conducts the object identification described before to allow
other AVAs to join the agency, and maintains the object history. All these pro-
cessings are done based on the object information observed by the master AVA.
Thus, the reliability of the information observed by the master AVA is crucial to
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Fig. 15. State transition network for the cooperative object tracking.

realize robust and stable object tracking. In the real world, however, no single
AVA can keep tracking the object persistently due to occluding obstacles and
interfering moving objects.

The above discussion leads us to introducing the dynamic master authority
transfer protocol. That is, the master AVA always checks the reliability of the
object information observed by each member, and transfers the master authority
to such AVA that gives the most reliable object information (Fig. 14).

The prototype system employs a simple method: the master AVA transfers
the authority to such member AVA whose object observation time is the latest,
since the latest object information may be the most reliable.

5.3 Prototype System Development

Fig. 15 illustrates the state transition network designed to implement the above
mentioned cooperative object tracking protocols. The network specifies event
driven asynchronous interactions among perception, action, and communication
modules as well as communication protocols with other AVAs, through which
behaviors of an AVA emerge.

State i in the double circles denotes the initial state. Basically the states in
rectangular boxes represent the roles of an AVA: master, worker, and non-worker.
Since the master AVA conducts several different types of processing depending
on situations, its state is subdivided into many substates. Those states in the
shaded area show the states with the master authority. Each arrow connecting a
pair of states is associated with the condition under which that state transition
is incurred. ε means the unconditional state transition.

The right side of the figure shows what kind of processing, i.e. perception,
action, receive, or send, is executed at each state. Double rectangular boxes
denote states where perception is executed, while in triple rectangular boxes,
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camera action is executed. Thus, each state has its own dynamics and dynamic
behaviors of an AVA are fabricated by state transitions.

We conducted experiments to verify the system performance. Two persons
walked around a large box located at the center of the room (5m × 6m). Four
FV-PTZ cameras (i.e. four AVAs) are placed at the four corners of the room
respectively, looking downward obliquely from about 2.5m above the floor. The
person who first entered in the scene was regarded as the target. He crawled
around the box not to be detected by the cameras. The other person walked
around the box to interfere the camera views to the target person. Then, both
went out from the scene and after a while, a new person came into the scene.

Fig. 16 illustrates partial image sequences observed by the cameras, where
the vertical axis represents the time when each image is captured. Each detected
object is enclosed by a rectangle. Note that while some images include two ob-
jects and others nothing, the gaze of each camera is directed toward the crawling
target person. Note also that the image acquisition timings of the cameras are
almost synchronized. This is because the master AVA broadcasts the 3D view
line or the 3D position of the target to the other AVAs, by which their percep-
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tion processes are activated. This synchronized image acquisition by multiple
cameras enables the computation of the 3D target motion trajectory (Fig. 17).

Fig. 18 illustrates the state transition histories of the four AVAs. We can see
that the system exhibits well coordinated behaviors as designed:
Mode 1: All AVAs are searching for an object.
Mode 2: The master AVA itself tracks the object since the others are still
searching for the object.
Mode 3: All AVAs form the agency to track the object under the master’s
guidance.
The zigzag shape in the figure shows the continuous master authority transfer
is conducted inside the agency.

6 Concluding Remarks

This paper describes the idea and goal of our five years project on cooperative
distributed vision and shows technical research results so far obtained on moving
object detection and tracking by cooperative active vision agents. Currently, we
are studying
1. Robust object detection in complex natural scenes
2. Communication protocols for cooperative multi targets tracking
3. Application system developments such as remote lecturing and intelligent TV
studio systems.

For detailed activities of the CDV project, see our homepage at
URL: http://vision.kuee.kyoto-u.ac.jp/CDVPRJ/.

This work was supported by the Research for the Future Program of the
Japan Society for the Promotion of Science (JSPS-RFTF96P00501).
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Computing Probabilistic Least Common
Subsumers in Description Logics
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Abstract. Computing least common subsumers in description logics is
an important reasoning service useful for a number of applications. As
shown in the literature, it can, for instance, be used for similarity-based
information retrieval where information retrieval is performed on the ba-
sis of the similarities of user-specified examples. In this article, we first
show that, for crisp DLs, in certain cases the set of retrieved information
items can be too large. Then we propose a probabilistic least common
subsumer operation based on a probabilistic extension of the descrip-
tion logic language ALN . We show that by this operator the amount of
retrieved data can be reduced avoiding information flood.

1 Introduction
Knowledge representation languages based on description logics (DLs) have pro-
ven to be a useful means for representing the terminological knowledge of an
application domain in a structured and formally well understood way. In DLs,
knowledge bases are formed out of concepts representing sets of individuals.
Using the concept constructors provided by the DL language, complex concepts
are built out of atomic concepts and atomic roles. Roles represent binary re-
lations between individuals. For example, in the context of a TV information
system, the set of all football broadcasts can be described with a concept term
using the atomic concepts teamsports-broadcast and football and the atomic role
has-sports-tool: teamsports-broadcast u ∀ has-sports-tool.football.

A central feature of knowledge representation systems based on DLs is a
set of reasoning services with the possibility to deduce implicit knowledge from
explicitly represented knowledge. For instance, the subsumption relation between
two concepts can be determined. Intuitively speaking, a concept C subsumes a
concept D if the set of individuals represented by C is a superset of the set
of individuals represented by D, i.e., if C is more general than D. Furthermore,
retrieval describes the problem of determining all individuals which are instances
of a given concept.

As another reasoning service, the least common subsumer (LCS) operation,
applied to concepts C1, . . . , Cm, computes the most specific concept which sub-
sumes C1, . . . , Cm. The LCS operation is an important and non-trivial reasoning
service useful for a number of applications. In [2], an LCS operator is considered
for the DL ALN including feature chains in order to approximate a disjunction
operation which is not explicitly included in ALN . In addition, the operator is
used as a subtask for the “bottom-up” construction of knowledge bases based
on the DLs ALN with cyclic concept definitions [1]. See also [3] for a similar
application concerning the constructive induction of a P-Classic KB from data.

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 89–100, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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In our applications, the LCS operation is used as a subtask for similarity-
based information retrieval [5]. The goal is to provide a user of an information
system with an example-based query mechanism. The data of an information sy-
stem are modeled as DL individuals. For instance, a specific TV broadcast about
football could be modeled as an instance of the concept for football broadcasts
introduced above. The “commonalities” of the selected examples of interest to
the user are formalized by a DL concept of which (i) the user-selected examples
are instances and (ii) which is the most specific concept (w.r.t. subsumption)
with property (i). A concept fulfilling properties (i) and (ii) will then be used as
a retrieval filter. The task of similarity-based information retrieval can be split
into three subtasks: First, the most specific concepts of a finite set of individuals
are computed yielding a finite set of concepts. Then, the LCS of these concepts
is computed. Finally, by determining its instances the LCS concept is used as a
retrieval concept. For the purpose of similarity-based information retrieval, the
first task is fulfilled by the well-known realization inference service. The third
subtask, determining the instances of the LCS concept, is accomplished by the
instance retrieval inference service of the knowledge representation system.

In certain cases, computing the LCS of concepts yields a very general concept.
As a consequence, a large set of information items are retrieved resulting in an
information flood if all items are displayed at once. Thus, at least a ranking is
needed or we have to define a new operator for computing the commonalities
between concepts. In this paper, we pursue the second approach and define an
LCS operator that takes additional domain knowledge into account.

The main contribution of this paper is the proposal of a probabilistic LCS
operation for a probabilistic extension of the DL ALN which has been intro-
duced in [4] for the knowledge representation system P-Classic. The proba-
bilistic LCS operator makes use of P-Classic’s ability to model the degree of
overlap between concepts. With the probabilistic LCS operator we investigate
an example-based retrieval approach in which well known information retrieval
techniques are integrated with formally well investigated inference services of
DLs.

2 Preliminaries
In this section, we introduce syntax and semantics of the underlying knowledge
representation language ALN and give formal definitions of relevant terms.

Definition 1 (Syntax). Let C be a set of atomic concepts and R a set of atomic
roles disjoint from C. ALN concepts are recursively defined as follows:

– The symbols > and ⊥ are ALN concepts (top concept, bottom concept).
– A and ¬A are ALN concepts for each A ∈ C (atomic concept, negated atomic

concept).
– Let C and D be ALN concepts, R ∈ R an atomic role, and n ∈ IN ∪ {0}.

Then C u D (concept conjunction), ∀ R.C (universal role quantification),
(≥ n R) (≥-restriction), and (≤ n R) (≤-restriction) are also concepts.

We set (= n R) as an abbreviation for (≥ n R) u (≤ n R). The semantics of
concepts is given in terms of an interpretation.
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Definition 2 (Interpretation, Model, Consistency). An interpretation I =
(∆I , ·I) of an ALN concept consists of a non-empty set ∆I (the domain of I)
and an interpretation function ·I . The interpretation function maps every ato-
mic concept A to a subset AI ⊆ ∆I and every role R to a subset RI ⊆ ∆I ×∆I .
The interpretation function is recursively extended to complex ALN concepts as
follows. Assume that AI , CI , DI , and RI are already given and n ∈ IN ∪ {0}.
Then

– >I := ∆I , ⊥I := ∅, (¬A)I := ∆I \ AI , (C u D)I := CI ∩ DI ,
– ∀ R.CI := {d ∈ ∆I |∀d′ : (d, d′) ∈ RI ⇒ d′ ∈ CI},
– (≥ n R)I := {d ∈ ∆I |]{d′|(d, d′) ∈ RI} ≥ n}, and
– (≤ n R)I := {d ∈ ∆I |]{d′|(d, d′) ∈ RI} ≤ n}.

An interpretation I is a model of an ALN concept C iff CI 6= ∅. C is called
consistent iff C has a model.

Note that both constructors > and ⊥ are expressible by (≥ 0R) and Au¬A,
respectively.

Definition 3 (Subsumption, Equivalence, Instance). A concept C is sub-
sumed by a concept D (C v D) iff CI ⊆ DI for all interpretations I. Two
concepts C and D are equivalent iff CI = DI holds for all interpretations I.
The interpretation function ·I is extended to individuals by mapping them to
elements of ∆I such that aI 6= bI if a 6= b. An individual d ∈ ∆I is an instance
of a concept C iff dI ∈ CI holds for all interpretations I.

Definition 4 (Depth). The depth of a concept is recursively defined as follows:

– If C = A, C = ¬A, C = (≥ n R), or (≤ n R), then depth(C) := 0.
– If C = ∀ R.C ′, then depth(C) := 1 + depth(C ′).

Note that, in contrast to usual definitions of the concept depth, we define
the depth of number restrictions as 0.

Definition 5 (Canonical form). LetC1, . . . , Cm be concepts and {R1, . . . , RM}
the set of all roles occuring in C1, . . . , Cm. Then Ci is in canonical form iff

Ci = αi1 u · · · u αini u βiR1 u · · · u βiRji

where ji ∈ {0, . . . , M}, αik is an atomic concept or negated atomic concept with
no atomic concept appearing more than once and βiRj = (≥ liRj Rj) u (≤
miRj Rj) u ∀ Rj .C

′
iRj

with C
′
iRj

also being in canonical form.

It is easy to see that any concept can be transformed into an equivalent
concept in canonical form in linear time.

Definition 6 (LCS). Let C1, . . . , Cm be concepts. Then we define the set of
least common subsumers (LCSs) of C1, . . . , Cm as

lcs(C1, . . . , Cm) := {E|C1 v E ∧ · · · ∧ Cm v E ∧
∀E′ : C1 v E′ ∧ · · · ∧ Cm v E′ ⇒ E v E′}.
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In [2], it is shown that, for the DL ALN , all elements of lcs(C1, . . . , Cm)
are equivalent. Therefore, we will consider lcs(C1, . . . , Cm) as a single concept
instead of a set of concepts.

The following example shows that the concept computed by the LCS is some-
times too general and, thus, might not always be a useful retrieval concept. Let
sports-broadcast (SB), team-sports-broadcast (TSB), individual-sports-broadcast
(ISB), basketball (B), football (FB), and tennis-racket (TR) be atomic concepts,
has-sports-tool an atomic role, and
basketball-broadcast (BB) := team-sports-broadcast u (= 1 has-sports-tool) u

∀ has-sports-tool.basketball,

football-broadcast (FB) := team-sports-broadcast u (= 1 has-sports-tool) u
∀ has-sports-tool.football, and

tennis-broadcast (TB) := individual-sports-broadcast u (= 1 has-sports-tool) u
∀ has-sports-tool.tennis-racket

be concepts. Subsequently, we will use the concept abbreviations given in brackets.
Let us consider a user interested in TV broadcasts similar to FB and BB. Then,
computing the LCS of FB and BB would result in a useful retrieval concept:
TSBu (= 1has-sports-tool)u∀has-sports-tool.ST. However, let us consider a user
whose interests are expressed by FB and TB. The LCS computation then yields
the retrieval concept A := SB u (= 1 has-sports-tool)u∀ has-sports-tool.ST deno-
ting the set of all sports broadcasts with a sports tool. Since A is a very general
concept, using A as a retrieval concept would result in a large amount of TV bro-
adcasts, which might not be acceptable on the part of the user. A more suitable
result would be to allow for B := TSBu(= 1has-sports-tool)u∀has-sports-tool.ST
and C := ISBu (= 1has-sports-tool)u∀has-sports-tool.ST as alternative retrieval
concepts. This is plausible because in Davis Cup matches, for instance, teams
of tennis players compete against each other. Hence, in our intuition, there is
a non-empty overlap between the concepts TSB and ISB which cannot be ade-
quately quantified in ALN . In order to model the degree of overlap between
concepts by probabilities, the knowledge representation system P-Classic was
introduced in [4]. The DL underlying P-Classic is a probabilistic extension of
ALN augmented by functional roles (attributes).

One of the goals of P-Classic is to compute probabilistic subsumption re-
lationships of the form P (D|C) denoting the probability of an individual to be
an instance of D given that it is an instance of C. In case C ≡ >, we write
P (D). In order to fully describe a concept, its atomic concept components and
the properties of number restrictions and universal role quantifications need to
be described. Therefore, a set P of probabilistic classes (p-classes) is introduced
describing a probability distribution over the properties of individuals conditio-
ned on the knowledge that the individuals occur on the right-hand side of a
role. Each p-class is represented by a Bayesian network and one of the p-classes
P ∗ ∈ P is the root p-class. The root p-class describes the distribution over all
individuals and all other p-classes describe the distribution over role successors
assuming independence between distinct individuals. The Bayesian networks are
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Fig. 1. P-Classic KB about sports broadcasts.

modeled as DAGs whose nodes represent atomic concepts, number restrictions
[Number(R)], and the p-class from which role successors are drawn [PC(R)]. In
addition to P-Classic, we introduce extra nodes for negations of atomic con-
cepts. Dependencies are used to model conditional probabilities and are modeled
by edges in the network. For instance, for an individual, we can state the proba-
bility of this individual to be an instance of ISB under the condition that it is an
instance of SB. The range of the variables of a node representing an atomic or ne-
gated atomic concept can be either true or false and for Number(R) it is a subset
of IN. In order to guarantee termination of the inference algorithm for computing
P (D|C), this subset must be finite. Thus, the number of role successors for a
role is bounded. The function bound(R) indicates the maximum number of role
successors for R. The range of a PC(R) node is the set of p-classes P indicating
the p-classes the R-successors are drawn from. The reason for introducing spe-
cial nodes for negations of atomic concepts is that this extension enables us to
evaluate expressions of the form P (A u ¬A) as 0 which will be a necessary pro-
perty subsequently. In order to demonstrate the advantages of the probabilistic
LCS operator, we will now create a P-Classic KB with overlapping concepts.
Figure 1 shows a knowledge base about sports broadcasts enriched by probabi-
lity information. For instance, it is stated that a broadcast is considered to be
about team-sports (TSB) with probability 0.3 given that it is a broadcast about
sports (SB) but no individual-sports (-ISB). Two p-classes are represented. The
concept sports-broadcasts is the root p-class and the role successors for the role
has-sports-tool are drawn from the p-class sports-tools. For each concept C, the
probability PP∗(C) with which an individual is an instance of C can then be
computed by a standard inference algorithm for Bayesian networks. For example,
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the probability of PP∗(TSB u (= 1 has-sports-tool) u ∀ has-sports-tool.B) is com-
puted by setting the nodes for TSB and B to true, Number(has-sports-tool) = 1,
and PC(has-sports-tool) = STs. By Bayesian network propagation we yield a va-
lue of 0.015. With the formalism for computing expressions of the form P (D|C)
it is possible to express the degree of overlap between C and D by a probability.

Based on the probabilistic description logic summarized in this section, it
is possible to define a probabilistic LCS operator which takes into account the
degree of overlap between concepts.

3 A Probabilistic Extension of the LCS Operator
Intuitively, given concepts C1, . . . , Cm, the key idea is to allow those concepts
for candidates of a probabilistic least common subsumer (PLCS) of C1, . . . , Cm
which have a non-empty overlap with C1, . . . , Cm. In order to keep the set of
candidates finite, we consider only concepts whose depth is not larger than
max{depth(Ci)|i ∈ {1, . . . , m}}. From the viewpoint of information retrieval
this is no severe restriction, since in practical applications deeply nested con-
cepts usually do not have any relevant individuals as instances (e.g., the concept
FB u ∀has-sports-tool.∀has-sports-tool.F in our example).

Definition 7. Let C1, . . . , Cm be ALN concepts and P ∗ the root p-class of a P-
Classic KB. Then we define the set of PLCS concept candidates of C1, . . . , Cm
as

Can(C1, . . . , Cm) := {E|PP∗(E u C1) > 0 ∧ · · · ∧ PP∗(E u Cm) > 0 ∧
depth(E) ≤ max{depth(Ci)|i = 1, . . . , m}}.

Definition 7 induces the following observation.

Proposition 1. Let C1, . . . , Cm be ALN concepts. Then, in the worst case, the
cardinality of Can(C1, . . . , Cm) is exponential in m.

Proof. Given a P-Classic KB in which C1, . . . , Cm are all atomic concepts
with ∀i, j ∈ {1, . . . , m} : P (Ci u Cj) > 0, we can bound ]Can(C1, . . . , Cm) by
the exponential function 2m. ut

In the next step, we want to measure the effectiveness of using a certain PLCS
candidate for retrieval. It will be helpful to be able to express the probability
of an individual to be an instance of a concept disjunction. Since this langu-
age operator is not contained in ALN , we use the following definition which is
essentially taken from [6].

Definition 8. Let C1, . . . , Cm be ALN concepts. Then we define

P (C1 t · · · t Cm) := (−1)2
∑

k=1,...,m

P (Ck) + (−1)3
∑

k1<k2

P (Ck1 u Ck2) +

(−1)4
∑

k1<k2<k3

P (Ck1 u Ck2 u Ck3) + . . .

+(−1)m+1P (C1 u · · · u Cm).
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It should be noted that by Definition 8 we do not extend the syntax of the
underlying DL.

Proposition 2. Let C1, . . . , Cm be concepts. Then computing P (C1 t · · · t Cm)
is exponential in m.

The proof is obvious and is omitted here.
In many retrieval environments, it is customary to introduce two real num-

bers: recall and precision. Both values indicate the quality of a concept E to
function as an appropriate PLCS. By these measures the qualities of potential
PLCSs can be compared to one another. The comparison will be formalized by
the notion of dominance between triples (E, rE,C1,...,Cm ,
pE,C1,...,Cm) and (E′, rE′,C1,...,Cm , pE′,C1,...,Cm).

Definition 9 (Recall). Let E and C1, . . . , Cm be ALN concepts. Then we de-
fine E’s recall of C1, . . . , Cm as

rE,C1,...,Cm := P (C1 t · · · t Cm|E) =
P (E u (C1 t · · · t Cm))

P (E)
.

According to this definition, the larger the recall measure of a concept E, the
more specific it is w.r.t. probabilistic subsumption of C1, . . . , Cm. For a concept
E, a perfect recall is yielded iff rE,C1,...,Cm = 1. For example, if E is a PLCS
candidate and A an atomic concept such that A v E, then rE,A,¬A = 1. Unlike
in the definition of the (crisp) LCS, a concept expression does not necessarily
need to subsume C1, . . . , Cm (completely) in order to be a PLCS candidate. This
motivates the introduction of the precision measure.

Definition 10 (Precision). Let E and C1, . . . , Cm be ALN concepts. Then we
define E’s precision of C1, . . . , Cm as

pE,C1,...,Cm := P (E|C1 t · · · t Cm) =
P (E u (C1 t · · · t Cm))

P (C1 t · · · t Cm)
.

The precision measures the probability with which a randomly chosen in-
dividual, which is an instance of any of the Ci, i ∈ {1, . . . , m}, is also an in-
stance of the PLCS candidate E. As a consequence of Definition 10, if E =
lcs(C1, . . . , Cm), we have qE,C1,...,Cm = 1.

Figure 2 illustrates the meaning of both measures given four concepts repre-
sented as areas in the 2D space. The recall of E1, rE1,C,D, corresponds to the
ratio of the size of the hatched area and the size of E1. E1’s precision, pE1,C,D,
is the ratio of the size of E1 and the size of the union of E1, C, and D. Given
the appropriate values for E2 we see that rE2,C,D is smaller than rE1,C,D but
pE2,C,D is larger than pE1,C,D.

Proposition 3. Let E and C1, . . . , Cm be ALN concepts. Then, computing
rE,C1,...,Cm and pE,C1,...,Cm takes time exponential in the length of E, C1, . . . , Cm.

Proof. Since P (E u (C1 t · · · t Cm)) = P (E) − (P (E t C1 t · · · t Cm) − P (C1 t
· · · t Cm)), the claim follows from Proposition 2. ut
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C D

E1E2

Fig. 2. Scenario of four concepts illustrating the meaning of “recall” and
“precision”.

With the above considerations, we will define the set of PLCSs of con-
cepts C1, . . . , Cm as a set of triples where the first component is a concept
E ∈ Can(C1, . . . , Cm) and the other components are E’s recall and precision.
In a concrete application, a user should be able to specify minimum values for
at least one of the measures that he is willing to accept. For example, he could
specify a recall of 0.8 preventing him from obtaining too general PLCS concepts
and, thus, restricting the amount of retrieved data.

With the notion of dominance between candidates we can define the set of
probabilistic least common subsumers.

Definition 11 (Dominance). Let E, E′ and C1, . . . , Cm be ALN concepts.
Then (E, rE,C1,...,Cm , pE,C1,...,Cm) dominates (E′, rE′,C1,...,Cm , pE′,C1,...,Cm) iff
rE,C1,...,Cm > rE′,C1,...,Cm ∧ pE,C1,...,Cm > pE′,C1,...,Cm .

Definition 12 (Set of Probabilistic Least Common Subsumers). Let
C1, . . . , Cm be ALN concepts. Then we define the set of probabilistic least com-
mon subsumers of C1, . . . , Cm as

p-lcs(C1, . . . , Cm) := {(E, rE,C1,...,Cm , pE,C1,...,Cm) ∈ Can(C1, . . . , Cm) × IR × IR|
¬∃(E′, rE′,C1,...,Cm , pE′,C1,...,Cm) :
(E′, rE′,C1,...,Cm , pE′,C1,...,Cm) dominates
(E, rE,C1,...,Cm , pE,C1,...,Cm)}.

p-lcs(C1, . . . , Cm) is called minimal iff ∀(E, rE,C1,...,Cm , pE,C1,...,Cm), (E′,
rE′,C1,...,Cm , pE′,C1,...,Cm) ∈ p-lcs(C1, . . . , Cm) : E 6≡E′.

In Definition 12 we formalize the ideas of Fig. 2 conditioned on the general
case of m concepts. When defining p-lcs(C1, . . . , Cm) we consider only concepts
with a non-empty overlap with each of the C1, . . . , Cm. We only accept triples
with the best quality measures and, therefore, accept only dominating triples in
p-lcs(C1, . . . , Cm). From this definition we can derive the following statement.

Proposition 4. The set p-lcs(C1, . . . , Cm) has the following properties:

(i) p-lcs(C1, . . . , Cm) is finite.
(ii) Minimality: (E, rE,C1,...,Cm , pE,C1,...,Cm) ∈ p-lcs(C1, . . . , Cm) =⇒

∀i ∈ {1, . . . , m} : P (E u Ci) > 0 ∧ ¬∃(E′, rE′,C1,...,Cm , pE′,C1,...,Cm) :
rE′,C1,...,Cm >rE,C1,...,Cm∧pE′,C1,...,Cm >pE′,C1,...,Cm∧depth(E′)≤depth(E).
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Proof. (i) is obvious since the maximum depth of the concepts inp-lcs(C1, . . . , Cm)
is limited by the maximum depth of the C1, . . . , Cm and the number of concept
components of C1, . . . , Cm is finite ensuring the number of PLCS candidates to be
finite. Hence, p-lcs(C1, . . . , Cm) is finite as well. For (E, rE,C1,...,Cm , pE,C1,...,Cm) ∈
p-lcs(C1, . . . , Cm), the fact that P (EuCi) > 0, for all i ∈ {1, . . . , m}, follows im-
mediately by the definition of Can(C1, . . . , Cm). ¬∃(E′, rE′,C1,...,Cm , pE′,C1,...,Cm) :
rE′,C1,...,Cm > rE,C1,...,Cm ∧ pE′,C1,...,Cm > pE,C1,...,Cm ∧ depth(E′) ≤ depth(E)
also follows since p-lcs(C1, . . . , Cm) contains only dominating triples
(E, rE,C1,...,Cm , pE,C1,...,Cm) with depth(E) ≤ max{depth(Ci)|i ∈ {1, . . . , m}}.

ut
The minimal set p-lcs(C1, . . . , Cm) can be computed in three steps: First, we
must find the set of concepts which have a non-empty overlap with each of the
C1, . . . , Cm. Proposition 4 (i) states a necessary criterion for a corresponding
algorithm to terminate since the set of concepts E which have a non-empty
overlap with each of the Ci is finite. Then, for each concept E in this set, we
have to compute the parameters rE,C1,...,Cm and pE,C1,...,Cm and then build the
set of dominant triples p-lcs(C1, . . . , Cm). Proposition 4 (ii) guarantees that
there is no relevant retrieval concept with better recall and precision than the
corresponding measures of the triples in p-lcs(C1, . . . , Cm). Finally, we must
determine the minimal set p-lcs(C1, . . . , Cm). This can be done by successively
eliminating a triple (E, rE,C1,...,Cm , pE,C1,...,Cm) from p-lcs(C1, . . . , Cm) as long
as the following condition holds:

∀(E, rE,C1,...,Cm , pE,C1,...,Cm) ∈ p-lcs(C1, . . . , Cm) :
¬∃(E′, rE′,C1,...,Cm , pE′,C1,...,Cm) ∈ p-lcs(C1, . . . , Cm) with E ≡ E′.

The necessary equivalence test can be performed by structural comparisons since
the involved concepts are in normal form. In general, a minimal p-lcs(C1, . . . , Cm)
is not unique since there is no rule stating which triple to eliminate in case two
triples with equivalent concepts are present. However, in our similarity-based
information retrieval application this is no problem because the sets of instances
of equivalent concepts are equal.

Algorithm 1 computes the set of PLCS candidates given concepts C1, . . . , Cm
and the KB as a Bayesian network BN . In the first step, all atomic concepts
and negated atomic concepts in the Bayesian network are collected in the set
X1 if there is a non-empty overlap with each of the C1, . . . , Cm. Computing
the concept candidates for our example, compute-concept-candidate(FB, TB), we
get X1 = {SB,TSB,ISB}. Secondly, we build the set of all conjunctions of con-
cepts of X1 which have a non-empty overlapping with each of the C1, . . . , Cm
including the ones consisting of only one conjunct. In our case, we yield X2 =
{SB,TSB,ISB, SB u TSB, SB u ISB, ISB u TSB, SB u TSB u ISB}. In the next part
of the algorithm, we collect all number restrictions having a non-empty overlap
with each of the C1, . . . , Cm in the set X3. Since the maximum number of role
successors is bounded, we can guarantee finiteness of X3. Let X be an abbrevia-
tion for (= 1has-sports-tool) and Y an abbreviation for (≥ 0has-sports-tool)u(≤
1 has-sports-tool). Then, in our example, we have X3 = {X, Y }. Subsequently,
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Algorithm 1 compute-concept-candidates(C1; : : : ; Cm; BN)

X1 := ;; X2 := ;; X3 := ;; X4 := ;; X5 := ;; X6 := ;; X7 := ;
for all nodes in BN representing an atomic or negated atomic concept A do

add A to X1 if 8i 2 f1; : : : ;mg : PPCLi
(A u Ci) > 0

end for

for all K 2 2X1 do

add E := uD2KD to X2 if 8i 2 f1; : : : ;mg : PPCLi
(E u Ci) > 0

end for

for i 2 f1; : : : ;Mg and subexpressions of the form (� i R)u (� j R) in C1; : : : ; Cm
do

add (� k R) u (� l R) to X3 if 0 � k � j ^ bound(R) � l � i ^ k � l

end for

for i 2 f1; : : : ;Mg and subexpressions of the form 8Ri:C
0

1; : : : ; 8Ri:C
0

m in C1; : : : ; Cm
do

add the concepts resulting from the invocation
compute-concept-candidates(C

0

1 ; : : : ; C
0

m; BN) to X4

end for

X5 := fCu8Ri:Dji 2 f1; : : : ;Mg and C 2 X3 and D 2 X4 and C refers to role Rig
for all K 2 2X5 do

add E := uD2KD to X6 if 8i 2 f1; : : : ;mg : PPCLi
(E u Ci) > 0

end for

X7 := X2[X6[fCuDjC 2 X2^D 2 X6^8i 2 f1; : : : ;mg : PPCLi
(CuDuCi) > 0g

return X7

for all roles Ri and all ∀-quantifications occurring in C1, . . . , Cm and involving
Ri, we add those concepts to X4 which have a non-empty overlap with each
of the Ri quantifiers (C

′
1, . . . , C

′
m in the algorithm). In our example, we com-

pute X4 := {ST}. Now, in X5 we collect all conjunctions of number restrictions
from X3 involving role R and ∀ R.D where D is a concept overlapping with R’s
quantifiers C

′
1, . . . , C

′
m. Let X ′ be an abbreviation for X u ∀ has-sports-tool.ST

and Y ′ an abbreviation for Y u ∀ has-sports-tool.ST. Then, in our example, we
have X5 = {X ′, Y ′}. In X6, we collect the conjunctions of elements of X5 over
all occurring roles if a conjunction has a non-empty overlap with each of the
C1, . . . , Cm. Since, in our example, we have only one role, we get X6 = X5.
Finally, we combine the results in X2 (conjunctions of atomic and negated ato-
mic concepts) and the ones in X6 (conjunctions of number restrictions and ∀-
quantifications) into X7 which is returned by the algorithm. In our example, X7
consists of 21 concepts from which we will only list the ones which are unique
w.r.t. to equivalence: {E1, . . . , E12} = {SB, TSB, ISB, TSB u ISB, SB u X ′, TSB u
X ′, ISB u X ′, TSB u ISB u X ′, SB u Y ′, TSB u Y ′, ISB u Y ′, TSB u ISB u Y ′} as
desired.

Theorem 1. For concepts C1, . . . , Cm and a Bayesian network BN represen-
ting a P-Classic KB, algorithm compute-concept-candidates returns the set
Can(C1, . . . , Cm).
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Proof. We give only a sketch of the proof. Algorithm compute-concept-candidates
terminates because the maximum number of iterations is bounded by the ma-
ximum depth of C1, . . . , Cm. It is sound since every output concept has a non-
empty overlap with C1, . . . , Cm. It is also complete because the algorithm recur-
sively checks all possible concepts resulting from the concept-forming operators
of Definition 1 for a non-empty overlap with C1, . . . , Cm. ut

The set of concept candidates computed by Algorithm 1 can easily be trans-
formed into a set in which all pairs of concepts are not equivalent. Therefore,
later no additional algorithm for transforming p-lcs(C1, . . . , Cm) into a minimal
p-lcs(C1, . . . , Cm) will be necessary. Now recall and precision must be deter-
mined for each candidate by means of the formulae given in Definitions 9 and
10. This can be done straightforwardly by algorithms taking concepts E and
C1, . . . , Cm as input parameters and returning rE,C1,...,Cm and pE,C1,...,Cm , re-
spectively. The set p-lcs(C1, . . . , Cm) contains only those triples whose quality
measures dominate those of other triples.

Algorithm 2 compute-minimal-plcs((E1; r1; p1); : : : ; (En; rn; pn))

p-lcs(C1; : : : ; Cm) := sort(((E1; r1; p1); : : : ; (En; rn; pn)); pi)
for i = 1 to n do

eliminate all (E0; r0; p0) from p-lcs(C1; : : : ; Cm) with r0 < ri and p0 < pi
end for.

Algorithm 2 computes the largest subset of dominant triples of {(E1, rE1,C1,...,Cm ,
pE1,C1,...,Cm), . . . , (En, rEn,C1,...,Cm , pEn,C1,...,Cm)}. In the example, we get
p-lcs(FB, TB) = {(SB u X ′, 0.22, 1), (SB u Y ′, 0.22, 1), (TSB u X ′, 0.24, 0.354),
(TSBuY ′, 0.24, 0.354), (ISBuX ′, 0.26, 0.345), (ISBuY ′, 0.26, 0.345)}. As a result
we get six possible retrieval concepts. SB u X ′ is the (crisp) LCS of FB and TB.
Naturally, this concept has a precision of 1.0 since, according to Definition 6,
lcs(FB, TB) is a concept which (completely) subsumes FB and TB. Alternatively,
the result suggests the use of TSB u X ′ or ISB u X ′ as retrieval concepts. Both
concepts have a better recall measure, and using them for retrieval results in a
smaller set of information items. On the other hand, TSB u X ′ and ISB u X ′

have a worse precision measure than SB u X ′. Hence, the probability of meeting
an individual which does not incorporate the commonalities represented by the
concepts FB and TB is higher. The three concepts involving Y ′ have the same
quality measures than the ones involving X ′. The reason is that from our P-
Classic KB it follows that P (Number(has-sports-tool) = 0) = 1.0, i.e, we do
not need to consider them.

Theorem 2. Let C1, . . . , Cm be ALN concepts. Then, in the worst case, com-
puting p-lcs(C1, . . . , Cm) takes time exponential in m.

Proof. This result follows from Proposition 1 since computing the set of PLCS
candidates of C1, . . . , Cm is a subtask of computing p-lcs(C1, . . . , Cm). ut

Propositions 2, 1, and 3 show the sources of complexity for the presented
inference task. Due to the subterms P (C1 t· · ·tCm) and P (E u (C1 t· · ·tCm))
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occuring in Definitions 9 and 10, the computation of the precision and the recall
measure take time exponential in the number of m. Also the computation of
the set of PLCS candidates takes time exponential in the number of concepts. In
practice, however, the exponential behavior of the computation comes into effect
only for knowledge bases with many overlapping concepts. Thus, when building
a KB, the number of concept overlaps should be kept small.

4 Conclusion
In this article, we contributed to the problem of similarity-based information
retrieval on the basis of the DL ALN . It is shown that in certain cases the
computation of commonalities with the (crisp) LCS operation yields too general
retrieval concepts which can result in an information flood in a retrieval context.
In order to circumvent this problem, we introduced a probabilistic LCS for a
probabilistic extension of the DL ALN . It is proved that the retrieval concepts
provided by this operation are in some sense optimal and can be used as an
alternative to retrieval concepts computed by a crisp LCS operation. By demon-
strating the performances of the PLCS operator with an example we showed that
meaningful retrieval results can be achieved with this operator. In the retrieval
approach we integrated known information retrieval techniques with formally
investigated inference services of DLs. Further research can be done on exten-
ding the expressivity of the underlying DL—especially integrating a disjunction
operator. It is not clear if the disjunction C tD of two concepts C and D should
also belong to the set of PLCS candidates since it is questionable if it sufficiently
represents the commonalities of C and D. Another problem is that the number
of PLCS candidates will dramatically increase in the presence of an or-operator.
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Abstract. The revision and transformation of knowledge is widely reco-
gnized as a key issue in knowledge representation and reasoning. Reasons
for the importance of this topic are the fact that intelligent systems are
gradually developed and refined, and that often the environment of an
intelligent system is not static but changes over time. Traditionally belief
revision has been concerned with revising first order theories.
Nonmonotonic reasoning provides rigorous techniques for reasoning with
incomplete information. Until recently the dynamics of nonmonotonic
reasoning approaches has attracted little attention. This paper studies
the dynamics of defeasible logic, a simple and efficient form of nonmo-
notonic reasoning based on defeasible rules and priorities. We define re-
vision and contraction operators and propose postulates. Our postulates
try to follow the ideas of AGM belief revision as far as possible, but some
AGM postulates clearly contradict the nonmonotonic nature of defeasi-
ble logic, as we explain. Finally we verify that the operators satisfy the
postulates.

1 Introduction

The revision and transformation of knowledge is widely recognized as a key
problem in knowledge representation and reasoning. Reasons for the importance
of this topic are the fact that intelligent systems are gradually developed and
refined, and that often the environment of an intelligent system is not static but
changes over time.

Belief revision [1,7] studies reasoning with changing information. Traditio-
nally belief revision techniques have been concerned with the revision of know-
ledge expressed in classical logic. The approach taken is to study postulates for
operators, the most well-known operators being revision and contraction.

Until recently little attention was devoted to the revision of more complex
kinds of knowledge. But in the past few years there has been an increasing
amount of work on revising nonmonotonic knowledge, in particular default logic
theories [17,9,18]. These works were motivated by the ability of default reasoning
to maintain inconsistent knowledge, and the use of default reasoning in various
application domains. For example, the use of default rules has been proposed
for the maintenance of software [5,14]. In requirements engineering the use of
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default rules has been proposed [2,19] to identify and trace inconsistencies among
single requirements. One key issue in requirements engineering is the evolution
of requirements, which technically translates to the evolution of default theories.

Default logics are known to be computationally complex [10,12]. In this paper
we will study a simple, efficient default reasoning approach, defeasible logic [16].
It is a sceptical reasoning approach based on the use of defeasible rules and
priorities between them. Its usefulness has been demonstrated in several domains
[3,6].

In studying the revision of knowledge in defeasible logic, first we formulate
postulates for revision and contraction operators in defeasible logic. We chose
to be guided by the AGM postulates for classical belief revision [1]. Some of the
AGM postulates can be readily adopted. Others need to be slightly modified, but
we can demonstrate a close link to the motivation of the postulate as expressed,
say, by Gardenfors [7]. But some AGM postulates contradict the nonmonotonic
nature of defeasible logic. This contradiction is not surprising since AGM belief
revision was designed for the revision of (monotonic) classical logical theories.

Once we establish the postulates we define concrete revision and contraction
operators for defeasible logic, and show that they satisfy the proposed postulates.

2 Defeasible Logic

In this paper we use a simplified version of defeasible logic, in that strict rules are
not considered; for the description of the full logic see [15]. We also consider only
an essentially propositional version of the logic: the language does not contain
function symbols and every expression with variables represents the finite set of
its variable-free instances. A knowledge base consists of facts, rules (defeasible
rules and defeaters), and a superiority relation among rules.

Facts denote simple pieces of information that are deemed to be true regard-
less of other knowledge items. Thus, facts are not revisable. A typical fact is that
Tweety is a bird: bird(tweety).

There are two kinds of rules, defeasible rules and defeaters. A rule r consists
of its antecedent A(r) (written on the left) which is a finite set of literals, an
arrow, and its consequent C(r) which is a literal. In examples we will often omit
set notation for A(r).

Defeasible rules are rules that can be defeated by contrary evidence. An
example of such a rule is “Birds typically fly”; written formally:

bird(X) ⇒ flies(X).

The idea is that if we know that something is a bird, then we may conclude that
it flies, unless there is other evidence suggesting that it may not fly. Defeasible
rules with an empty antecedent are a little like facts, but they are defeatable
and revisable.

Defeaters are rules that cannot be used to draw any conclusions. Their only
use is to prevent some conclusions. In other words, they are used to defeat some
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defeasible rules by producing evidence to the contrary. An example is “If an
animal is heavy then it may not be able to fly”. Formally:

heavy(X) ; ¬flies(X)

The main point is that the information that an animal is heavy is not sufficient
evidence to conclude that it doesn’t fly. It is only evidence that the animal
may not be able to fly. In other words, we don’t wish to conclude ¬flies(X) if
heavy(X), we simply want to prevent a conclusion flies(X).

The superiority relation among rules is used to define priorities among rules,
that is, where one rule may override the conclusion of another rule. For example,
given the defeasible rules

r : republican ⇒ ¬pacifist
r′ : quaker ⇒ pacifist

which contradict one another, no conclusive decision can be made about the
pacifism of a person who is both a republican and a quaker. But if we introduce
a superiority relation > with r > r′, then we can indeed conclude ¬pacifist.

A defeasible theory T is a triple (F,R,>) where F is a finite consistent set of
literals (called facts), R a finite set of rules, and > an acyclic superiority relation
on R. R[q] denotes the set of rules in R with head q, and Rd[q] denotes the set
of defeasible rules in R with head q

A conclusion of T is a tagged literal and can have one of the following three
forms: (i) +∂q, which means that q is defeasibly provable in T ; (ii) −∂q, which
means that we have proved that q is not defeasible provable in T ; and (iii) Σq,
which means that there is a reasoning chain supporting q.

Provability is defined below. It is based on the concept of a proof in T =
(F,R,>). A proof or derivation is a finite sequence P = (P (1), . . . P (n)) of tagged
literals satisfying the following conditions (P (1..i) denotes the initial part of the
sequence P of length i, and ∼ p the complement of a literal p):

+∂: If P (i+ 1) = +∂q then either
(1) q ∈ F or
(2) (2.1) ∃r ∈ Rd[q] ∀a ∈ A(r) : +∂a ∈ P (1..i) and

(2.2) ∼ q 6∈F and
(2.3) ∀s ∈ R[∼ q] either

(2.3.1) ∃a ∈ A(s) : −∂a ∈ P (1..i) or
(2.3.2) ∃t ∈ Rd[q]

∀a ∈ A(t) : +∂a ∈ P (1..i) and
t > s

−∂: If P (i+ 1) = −∂q then
(1) q 6∈F and
(2) (2.1) ∀r ∈ Rd[q] ∃a ∈ A(r) : −∂a ∈ P (1..i) or

(2.2) ∼ q ∈ F or
(2.3) ∃s ∈ R[∼ q] such that
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(2.3.1) ∀a ∈ A(s) : +∂a ∈ P (1..i) and
(2.3.2) ∀t ∈ Rd[q] either

∃a ∈ A(t) : −∂a ∈ P (1..i) or
not t > s

Σq: If P (i+ 1) = Σq then
(1) q ∈ F or
(2) ∃r ∈ Rd[q] ∀a ∈ A(r) : Σa ∈ P (1..i)

The elements of a proof are called lines of the proof. We say that a tagged literal
L is provable in T = (F,R,>), denoted T ` L, iff there is a proof P in T such
that L is a line of P . We say that literal q is provable in T iff T ` +∂q, and that
q is supported in T iff T ` Σq.

Even though the definition seems complicated, it follows ideas which are
intuitively appealing. For example, the condition +∂ states the following: One
way of establishing that q is defeasibly provable is to show that it is a fact.
The other way is to find a rule with conclusion q, all antecedents of which are
defeasibly provable. In addition, it must be established that ∼q is not a fact (to
do otherwise would be counterintuitive – to derive q defeasibly, although there
might be a definite reason against it), and for every rule s which might provide
evidence for ∼q, either one of its antecedents is provably not derivable, or there
is a rule with conclusion q which is stronger than s and can be applied (that is,
all its antecedents are defeasibly provable). Essentially the defeasible rules with
head q form a team which tries to counterattack any rule with head ∼ q. If the
rules for q win then q is derived defeasibly; otherwise q cannot be derived in this
manner.

Support means simple forward chaining reasoning without considering coun-
terarguments.

Finally let T = (F,R,>) be a defeasible theory, M a set of literals and
X = M ∪{∼p | p ∈ M}. We define T	

M = (F,R−R[X], >′), where R[X] denotes
the set of rules in R with head a literal in X, and >′ is the reduct of > on
R−R[X].

3 Postulates for Belief Change Operators

In this section we will formulate reasonable postulates for belief revision ope-
rators in a defeasible reasoning framework. We will be considering the classical
AGM postulates and will be proposing necessary modifications.

3.1 Belief Bases and Belief Sets

First we need to specify the kinds of belief sets we will consider. In classical
logic, a belief set is supposed to be a deductively closed set of formulas. In
our framework it is natural to study sets of conclusions from a given defeasible
theory T . We note that in the defeasible logic variant we are studying here the



Revising Nonmonotonic Theories: The Case of Defeasible Logic 105

conclusions are single literals. But we can easily reason with a somewhat more
general set of conclusions: conjunctions of literals. Other types of conclusions can
also be treated but we would need more complex technical means, so we defer
their discussions to later papers. Technically we will consider a conjunction of
literals p1 ∧ . . . ∧ pn to be a conclusion of T iff T ` +∂pi for all i = 1, . . . , n.

A set of literals BB is a belief base iff there is a defeasible theory T such that
BB = {p | T ` +∂p}. Equivalently, a belief base is any finite consistent set of
literals. We say that BB is generated by T .

Now we define the belief set B(T ) generated by the defeasible theory T to
be the conjunctive closure of the corresponding belief base. That is, a set of
conjunctions of literals B is a belief set iff there is a defeasible theory T such
that B = {p1 ∧ . . . ∧ pn | T ` +∂p1, . . . , T ` +∂pn}.

In the following we assume that T = (F,R,>) is a defeasible theory, BB the
belief base generated by T , and B(T ) the belief set generated by T . ΣT denotes
the set of beliefs supported by T . Finally pi and qj denote literals, and c, ck
denote conjunctions of literals.

3.2 The Change Operators

As in classical belief revision, we will distinguish between three kinds of belief
changes:

(i) expansion +, which seeks to add a new formula ϕ to the belief set B if
the negation of ϕ is not included in B. This is the original motivation of
expansion as explained by Gardenfors in [7].

(ii) revision ∗, which adds a formula ϕ to the belief set B even in cases where
the negation of ϕ is in B. To achieve this outcome the operation may need
to delete formulas in B.

(iii) contraction −, which seeks to retract a sentence ϕ without adding new
conclusions.

In practice, revision and contraction have attracted the greatest attention.
Therefore we will not be addressing postulates for expansion.

In accordance with the defeasible logic we are studying in this paper, the
sentences ϕ will be either literals or conjunctions of literals. In future work we
will study change with full propositional formulas in variants of defeasible logic
allowing for disjunction.

3.3 Postulates for Revision

The first postulate in classical belief revision states that B∗
p is closed under

logical consequences. According to the discussion in section 3.1, its counterpart
is the following which, under our definitions, holds trivially:

(∗1) B(T ∗
c ) is a belief set.
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The second AGM postulate in classical belief revision guarantees that the sen-
tence ϕ is added to the belief set. Basically we adopt the same idea, with one
difference: we forbid the addition of a contradiction to the belief base. There are
two kinds of contradictions. The obvious one is to have a complementary pair of
literals in the conjunction. For the other kind of contradiction we note that we
consider facts in a defeasible theory to be undisputed information. Thus if we
attempt to add a literal pi but ∼ pi is a fact, then the addition of pi is rejected,
as is the addition of any conjunction of literals that contains pi.

(∗2) If ∼ pi 6∈F and pi 6=∼ pj (for all i, j) then p1 ∧ . . . ∧ pn ∈ B(T ∗
p1∧...∧pn).

According to Gardenfors [7], the aim of the third and fourth AGM postulates is
to identify revision with expansion in case the negation of the sentence ϕ to be
added is not in B. The next two postulates achieve the same for defeasible logic.
(The use of two postulates by [1] is for technical reasons [7], which do not seem
to hold for defeasible logic. We use two postulates only to be consistent with the
AGM numbering.)

(∗3) If ∼ p1, . . . ,∼ pn 6∈B(T ) then B(T ∗
p1∧...∧pn) ⊆ B(T+

p1∧...∧pn).

(∗4) If ∼ p1, . . . ,∼ pn 6∈B(T ) then B(T+
p1∧...∧pn) ⊆ B(T ∗

p1∧...∧pn).

The fifth AGM postulate states that the result of a revision by ϕ is the absurd
belief set iff ¬ϕ is logically valid. Since, by definition, there is no absurd belief
set in defeasible logic (due to its sceptical nature, p and ∼ p cannot be proven
together), establishing an exact counterpart to the fifth AGM postulate is not
straightforward. We note, though, that in AGM postulates 2 and 5 are related:
it is postulate 2 which admits a contradiction and creates the possibility of an
absurd belief set, as specified in postulate 5. In our case we mentioned already
that the addition of a contradictory sentence should be rejected. The types of
contradiction were discussed before the definition of (∗2). As in AGM, our fifth
postulate defines the behaviour of revision in case we try to add a contradictory
formula.

(∗5) If ∼ pi ∈ F or ∼ pi = pj (for some i, j) then p1 ∧ . . . ∧ pn 6∈B(T ∗
p1∧...∧pn).

In fact this postulate can be strengthened by providing more information on
what happens if addition of a contradictory formula is rejected. We formulate
two variations. (∗5a) states that in case p1 ∧ . . . ∧ pn is self-contradictory, or at
least one ∼ pi ∈ F , then revision by p1 ∧ . . . ∧ pn should not cause any change.
Note that in case ∼ pi ∈ F for some i, the entire conjunction contradicts the
facts.

Condition (∗5b) is weaker in that all p1, . . . , pn are required to contradict F
for the revision of p1 ∧ . . . ∧ pn to have no effect.

(∗5a) If ∼ pi ∈ F or ∼ pi = pj (for some i, j) then B(T ∗
p1∧...∧pn) = B(T ).
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(∗5b) If ∼ pi ∈ F (for all i) or ∼ pi = pj (for some i, j) then B(T ∗
p1∧...∧pn) =

B(T ).

The sixth AGM postulate expresses syntax-independence, and has a natural
counterpart in defeasible logic.

(∗6) If the set of literals in the conjunctions c1 and c2 is the same, then B(T ∗
c1) =

B(T ∗
c2).

This concludes the adaptation of the basic AGM postulates. Now we consider
the composite postulates, the seventh and eighth, which regard the conjunction
of sentences. According to [7] by the principle of minimal change revision with
both ϕ and ψ ought to be the same as the expansion of B(T ∗

ϕ) by ψ, provided
that ψ does not contradict the beliefs in B(T ∗

ϕ). Again for technical reasons, two
AGM postulates were formulated. Below we state two postulates for defeasible
logic revision to maintain the correspondence to the AGM postulates for classical
belief revision.

(∗7) If ∼ q1, . . . ,∼ qm 6∈B(T ∗
p1∧...∧pn) then

B(T ∗
p1∧...∧pn∧q1∧...∧qm) ⊆ B((T ∗

p1∧...∧pn)+
q1∧...∧qm).

(∗8) If ∼ q1, . . . ,∼ qm 6∈B(T ∗
p1∧...∧pn) then

B((T ∗
p1∧...∧pn)+

q1∧...∧qm) ⊆ B(T ∗
p1∧...∧pn∧q1∧...∧qm).

3.4 Postulates for Contraction

The first postulate we formulate is a natural adaptation of the first AGM po-
stulate.

(−1) B(T−
c ) is a belief set.

The second AGM postulate states that we contract a formula only by deleting
some formulas, but not by adding new ones. This postulate cannot be adopted
in our framework because it contradicts the sceptical nonmonotonic nature of
defeasible logic. To see this, suppose that we know a, and we have rules ⇒ p
and a ⇒ ¬p. Then a is sceptically provable and p is not. But if we decide to
contract a then p becomes sceptically provable. We note that this behaviour
is not confined to the specifics of defeasible logic but holds in any sceptical
nonmonotonic formalism (e.g. in the sceptical interpretation of default logic).

But this example also suggests what proportion of the original idea of the
second AGM postulate we can maintain: even though p was not in the original
belief set, its appearance in the result of the contraction is not due to the addition
of new rules. Stated differently, even though p was not provable in the original
nonmonotonic knowledge base, it was nevertheless supported.

(−2) B(T−
c ) ⊆ ΣT .

The principle of minimal change requires that if the sentence to be retracted is
not included in the belief set, no change is necessary.
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(−3) If c 6∈B(T ) then B(T−
c ) = B(T ).

The fourth AGM postulate states that the sentence to be retracted is not inclu-
ded in the outcome of the contraction operation, unless it is a tautology. In our
framework this situation cannot arise since a conjunction of literals is never a
tautology. But if we follow our earlier idea that the negations of facts are cont-
radictions (thus facts may be viewed as being always true), it is natural to state
the following:

(−4) If p1 ∧ . . . ∧ pn ∈ B(T−
p1∧...∧pn) then p1, . . . , pn ∈ F .

The fifth AGM postulate expresses the possibility of recovery: if we retract a
sentence and then add it again, then we do not lose any of the original beliefs.
This idea is naturally expressed in defeasible logic below.

The condition c ∈ B(T ) is necessary: in case c 6∈B(T ), the addition of c
may remove a literal ∼ pi which contradicts a conjunct pi in c. Due to the
nonmonotonic nature of defeasible logic, this may cause the removal of further
literals from B(T ). Thus without the condition c ∈ B(T ) the postulate cannot
be reasonably expected to hold.

(−5) If c ∈ B(T ) then B(T ) ⊆ B((T−
c )+

c ).

Syntax independence is again straightforward.

(−6) If the set of literals in the conjunctions c1 and c2 is the same, then B(T−
c1) =

B(T−
c2).

The seventh and eighth AGM postulates are simply adopted.

(−7) B(T−
c1) ∩B(T−

c2) ⊆ B(T−
c1∧c2)

(−8) If c1 6∈B(T−
c1∧c2) then B(T−

c1∧c2) ⊆ B(T−
c1)

4 Revising Defeasible Theories

Having formulated postulates for change operators motivated by the original
AGM postulates, the question remains what concrete operators might satisfy
these sets of postulates, indeed whether such operators exist. In the following we
define such concrete operators and prove that indeed they satisfy our postulates.

We will use a common notation for all operators. Let c = p1 ∧ . . .∧ pn be the
formula to be added/deleted.

4.1 Expansion

Gardenfors [7] states that expansion is meant to add a formula ϕ to B(T ) only
if ¬ϕ 6∈B(T ). In this sense, the case where ¬ϕ ∈ B(T ) is irrelevant. However
AGM decided to also add ϕ in this case. We will keep T unchanged, following
[7] rather than [1].
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T+
c =



T if ∼ pi ∈ B(T ) for some i ∈ {1, . . . , n}
T if ∼ pi = pj for some i, j ∈ {1, . . . , n}
(F,R′, >′) otherwise

where

R′ = R ∪ {⇒ p1, . . . ,⇒ pn}
>′ = (> ∪ {⇒ pi > r | i ∈ {1, . . . , n}, r ∈ R[∼ pi]}) −
{r > ⇒ pi | i ∈ {1, . . . , n}, r ∈ R[∼ pi]}.

Thus we add rules that prove each of the literals pi, and ensure that these are
strictly stronger than any possibly contradicting rules.

4.2 Revision

AGM revision works in the same way as AGM expansion when the formula to
be added does not cause an inconsistency, but revision adds a formula even if
its negation is in the belief set. In our framework the definition of revision looks
as follows:

T ∗
c =

{
T if p1 ∧ . . . ∧ pn ∈ B(T )
(F,R′, >′) otherwise

where

R′ = R ∪ {⇒ p1, . . . ,⇒ pn}
>′= (> ∪ {⇒ pi > r | i ∈ {1, . . . , n}, r ∈ R[∼ pi]}) −
{r > ⇒ pi | i ∈ {1, . . . , n}, r ∈ R[∼ pi]}.

The difference to our previous definition of + is that now we make the mo-
difications to the rules and the superiority relation even if the negation of one
of the pi was in B. Note that due to the sceptical nature of defeasible logic, we
still do not get a contradiction (in the sense of being able to prove both pi and
∼ pi. Theorem 1 below (equivalently, the postulates (∗1) − (∗8)) specifies when
we will be able to prove pi and when ∼ pi.

4.3 Contraction

We define a concrete contraction operator as follows.

T−
c =

{
T if p1 ∧ . . . ∧ pn 6∈B(T )
(F,R′, >′) otherwise

where

R′ = R ∪ {p1, . . . , pi−1, pi+1, . . . , pn ; ∼ pi | i ∈ {1, . . . , n}}
>′ = > − {s > r | r ∈ R′ −R}.
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Intuitively we wish to prevent the proof of p1 ∧ . . . ∧ pn, that is, the proof
of all the pi. We achieve this by ensuring that at least one of the pi will not be
proven. The new rules in R′ ensure that if all but one pi have been proven, a
defeater with head ∼ pj will fire. Having made the defeaters not weaker than
any other rules, the defeater cannot be “counterattacked” by another rule, and
pj will not be proven, as an inspection of the condition +∂ in section 2 shows.

4.4 Results

Here we formulate some results on the revision concepts introduced in this paper.
The main theme is to investigate which of the stated postulates are satisfied by
the concrete change operations.

Neither of the two composite contraction AGM postulates (7 and 8) translate
naturally into our framework, because they contradict the sceptical nonmonoto-
nic nature of our underlying logical machinery. For example, the seventh AGM
postulate would suggest B(T−

p ) ∩B(T−
q ) ⊆ B(T−

p∧q). Now consider a nonmono-
tonic knowledge base with defeasible rules ⇒ p, ⇒ q, p ⇒ a and q ⇒ a. Then a is
provable in both B(T−

p ) and B(T−
q ), but not in B(T−

p∧q). As for the eighth AGM
postulate, it is motivated by the idea that if we need to remove more (say p and
p ∧ q), then we will get a smaller belief set than just removing p. But already
in our discussion of (−2) we saw that a similar property cannot be reasonably
expected in our framework.

In our postulates we maintain the following idea of the last two AGM postu-
lates: we try to express an upper and a lower bound for a composite contraction
operation. For the lower bound we expect that B(T−

p∧q) contains at least the con-
clusions that can be proven if we remove from the underlying defeasible theory
all rules with head p,∼ p, q, or ∼ q. For the upper bound we use the same idea
as for (−2), that is, by contracting more information we may not add beliefs
that are not supported in the result of contracting less.

(−7a) B(T	
{p1,...,pn,q1,...,qm}) ⊆ B(T−

p1∧...∧pn∧q1∧...∧qm).

(−8a) If p1 ∧ . . . ∧ pn 6∈B(T−
p1∧...∧pn∧q1∧...∧qm) then B(T−

p1∧...∧pn∧q1∧...∧qm) ⊆
ΣT−

p1∧...∧pn .

The following result connects the concrete change operators defined above to
the postulates established in the previous section.

Theorem 1. Let +,∗ and − be the concrete change operators defined in the
previous subsections. Then

– Postulates (∗1)−(∗8) are satisfied. Moreover, (∗5b) is satisfied but not (∗5a).
– Postulates (−1) − (−6) are satisfied. Postulates (−7) and (−8) are not sa-

tisfied, but (−7a) and (−8a) are satisfied.

The proof can be found in the full version of this paper.
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The Levi and Harper Identities [13,11] have been proposed as ways to define
revision and contraction in terms of the other two operators. These identities
are consistent with the AGM postulates for classical belief revision. The Levi
Identity holds for our concrete operators.

Theorem 2. Let +,∗ and − be the change operators defined above. Then the
following is true:

B(T ∗
p ) = B((T−

∼p)
+
p ). Levi Identity

On the other hand, the counterpart of the Harper Identity does not hold, nor
can it be reasonably expected:

B(T−
p ) = B(T ) ∩B(T ∗

∼p). Harper Identity

As we have already seen in the discussion of (−2), B(T−
p ) cannot be expected

to be a subset of B(T ), but clearly the right hand side of the Harper Identity is
a subset of B(T ).

Note that we are only able to formulate these identities for literals. For more
complex formulas we need to incorporate disjunction in the belief sets and the
deductive machinery of defeasible logic (to be able to express the negation of a
conjunction).

5 Conclusion

In this paper we studied the revision of knowledge in defeasible logic. In parti-
cular, we formulated desirable postulates for revision and contraction operators.
In some cases we followed the intuition and formalization of the original AGM
postulates. In other cases we explained why certain AGM postulates are inap-
propriate because they contradict the nonmonotonic nature of defeasible logic,
and proposed reasonable alternatives.

To our knowledge this is the first complete set of postulates for the revision of
explicit nonmonotonic knowledge (of course we are aware of the close relationship
between belief revision and nonmonotonic reasoning [8], as well as work showing
that belief revision can be achieved using default reasoning [4]).

Then we defined concrete revision and contraction operators, and showed
that they fulfill the postulates, as well as adaptations of the Levi Identity.

Our future work in the area will include the study of revision in defeasible
logics with disjunction, and the examination of the relevance of revision to the
evolution of knowledge in particular application domains.
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Abstract. We introduce topological set constraints that express quali-
tative spatial relations between regions. The constraints are interpreted
over topological spaces. We show how to translate our constraints into
formulas of a multimodal propositional logic and give a rigorous proof
that this translation preserves satisfiability. As a consequence, the known
algorithms for reasoning in modal logics can be applied to qualitative
spatial reasoning. Our results lay a formal foundation to previous work
by Bennett, Nebel, Renz, and others on spatial reasoning in the RCC8
formalism.

1 Introduction

An approach to qualitative spatial reasoning that has received considerable at-
tention is the so-called Region Connection Calculus (RCC), which has been in-
troduced by Randell, Cui, and Cohn [9]. A specialization of RCC is the calculus
RCC8. Similar to Allen’s calculus for temporal reasoning [1], which is based on
13 elementary relations that can hold between time intervals, in RCC8, there
are eight elementary topological relations that can hold between regions. The
base relations are used to specify qualitative constraints that hold between regi-
ons. Then, the reasoning tasks are to determine whether a set of constraints is
consistent or whether it entails another one.

Different semantics of RCC8 have been considered, which essentially differ in
the way that “regions” are interpreted. Applications in geographical information
systems, for instance, motivate to interpret a region as a connected subset of the
plane whose boundary is a continuous curve or, more specifically, as a polygon
[3]. For this semantics, however, it is not known whether reasoning is decidable.

As an alternative, Bennett has proposed to interpret regions as subsets of a
topological space [2]. There is a close connection between propositional langua-
ges describing sets in topological spaces and modal propositional logics, which
has already been pointed out by McKinsey and Tarski [7,8]. Bennett gave a
translation of RCC8 constraints to formulas in a multimodal logic. However, in
his work a thorough semantical foundation of RCC8 and of the translation into
modal logic is missing. In particular, it is unclear whether the translation pre-
serves the satisfiability of constraints. Nonetheless, other researchers have taken
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Fig. 1. A graphical representation of the RCC8 relations

the correctness of Bennett’s translation for granted and based their own work
upon it. For instance, Renz and Nebel applied it to identify maximal tractable
fragments of RCC8 [10], and Haarslev et al. [4] used it to develop algorithms for
spatioterminological reasoning.

In the present paper, we give for the first time a rigorous foundation for
reasoning in RCC8. To represent topological relationships between regions, we
introduce a language of topological set constraints, which generalizes RCC8. For
example, we can express in the new language relations that involve more than
two regions. We formulate a semantics for our language that interprets regi-
ons as subsets of topological spaces. Using McKinsey and Tarski’s topological
interpretation of the modal propositional logic S4, we reduce reasoning about
topological constraints to reasoning in that logic. Algorithms for the latter are
well-known (see e.g. [5]). Through our translation, they become applicable to
spatial reasoning problems. We show that reasoning in the general language is
PSPACE-complete. As a special case, we obtain also a reduction of constraint
solving in RCC8. Interestingly, the work by Renz and Nebel on the complexity
of RCC8 still applies to our translation, although it differs from the one given
by Bennett.

Figure 1 illustrates each base relation of RCC8 by a pair X, Y of planar
regions with continuous boundary curve such that the relation holds between
them. The “interior” of such a region is the region area minus the boundary
curve. The regions are “disconnected,” written DC(X,Y ), if they are disjoint.
They are “externally connected,” written EC(X,Y ), if their interiors are disjoint,
but the regions are not. They “partially overlap,” written PO(X,Y ), if their
interiors intersect, but none is a subset of the other. They are “equal,” written
EQ(X,Y ) if they are identical. The region X is a “tangential proper part” of Y ,
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written TPP(X,Y ), if X is a subset of Y , but not of the interior of Y . Finally, X
is a “non-tangential proper part” of Y , written NTPP(X,Y ), if X is contained in
the interior of Y . Since tangential and non-tangential proper part are asymmetric
relations, their converses can also hold between X and Y .

In the rest of the paper, we remind the reader of the basic notions of point set
topology so far as they are relevant for our subject (Section 2), define topological
set constraints and show how to formally express with them the RCC8-relations
(Section 3), recall the topological interpretation of modal logic (Section 4), and
then reduce reasoning about set constraints to reasoning in S4 (Sections 5 and 6).
Finally, we translate set constraints into formulas of a multimodal logic with an
additional K-operator such that satisfiability is preserved (Section 7).

2 Reminder on Point Set Topology

Point set topology—or simply topology—is a mathematical theory that deals
with properties of space that are independent of size and shape. In topology,
one can define concepts such as interior, exterior, and isolated points of regions,
boundaries and connected components of regions, and connected regions. Point
set topology is therefore a possible framework for qualitative spatial reasoning.

In this section, we review the basic concepts of topology, with particular
emphasis on interior operators. For further information on the topic we refer to
standard textbooks like [6].

2.1 Definitions

A topological space is a pair T = (U,O) where U is a nonempty set, called the
universe, and O is a set of subsets of U , called the topology of T , such that the
following holds:

1. ∅ ∈ O and U ∈ O;
2. if O1 ∈ O and O2 ∈ O, then O1 ∩O2 ∈ O;
3. if Oi, i ∈ I, is a (possibly infinite) family of elements of O, then

⋃

i∈I
Oi ∈ O.

The elements of O are called the open sets of T . For example, in Euclidean
space, a set O is open if for each point p ∈ O there is a circle surrounding p that
is contained in O.

Let T = (U,O) be a topological space, S ⊆ U a subset of U , and p ∈ U a
point. Then p is an interior point of S if there is an open set O ∈ O such that
p ∈ O and O ⊆ S. We denote the set of interior points of S as i(S). The set i(S)
is the largest open set contained in S.

Proposition 1. Let T = (U,O) be a topological space and i: 2U → 2U be the
mapping that associates to every subset of U its set of interior points. Then for
all S, T ⊆ U we have
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1. i(U) = U ;
2. i(S) ⊆ S;
3. i(S) ∩ i(T ) = i(S ∩ T );
4. i(i(S)) = i(S).

The point p is a touching point of S if every open set containing p has
a nonempty intersection with S. Finally, p is a boundary point of S if p is a
touching point of S and of its complement U \ S. We denote the set of touching
points of S as cl(S), and the set of boundary points of S as bd(S). We call i(S)
the interior of S, cl(S) the closure of S, and bd(S) the boundary of S. We say
that a set S is closed if it contains all its touching points. Closure and boundary,
openness and closedness, can all be expressed in terms of interiors of sets.

Proposition 2. Let T = (U,O) be a topological space and S ⊆ U . Then

– cl(S) = U \ i(U \ S), and bd(S) = cl(S) ∩ cl(U \ S)
– S is open iff S = i(S), and S is closed iff S = cl(S).

2.2 Interior Operators

In the preceding subsection, we have defined a topological space in terms of its
open sets. Now we show that it is also possible to define it through the mapping i.

Let U be a set and i: 2U → 2U an operator that maps subsets of U to subsets
of U . We say that i is an interior operator if it satisfies the properties (1) to (4)
of Proposition 1. Every topology determines an interior operator.

Proposition 3. Let T = (U,O) be a topological space and i be the operator that
maps every subset of U to its interior. Then

1. i is an interior operator;
2. a set S ⊆ U is open if and only if it is a fixpoint of i, that is, i(S) = S.

The second statement of the above proposition says that not only determines
the topology of T an interior operator, but the topology can also be reconstructed
from the interior operator. We will show that also the converse is true. An interior
operator determines a topology, from which the operator can be reconstructed.
For an interior operator i on a set U we define Oi as the set of fixpoints of i,
that is,

Oi := {O ⊆ U | O = i(O)}.

Proposition 4. If i is an interior operator, then Oi is a topology.

Proposition 5. Let i be an interior operator and iOi be the interior operator
corresponding to the topology Oi. Then i = iOi .

This shows that point set topology can equivalently be based on open sets
and on interior operators. In the sequel, we will therefore talk about topological
spaces as pairs (U, i), where i is an interior operator on U .
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3 Set Expressions and Set Constraints

We now introduce a formal language in which we can make statements about
relationships between subsets of a topological space. We assume that there is a
countably infinite set of variables (written X, Y , Z). Set expressions (written s,
t) are built up according to the syntax rule

s, t −→ X | > | ⊥ | s u t | s t t | s | Is.
A topological interpretation I is a triple

I = (U, i, d),

where (U, i) is a topological space, and d is a function that maps every variable to
a subset of U . The function d can be extended in a unique way to set expressions
such that the following identities hold:

d(⊥) = ∅ d(>) = U

d(s u t) = d(s) ∪ d(t) d(s t t) = d(s) ∩ d(t)
d(s) = U \ d(s) d(Is) = i(d(s)).

If no misunderstanding can arise, we will refer to topological interpretations
simply as interpretations.

Elementary set constraints have the form

s
.= t or s 6.= t,

where s, t are set expressions. Constraints of the form s
.= t are positive, while

those of the form s 6.= t are negative. Complex set constraints (written C, D) are
obtained from elementary ones using the propositional connectives conjunction,
disjunction, and negation. Thus, if C, D are set constraints, so are C∧D, C∨D,
and ¬C.

Next we define when an interpretation I = (U, i, d) satisfies a set constraint
C (written I |= C). For elementary constraints we have

I |= s
.= t iff d(s) = d(t)

I |= s 6.= t iff d(s) 6= d(t).

For conjunctions, disjunctions, and negations of constraints, satisfaction is defi-
ned as one would expect.

An interpretation I is a model of C if I satisfies C. A constraint is satisfiable
if it has a model. Two constraints are equivalent if they have the same models. If
C is a set of constraints, then I is a model of C if I is a model of every constraint
in C. The set C entails a constraint D (written C |= D) if every model of C is also
a model of D. As usual, entailment can be reduced to (un)satisfiability, since
C |= D if and only if C ∪ {¬D} is unsatisfiable.

With our topological set constraints, we can now give a semantics to the
RCC8-relations. The constraints range over variables that represent regions.
Which sets are regions? First, regions should be nonempty. Moreover, among
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subsets of the plane, most authors consider lines or sets with cracks as patho-
logical and rule them out as regions. Formally, such sets can be excluded by
requiring that regions are regular, that is, they coincide with the closure of their
interior. That a setX is regular and nonempty can be expressed by the constraint

X
.= IIX ∧ X 6.= ⊥. (1)

We define now each base relation as a shorthand for a certain set constraint:

DC(X,Y ) := X u Y .= ⊥
EC(X,Y ) := X u Y 6.= ⊥ ∧ IX u IY

.= ⊥
PO(X,Y ) := IX u IY 6.= ⊥ ∧ X u Y 6.= ⊥ ∧ X u Y 6.= ⊥
EQ(X,Y ) := X

.= Y

TPP(X,Y ) := X u Y .= ⊥ ∧ X u IY 6.= ⊥
NTPP(X,Y ) := X u IY

.= ⊥.
It is easy to verify that the eight base relations are mutually exclusive and cover
all possible cases. That is, any two subsets of a topological space, regardless of
whether they are regions or not, satisfy one and only one base relation.

A basic RCC8 constraint system over a set of region variables is a conjunction
that contains for each variable the regularity constraint (1) and for some pairs
of variables a base relation. In a general constraint system, there can be disjun-
ctions of base relations between variables. Satisfiability and entailment of RCC8
constraints are defined as for arbitrary set constraints. Methods to decide the
satisfiability of arbitrary topological set constraints are therefore also applicable
to RCC8.

4 The Topological Interpretation of Modal Logics

In propositional logic, formulas are constructed from variables (again denoted
as X, Y ) and the constants > and ⊥ (standing for true and false) with the
connectives ∧, ∨, and ¬.1 In modal propositional logic, there is in addition a
unary operator, which is often written as 2. We denote such formulas with the
letters φ, ψ.

The semantics of such formulas is usually given in terms of Kripke-interpreta-
tions. Such an interpretation consists of a set, whose elements are called worlds.
The worlds are connected by a binary relation, the reachability relation. To each
world, a propositional interpretation is associated that assigns truth values to
the variables. A set of worlds with a reachability relation is called a frame.

One singles out variants of modal logics by admitting only interpretations
whose reachability relation has certain properties. The most general logic is
the logic K, where all possible interpretations are allowed. For the logic S4,
only interpretations are admitted whose reachability relation is reflexive and
transitive. For reasons that will become obvious later on we write the modal
operator in S4 as I . The following schemas are valid in S4, that is, they hold in
every S4-interpretation and for every modal formula φ:
1 We also use, as shorthands, the connectives → and ↔.
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1. I > ↔ >;
2. Iφ → φ;
3. I(φ ∧ ψ) ↔ Iφ ∧ Iψ;
4. I Iφ ↔ Iφ.

These formulas are also characteristic for S4 in the sense that a frame with the
property that all interpretations over it satisfy all formulas of the above kind is
reflexive and transitive.

There is an obvious analogy between the above formulas and the equations
in Proposition 1 that characterize interior operators on topological spaces. It has
been shown that the analogy is not accidental. To see this, let π be the bijection
that maps set expressions s to modal propositional formulas π(s) by mapping
variables, > and ⊥ to themselves, and by recursively replacing su t, st t, s, and
Is with π(s) ∧ π(t), π(s) ∨ π(t), ¬π(s), and Iπ(s), respectively. The bijection π
abstracts from the fact that set expressions and propositional modal formulas
are notational variants of each other. We write the inverse of π as π−1.

A set term s is a topological tautology if d(s) = U for all topological interpre-
tations (U, i, d), that is, if s always denotes the entire space. A modal formula φ
is topologically valid if π−1(φ) is a topological tautology. The fundamental result
that links the topological interpretation of set terms to modal logics is due to
McKinsey and Tarski [7].

Theorem 1 (McKinsey and Tarski). A modal propositional formula is to-
pologically valid if and only if it is S4-valid.

5 A Deduction Theorem for Set Constraints

By Theorem 1, the satisfiability of an elementary constraint s 6.= ⊥ and the S4-
satisfiability of π(s) are equivalent properties. To make use of the theorem also
for complex constraints, we prove a deduction theorem which will allow us to
reduce entailment of elementary constraints to validity, and thus disentailment
to satisfiability of elementary set constraints, which is equivalent to satisfiability
in S4.

Let I = (U, i, d) be a topological interpretation and U ′ ⊆ U be a nonempty
subset of U . Then the restriction of I to U ′ is the interpretation I ′ = (U ′, i′, d′)
that is defined by

– i′(S) := i(S) for all S ⊆ U ′;2
– d′(X) := d(X) ∩ U ′ for all variables X.

We denote the unique extension of d′ to arbitrary set expressions again with
the letter d′.

Lemma 1. Let I = (U, i, d) be a topological interpretation, U ′ ⊆ U be a non-
empty subset of U , and I ′ = (U ′, i′, d′) be the restriction of I to U ′. If U ′ is
open, then for all set expressions s

d′(s) := d(s) ∩ U ′.
2 It is easy to check that i′ is again an interior operator.
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Proof. The proof is by induction over the structure of set expressions. By de-
finition of d′, the claim holds for variables. The induction step for expressions
of the form >, ⊥, s u t, s t t and s involves only the properties of the Boolean
connectives and is therefore omitted. We show the claim for expressions of the
form Is:

d′(Is) = i′(d′(s)) (2)
= i′(d(s) ∩ U ′) (3)
= i(d(s) ∩ U ′) (4)
= i(d(s)) ∩ i(U ′) (5)
= i(d(s)) ∩ U ′ (6)
= d(Is) ∩ U ′, (7)

where (2) holds because of the definition of d′ for expressions, (3) because of the
induction hypothesis, (4) because of the definition of i′, (5) because of Property 3
of interior operators (see Proposition 1), (6) because U ′ is open, that is, a fixpoint
of i, and (7) because of the definition of d for expressions. Note that in (6) we
indeed make use of the fact that U ′ is open.

For set expressions, we write s v t as a shorthand for s t t .= >.

Lemma 2 (Deduction Lemma). Let s, t be set expressions. Then

s
.= > |= t

.= > iff |= Is v t.

Proof. “⇐” Suppose that I |= Is v t for all topological interpretations I. Let
I = (U, i, d) be an interpretation such that I |= s

.= >, that is, d(s) = U . This
implies d(Is) = i(d(s)) = i(U) = U , and therefore d(Is) = ∅. Since I |= Ist t .=
>, we have d(t) = U . Hence, I |= t

.= >.
“⇒” Suppose that s .= > |= t

.= >. We want to show that I |= Is t t
.= >

for every interpretation I = (U, i, d). We distinguish whether d(Is) is empty or
not.

If d(Is) = ∅, then d(Is) = U , and the claim holds. Suppose therefore that
d(Is) 6= ∅. Then U ′ := d(Is) = i(d(s)) is a nonempty open subset of U . Consider
the restriction I ′ = (U ′, i′, d′) of I to U ′. Then we have

d′(s) = d(s) ∩ U ′ (8)
= d(s) ∩ i(d(s)) (9)
= i(d(s)) = d(Is) = U ′, (10)

where (8) holds because of Lemma 1, (9) because of the definition of U ′, and
(10) holds, since i(d(s)) ⊆ d(s) because of Property 2 of interior operators (see
Proposition 1).

Since d′(s) = U ′, we have that I ′ |= s
.= >. Hence, I ′ |= t

.= >, and therefore,
U ′ = d′(t) = d(t) ∩ U ′, where the second equation holds because of Lemma 1.
This implies that d(Is) = U ′ ⊆ d(t), which means that I |= Is v t.
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One may conjecture that a stronger version of the Deduction Lemma holds,
stating that s .= > |= t

.= > if and only if |= s v t. However, this statement
is not correct. For instance, we have that X .= > |= IX

.= >, because of
Property 1 of interior operators in Proposition 1. But X v IX does not hold in
all interpretations.

Theorem 2 (Deduction Theorem for Topological Set Constraints). Let
s, t be set expressions. Then

s
.= > |= t

.= > iff |= Is v It.

Proof. The theorem is an immediate consequence of the Deduction Lemma be-
cause |= Is v It holds if and only if |= Is v t holds.

The “if” statement is true because i(T ) ⊆ T for every set T in a topological
space. The “only if” statement is true, since for sets S, T in a topological space,
i(S) ⊆ T implies i(S) ⊆ i(T ) because i(S) is open and i(T ) is the largest open
subset of T .

6 Checking the Satisfiability of Set Constraints

We define conjunctive set constraints and translate them equivalently into sets
of S4-formulas. Then we show that this is sufficient to decide satisfiability of
arbitrary set constraints.

A set constraint is in normal form if every elementary constraint occurring
in it is either of the form s

.= > or s 6.= >. Obviously, every set constraint can
be rewritten in polynomial time into an equivalent one in normal form, making
use of the fact that s .= t is equivalent to (st t)u (st t) .= >. A set constraint in
normal form is conjunctive if it is a conjunction of elementary constraints, that
is, if it has the form

s1
.= > ∧ . . . ∧ sm .= > ∧ t1 6.= > ∧ . . . ∧ tn 6.= >. (11)

As has been noted in [2], the negative conjuncts in a conjunctive constraint
are independent of each other. That is, to determine satisfiability of the con-
straint it is sufficient to consider conjunctions of the positive conjuncts and one
negative conjunct at a time.

Lemma 3 (Convexity). The conjunctive set constraint (11) is satisfiable if
and only for each j ∈ 1..n the constraint

s1
.= > ∧ . . . ∧ sm .= > ∧ tj 6.= > (12)

is satisfiable.

Proof. We denote the constraint (11) as C and the constraints (12) as Cj . Clearly,
if C is satisfiable, then each Cj is satisfiable. Suppose, conversely, that each Cj is
satisfiable. Then there are interpretations Ij = (Uj , ij , dj) such that dj(ti) = Uj
for all i ∈ 1..m and dj(tj) 6= Uj . Without loss of generality, we can assume that
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the universes Uj are pairwise disjoint. We define a new interpretation I = (U, i, d)
through

U := U1 ∪ · · · ∪ Un
i(S) := i1(S ∩ U1) ∪ · · · ∪ in(S ∩ Un) for every S ⊆ U , and
d(X) := d1(X) ∪ · · · ∪ dn(X) for every variable X.

It is easy to check that i is in fact an interior operator on U . Then I is an
interpretation such that I |= si

.= > for all i ∈ 1..m and I |= tj 6.= > for all
j ∈ 1..n. Thus, I satisfies C.

Theorem 3 (Translation). The conjunctive set constraint (11) is satisfiable
if and only for each j ∈ 1..n the modal formula

Iπ(s1) ∧ . . . ∧ Iπ(sm) ∧ ¬Iπ(tj) (13)

is S4-satisfiable.

Proof. Let s = s1u· · ·usm. We observe that the constraint s1
.= >∧. . .∧sm .= >

is equivalent to s .= >, and that the formula Iπ(s1)∧. . .∧Iπ(sm) is S4-equivalent
to Iπ(s). Thus, by Lemma 3 it suffices to show that s .= >∧ tj 6.= > is satisfiable
if and only Iπ(s) ∧ ¬Iπ(tj) is S4-satisfiable.

Now, s .= > ∧ tj 6.= > is satisfiable if and only if s .= > 6|= tj
.= >. By the

Deduction Theorem (Theorem 2), this is the case if and only if 6|= Is v Itj ,
that is, Is t Itj is not a topological tautology. Then, by McKinsey and Tarski
(Theorem 1), ¬Iπ(s) ∨ Iπ(tj) is not S4-valid, that is, Iπ(s) ∧ ¬Iπ(tj) is S4-
satisfiable.

Satisfiability checking of arbitrary constraints in normal form can be reduced
to satisfiability checking of conjunctive constraints. To see this, note that we can
equivalently rewrite a constraint into its disjunctive normal form, that is, into a
disjunction of conjunctive constraints. The latter is satisfiable if and only if one
of its disjuncts is satisfiable.

Alternatively, we can associate to each constraint a propositional formula
by viewing the elementary constraints as propositions. Then we guess a truth
assignment that satisfies the propositional formula. Next, we check whether our
truth assignment can arise from a topological interpretation. To do so, we form a
conjunction whose conjuncts are those elementary constraints for which we have
guessed “true” and inverses of those for which we have guessed “false.” (The
inverse of s .= > is s 6.= > and vice versa.) The truth assignment can arise from a
topological interpretation if and only if this conjunctive constraint is satisfiable.

From this consideration, we infer the complexity of satisfiability for arbitrary
set constraints. In addition, we obtain an an upper bound for RCC8 by an
argument that is much simpler than the one in [10].

Proposition 6 (Complexity). Satisfiability of arbitrary topological set con-
straints is PSPACE-complete, while satisfiability of RCC8 constraints systems is
NP-complete.
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Proof. Satisfiability of arbitrary set constraints is at least as hard as satisfiability
in S4, which is PSPACE-complete [5]. On the other hand, as shown above, the
satisfiability of a set constraint can be reduced in nondeterministic polynomial
time to a linear number of S4-satisfiability tests. This gives us the upper bound.

As regards RCC8, we observe that translating RCC8 constraint systems re-
sults in formulas where the maximal nesting depth of the modal operator I is
two. Satisfiability of such formulas can be decided in nondeterministic polyno-
mial time (cf. the algorithm in [5]). The lower bound has been proved in [10].

7 A Multimodal Encoding

Bennett has proposed a translation of RCC8 constraint systems into a multi-
modal logic with an S4-operator and a “strong S5”-operator, however, without
proving the correctness of the translation [2].

We show now, more generally, that arbitrary topological set constraints can
be translated into multimodal formulas that have an S4-operator I and a K-
operator 2 such that equivalence is preserved. We define the translation π as an
extension of the mapping π between set expressions and S4-formulas by:

π(s .= >) := 2Iπ(s) π(s .= ⊥) := 2I ¬π(s)
π(s 6.= >) := 3¬Iπ(s) π(s 6.= ⊥) := 3¬I ¬π(s),

and for Boolean combinations of constraints as one would expect (3 is the stan-
dard shorthand for ¬2¬). Under this mapping, the RCC8-relations are transla-
ted into the following formulas:

π(DC(X,Y )) = 2I ¬(X ∧ Y )
π(EC(X,Y )) = 2I ¬(IX ∧ IY ) ∧ 3¬I ¬(X ∧ Y )
π(PO(X,Y )) = 3¬I ¬(IX ∧ IY ) ∧

3¬I ¬(X ∧ ¬Y ) ∧ 3¬I ¬(¬X ∧ Y )
π(EQ(X,Y )) = 2I (¬X ∨ Y ) ∧ 2I (X ∨ ¬Y )
π(TPP(X,Y )) = 2I (¬X ∨ Y ) ∧ 3¬I ¬(X ∧ ¬IY )

π(NTPP(X,Y )) = 2I (¬X ∨ IY ).

The intuition behind this encoding is that we need the modality 2 to appro-
priately combine the positive and negative constraints. The following elementary
proposition (see e.g. [5]) shows that the condition for satisfiability of a conjunc-
tion of formulas with boxes and diamonds is analogous to the one for satisfiability
of a conjunction of positive and negative elementary set constraints in Lemma 3.

Proposition 7. Let φ1, . . . , φm, ψ1, . . . , ψn be multimodal formulas. Then

2φ1 ∧ · · · ∧ 2φm ∧ 3ψ1 ∧ · · · ∧ 3ψn

is satisfiable if and only if for each j ∈ 1..m the formula

φ1 ∧ · · · ∧ φm ∧ ψj
is satisfiable.
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Interestingly, Proposition 7 would not be true if we used I instead of 2.
Thus, indeed a second modal operator is needed.

Together with the Translation Theorem 3, Proposition 7 yields our claim for
conjunctive constraints, from which it can generalized to arbitrary constraints.

Theorem 4. Let C be a topological set constraint. Then C is satisfiable if and
only if π(C) is satisfiable.

8 Conclusion

We have defined syntax and semantics of topological set constraints, which ge-
neralize the RCC8 constraints, a prominent formalism for qualitative spatial
reasoning. For instance, we can say now that a certain region consists of at least
two nonempty disconnected components, which is not possible in RCC8. We
have proved that reasoning about our constraints can be reduced to reasoning
in a multimodal logic with an S4 and additional K-operator. Thus, we have
provided for the first time a rigorous theoretical foundation for the research into
topological constraint languages like RCC8.
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Abstract. Conditionals are not only central items for knowledge repre-
sentation, but also play an important part in belief revision, in particular
when dealing with iterated belief revision. To handle conditional beliefs
appropriately, epistemic states instead of propositional belief sets have
to be considered. Within this framework, the preservation of conditional
beliefs turns out to be a principal concern, corresponding to the paradigm
of minimal propositional change to be found in AGM theory.
In this paper, we deal with the revision of epistemic states by conditional
beliefs, thus extending the usual framework of only taking propositional
or factual beliefs as new information. We present a thorough formaliza-
tion of the principle of conditional preservation under revision for ordinal
conditional functions, commonly regarded as appropriate representations
of epistemic states. Though apparently quite simple and elementary, this
formal principle will be shown to imply the postulates dealing with con-
ditional preservation stated in other papers.

Keywords: Belief revision, conditionals, Ramsey test, ordinal conditio-
nal functions, iterated revision, AGM theory

1 Introduction

Knowledge typically undergoes change - additional information has to be incor-
porated into a knowledge base, errors should be corrected without giving up
anything that is known, changes over time or caused by actions must be taken
into regard. While human beings handle these changes with an amazing ease,
machine intelligence has to make use of ingenious belief revision techniques to
arrive at consistent and satisfactory results.

The field of belief revision is mainly influenced by the so-called AGM theory,
named after Alchourron, Gärdenfors and Makinson who set up a framework of
postulates for a reasonable change of propositional beliefs (cf. [1], [7]). However,
this theory conceived for propositional beliefs proved to be inadequate to handle
conditionals; the famous triviality result of Gärdenfors illustrates this incompa-
tibility (cf. [7]). As a consequence it was emphasized that conditional beliefs are
fundamentally different from propositional beliefs and need the richer structure
of an epistemic state to be handled appropriately (cf. e.g. [4]). Moreover, con-
ditionals and epistemic states provide an excellent framework to study iterated
belief revision (cf. [4]).
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The AGM postulates are generalized in [4] (cf. also section 3) to apply to
revisions of epistemic states. These postulates constrain revisions of the form
Ψ ?A, the revision operator ? connecting an epistemic state Ψ , as initial state of
belief, and a propositional formula A, as new information. But again they focus
on the propositional beliefs held in Ψ . So a further and essential extension of the
AGM-theory is necessary to also cover conditional beliefs. Here the preservation
of conditional beliefs as a principal concern corresponds to the paradigm of
minimal propositional change guiding the AGM-postulates. Darwiche and Pearl
[4] advanced four postulates in addition to the AGM axioms to model conditional
preservation under revision by propositional beliefs.

In [10], the framework of revising epistemic states is extended to its full com-
plexity by also considering revisions by conditional beliefs. This allows not only
to take factual information into account but also to incorporate changed or newly
acquired revision policies into one’s state of belief. A scheme of eight postulates
appropriate to guide the revision of epistemic states by conditional beliefs is
presented in [10]. These postulates are motivated by following the specific, non-
classical nature of conditionals, and the aim of preserving conditional beliefs is
achieved by studying specific interactions between conditionals, represented pro-
perly by two relations. Because one of the postulates claims propositional belief
revision to be a special case of conditional belief revision, they also cover the
topic of Darwiche and Pearl’s work [4], and we showed that all four postulates
stated there may be derived from our postulates.

There are several different ways to represent epistemic states. One of the
most sophisticated methods is to make use of probability distributions, requiring,
however, a strictly probabilistic structure of knowledge. A more general approach
assumes epistemic states Ψ to be equipped with a plausibility pre-ordering on
worlds, resp. on propositions (cf. e.g. [2], [4]). The most plausible propositions
are believed in Ψ , and a conditional (B | A) is accepted in Ψ iff, given A, B is
more plausible than ¬B, i.e. iff A ∧ B is more plausible than A ∧ ¬B (cf. e.g.
[2]). So the conditional beliefs are given implicitly by a plausibility pre-ordering
in Ψ .

A well-appreciated means to represent epistemic states are Spohn’s ordinal
conditional functions (OCF’s) (cf. [11]) assigning non-negative integers as de-
grees of plausibility to worlds. So they not only induce a ranking of worlds but
also allow to quantify the relative distances of worlds with respect to plausibility.
Ordinal conditional functions may be considered as qualitative abstractions of
probabilistic beliefs (cf. [11], [4], [8]). Using them, an appropriate but appealingly
simple representation of epistemic states is obtained. Revising such an ordinal
conditional function means to compute a new ranking of worlds.

In this paper, we present a thorough formalization of what may be called
a principle of conditional preservation for ordinal conditional functions, mainly
supported by elementary and intuitive arguments involving conditionals. Though
apparently quite simple, this formal principle will be shown to imply the postu-
lates dealing with conditional preservation stated in [10] and thus also those in
[4]. So in fact, it reveals a fundamental preservation mechanism for conditional



Following Conditional Structures of Knowledge 127

beliefs under revision. And because propositional beliefs may be considered as a
special kind of conditional beliefs, this principle seems to be of importance for
the whole area of belief revision.

This paper is organized as follows: The following section brings some formal
properties of conditionals and introduces the relations v and ⊥ crucial to study
interactions between conditionals. Section 3 explains the formal connection bet-
ween conditionals and the process of revising epistemic states by way of the
Ramsey test and summarizes some basic results for the revision of ordinal con-
ditional functions. The framework is extended to revision by conditional beliefs
in section 4. Here we repeat the axioms and the representation theorems of [10],
and we give an example. In section 5, the formal principle of conditional pre-
servation is presented, and a characterization for ordinal conditional functions
satisfying it is proved. Section 6 concludes this paper with a short summary and
with outlining further research.

2 Conditionals

Conditionals (B | A) represent expressions of the form “If A then B”, conjoining
two formulas A and B of a propositional language L. Formally, a conditional
(B | A) may be considered an object of a three-valued (non-boolean) nature,
partitioning the set of worlds Ω into three parts: those worlds satisfying A ∧ B
and thus confirming the conditional, those worlds satisfying A∧¬B, thus refuting
the conditional, and those worlds not fulfilling the premise A and so which the
conditional may not be applied to at all. Therefore a conditional is adequately
represented as a generalized indicator function on Ω (cf. e.g. [5], [3])

(B | A)(ω) =




1 if ω |= A ∧ B
0 if ω |= A ∧ ¬B
u if ω |= ¬A

(1)

where u means undefined. To simplify notations, we will replace a conjunction
by juxtaposition and indicate the negation of a proposition by barring it, i.e.
AB = A ∧ B and B = ¬B.

Two conditionals are considered to be equivalent iff they are identical as
indicator functions, i.e. (B | A) ≡ (D | C) iff A ≡ C and AB ≡ CD (cf. [3]).
Usually, a propositional fact A ∈ L is identified with the conditional (A | >),
where > is tautological.

For a conditional (B | A), we define the affirmative set (B | A)+ and the
conflicting set (B | A)− of worlds as

(B | A)+ = {ω ∈ Ω | ω |= AB}(= Mod (AB))
(B | A)− = {ω ∈ Ω | ω |= AB}(= Mod (AB))

where for any propositional formula A ∈ L, Mod (A) denotes the set of all A-
worlds, i.e. Mod (A) = {ω ∈ Ω | ω |= A}.
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Lemma 1. Two conditionals (B | A), (D | C) are equivalent iff their correspon-
ding affirmative and contradictory sets are equal, i.e. (B | A) ≡ (D | C) iff
(B | A)+ = (D | C)+ and (B | A)− = (D | C)−.

It is difficult to capture interactions between conditionals. In [3] and [6],
logical connectives and implications between conditionals are defined and inve-
stigated. Here we will pursue a different idea of interaction. Having the effects
of conditionals on worlds in mind, we define two relations v and ⊥ between
conditionals by

(D | C) v (B | A) iff (D | C)+ ⊆ (B | A)+and (D | C)− ⊆ (B | A)−,

(D | C) ⊥ (B | A) iff Mod (C) ⊆ M ∈ {(B | A)+, (B | A)−,Mod (A)}.

Thus (D | C) v (B | A) if the effect of the former conditional on worlds is in
line with the latter one, but (D | C) applies to fewer worlds. Thus (D | C) is be
called a subconditional of (B | A) in this case.

In contrast to this, the second relation ⊥ symbolizes a kind of independency
between conditionals. We have (D | C) ⊥ (B | A) if Mod (C), i.e. the range of
application of the conditional (D | C), is completely contained in one of the
sets (B | A)+, (B | A)− or Mod (A). So for all worlds which (D | C) may be
applied to, (B | A) has the same effect and yields no further partitioning. Note,
however, that ⊥ is not a symmetric independence relation; (D | C) ⊥ (B | A)
rather expresses that (D | C) is not affected by (B | A).

Both relations may be expressed using the standard ordering ≤ between
propositional formulas: A ≤ B iff A |= B, i.e. iff Mod (A) ⊆ Mod (B).

Lemma 2. Let (B | A), (D | C) be two conditionals over L.
(i) (D | C) v (B | A) iff CD ≤ AB and CD ≤ AB;

in particular, if (D | C) v (B | A) then C ≤ A.
(ii) (D | C) v (B | A) and (B | A) v (D | C) iff (D | C) ≡ (B | A).
iii) (D | C) ⊥ (B | A) iff C ≤ E, where E is one of AB, AB or A.

3 Epistemic States and Ordinal Conditional Functions

An epistemic state Ψ represents the cognitive state of an individual, or more
generally, of an intelligent agent at a given time. The propositions the agent
takes as most plausible are believed in Ψ and thus are elements of the belief
set Bel (Ψ). Furthermore, a conditional (B | A) is accepted by the agent iff,
supposed that A were to hold, B would appear more plausible than ¬B. So
we adopt a subjunctive interpretation of conditionals, implicitly referring to a
revision process: A conditional (B | A) is accepted in the epistemic state Ψ iff
revising Ψ by A yields belief in B. This relationship between conditionals and
belief revision is known as the Ramsey test (cf. e.g. [2], [7]):

(RT) Ψ |= (B | A) iff Bel (Ψ ? A) |= B
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where ? is a revision operator, taking an epistemic state Ψ and some new belief
A as inputs and yielding a revised epistemic state Ψ ? A as output. In this
framework, conditionals (B | A) play an important part as representations of
revision policies, reflecting the beliefs (B) an intelligent agent is inclined to hold
if new information (A) becomes obvious.

The revision of epistemic states cannot be reduced to revising its propositio-
nal part Bel (Ψ) because two different epistemic states Ψ1, Ψ2 may have equivalent
belief sets Bel (Ψ1) ≡ Bel (Ψ2), and revising Ψ1 and Ψ2 by the same new infor-
mation A may result in different revised belief sets Bel(Ψ1 ? A) 6≡Bel(Ψ2 ? A)
proving that Bel(Ψ ? A) is not uniquely determined by Bel(Ψ) and A.

Example 1. Two physicians have to make a diagnosis when confronted with a
patient showing certain symptoms. They both agree that disease A is by far
the most plausible diagnosis, so they both hold belief in A. Moreover, as the
physicians know, diseases B and C might also cause the symptoms, but here the
experts disagree: One physician regards B to be a possible diagnosis, too, but
excludes C, whereas the other physician is inclined to take C into consideration,
but not B. That is, the epistemic states Ψ1, Ψ2 of the two physicians may be
assumed to contain the following propositional and conditional beliefs:

Ψ1 : A, (B | A), (C | A), Ψ2 : A, (C | A), (B | A)

Suppose now that a specific blood test definitely proves that the patient is not
suffering from disease A. So both experts have to revise their beliefs by A. Using
the conditionals above as revision policies, the first physician now takes B to
be the correct diagnosis, the second one takes C for granted: Bel (Ψ1 ? A) |=
B, C, Bel (Ψ2 ? A) |= C,B. Though initially the physicians’ opinions may be
described by the same belief set, they end up with different belief sets after
revision.

Darwiche and Pearl [4] consider the revision of epistemic states with proposi-
tional beliefs, mainly concerned with handling iterated revisions. They generalize
the AGM-postulates for belief revision to the framework of revising epistemic
states (cf. [4]):

Suppose Ψ, Ψ1, Ψ2 to be epistemic states and A, A1, A2, B ∈ L;

(R∗1) A is believed in Ψ ? A: Bel (Ψ ? A) |= A.
(R∗2) If Bel (Ψ) ∧ A is satisfiable, then Bel (Ψ ? A) ≡ Bel (Ψ) ∧ A.
(R∗3) If A is satisfiable, then Bel (Ψ ? A) is also satisfiable.
(R∗4) If Ψ1 = Ψ2 and A1 ≡ A2, then Bel (Ψ1 ? A1) ≡ Bel (Ψ2 ? A2).
(R∗5) Bel (Ψ ? A) ∧ B implies Bel (Ψ ? (A ∧ B)).
(R∗6) If Bel (Ψ ?A)∧B is satisfiable then Bel (Ψ ?(A∧B)) implies Bel (Ψ ?A)∧B.

These postulates are nearly exact reformulations of the AGM postulates, as
stated in [9], with belief sets replaced throughout by belief sets of epistemic
states, with one important exception: Postulate (R∗4) now claims that only
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identical epistemic states are supposed to yield equivalent revised belief sets. This
is a clear but adequate weakening of the corresponding AGM-postulate referring
to equivalent belief sets. As we explained above, such a reduction to propositional
beliefs is inappropriate when handling epistemic states. Ψ1 = Ψ2 now requires the
two epistemic states to be thoroughly identical, i.e. to incorporate in particular
the same propositional beliefs as well as the same conditional beliefs. Obeying
the difference between Bel (Ψ1) ≡ Bel (Ψ2) and Ψ1 = Ψ2 circumvents Gärdenfors’
famous triviality result [7] and makes the Ramsey test compatible with the
AGM theory for propositional belief revision. So, due to their close similarity to
the AGM-postulates, the postulates above ensure that the revision of epistemic
states is in line with the AGM theory as long as the revision of the corresponding
belief sets is considered.

Any revision satisfying (R∗1) to (R∗6) induces for each epistemic state Ψ a
plausibility pre-ordering ≤Ψ on the set of worlds Ω so that

Mod (Ψ ? A) = min≤Ψ Mod (A) (2)

(cf. [4]), where Mod (Ψ) := Mod (Bel (Ψ)) denotes the set of models of an episte-
mic state Ψ . That is, the worlds satisfying Bel (Ψ ? A) are precisely those worlds
satisfying A that are minimal (i.e. most plausible) with respect to ≤Ψ . In parti-
cular, the models of Ψ are the most plausible worlds in Ω: Mod (Ψ) = min≤Ψ (Ω).

A particularly adequate representation of epistemic states is obtained by
using ordinal conditional functions, OCF, (sometimes simply called ranking fun-
ctions) κ from the set of worlds Ω to ordinals, i.e. to non-negative integers,
representing degrees of plausibility. For the sake of consistency, it is generally
assumed that some worlds are mapped to the minimal element 0 (cf. [11]). Or-
dinal conditional functions allow not only to compare worlds according to their
plausibility but also to take the relative distances between them into account.
Each OCF κ induces a plausibility ordering ≤κ by ω1 ≤κ ω2 iff κ(ω1) ≤ κ(ω2).
So the smaller κ(ω) is, the more plausible the world ω appears, and what is be-
lieved (for certain) in the epistemic state represented by κ is described precisely
by the set {ω ∈ Ω | κ(ω) = 0} =: Mod (κ), and consequently,

Bel (κ) = {A ∈ L | ω |= A for all ω ∈ Mod (κ)}
For a propositional formula A 6≡ ⊥, we set κ(A) = min{κ(ω) | ω |= A} so that
κ(A ∨ B) = min{κ(A), κ(B)}. In particular, 0 = min{κ(A), κ(A)}, so that at
least one of A or A is considered mostly plausible. A proposition A is believed
iff κ(A) > 0 (which implies κ(A) = 0). We abbreviate this by κ |= A.

For a conditional (B | A), we define

κ(B | A) = κ(AB) − κ(A)

Let ? be a (propositional) revision operator on ordinal conditional functions
(or on the corresponding epistemic states, respectively) obeying postulates (R∗1)
to (R∗6) (for examples of such revision operators, cf. [11], [4]). Then, according
to (2),

Mod (κ ? A) = minκ Mod (A) (3)
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for A ∈ L, and the Ramsey test (RT) yields

κ |= (B | A) iff κ ? A |= B, (4)

for any conditional (B | A) over L. Using (3) and (4), the following lemma is
evident:

Lemma 3. Let (B | A) be a conditional over L, let κ be an OCF. The following
three statements are equivalent:
(i) κ |= (B | A).
(ii) κ(AB) < κ(AB).
(iii) κ(B | A) > 0.

4 Revising by Conditionals

As Darwiche and Pearl [4] emphasized, the AGM postulates are too weak to
capture iterated revisions. The minimality of propositional change, implicitly
claimed by the postulates (R∗1) to (R∗6) above (cf. section 3), has to be sup-
plemented by the paradigm of preserving conditional beliefs within epistemic
states. So in [4], Darwiche and Pearl set up four additional postulates, (C1) –
(C4), aiming at making this idea more concrete, but only dealing with conditio-
nal preservation under propositional revisions. Their postulates are generalized
in [10] by the following set of axioms, describing reasonable revisions of epistemic
states by conditionals. Revising an epistemic state Ψ by a conditional (B | A)
becomes necessary if a new conditional belief resp. a new revision policy should
be included in Ψ , yielding a changed epistemic state Ψ ′ = Ψ ? (B | A) such that
Ψ ′ |= (B | A), i.e. Ψ ′ ? A |= B (cf. example 2 below).

Postulates for conditional revision:

Suppose Ψ is an epistemic state and (B | A), (D | C) are conditionals. Let
Ψ ? (B | A) denote the result of revising Ψ by (B | A).

(CR0) Ψ ? (B | A) is an epistemic state.
(CR1) Ψ ? (B | A) |= (B | A).
(CR2) Ψ ? (B | A) = Ψ iff Ψ |= (B | A).
(CR3) Ψ ? B = Ψ ? (B | >) is a propositional AGM-revision operator.
(CR4) Ψ ? (B | A) = Ψ ? (D | C) whenever (B | A) ≡ (D | C).
(CR5) If (D | C) ⊥ (B | A) then Ψ |= (D | C) iff Ψ ? (B | A) |= (D | C).
(CR6) If (D | C) v (B | A) and Ψ |= (D | C) then Ψ ? (B | A) |= (D | C).
(CR7) If (D | C) v (B | A) and Ψ ? (B | A) |= (D | C) then Ψ |= (D | C).

Postulates (CR0) and (CR1) are self-evident. (CR2) postulates that Ψ should be
left unchanged precisely if it already entails the conditional. (CR3) says that the
corresponding propositional revision operator should be in accordance with the
AGM postulates (so it is coherent to use the same symbol ? for propositional as
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well as for conditional revision). (CR4) requires the result of the revision process
to be independent of the syntactical representation of conditionals.

The next three postulates aim at preserving the conditional structure of
knowledge. The rationale behind these postulates is not to minimize conditional
change, as e.g. in the work of Boutilier and Goldszmidt [2], but to preserve the
conditional structure of the knowledge, as far as possible, which is made obvious
by studying interactions between conditionals.

(CR5) claims that revising by a conditional should preserve all conditionals
that are independent of that conditional, in the sense given by the relation ⊥.
This postulate is motivated as follows: The validity of a conditional (B | A) in an
epistemic state Ψ depends on the relation between (some) worlds in Mod (AB)
and (some) worlds in Mod (AB). So incorporating (B | A) to Ψ may require
a shift between Mod (AB) on one side and Mod (AB) on the other side, but
should leave intact any relations between worlds within Mod (AB), Mod (AB),
or Mod (A). These relations may be captured by conditionals not affected by
(B | A), i.e. by conditionals (D | C) ⊥ (B | A).

(CR6) states that conditional revision should bring about no change for con-
ditionals that are already in line with the revising conditional, and (CR7) gua-
rantees that no conditional change contrary to the revising conditional is caused
by conditional revision.

In [10] it is shown that any revision operator satisfying (CR0) – (CR7) also
fulfills the principles (C1) – (C4) of [4], and representation theorems are proved
for (CR5) – (CR7), i.e. for the postulates crucial for the idea of conditional
preservation. We will cite these representation results here, phrased for ordinal
conditional functions:

Theorem 1 ([10]). The conditional revision operator ? satisfies (CR5) iff for
each ordinal conditional function κ and for each conditional (B | A) it holds
that:

κ(ω) ≤ κ(ω′) iff (κ ? (B | A))(ω) ≤ (κ ? (B | A))(ω′) (5)

for all worlds ω, ω′ ∈ Mod (AB) (Mod (AB),Mod (A), respectively).

Theorem 2 ([10]). Suppose?is a conditional revision operator satisfying (CR5).
Let κ be an ordinal conditional function, and let (B | A) be a conditional.

1. ? satisfies (CR6) iff for all ω ∈ Mod (AB), ω′ ∈ Mod (AB), κ(ω) < κ(ω′)
implies (κ ? (B | A))(ω) < (κ ? (B | A))(ω′).

2. ? satisfies (CR7) iff for all ω ∈ Mod (AB), ω′ ∈ Mod (AB),
(κ ? (B | A))(ω′) < (κ ? (B | A))(ω) implies κ(ω′) < κ(ω).

Example 2. A physician has to make a diagnosis. The patient he is facing ob-
viously feels ill, and at first glance, the physician supposes that the patient is
suffering from disease D causing mainly two symptoms, S1 (major symptom)
and S2 (minor symptom). To obtain certainty about these symptoms, further
examinations will be necessary the next days. The following table reflects the
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ordinal conditional function κ representing the epistemic state of the physician
under these conditions:

D S1 S2 κ D S1 S2 κ
0 0 0 5 1 0 0 4
0 0 1 2 1 0 1 2
0 1 0 1 1 1 0 0
0 1 1 4 1 1 1 3

So in this epistemic state, DS1S2 is considered to be the most plausible world,
i.e. Bel (κ) |= D, S1, S2. Moreover, we have κ |= (S1 | D), (D | S1) and (S2 | D).

In the evening, the physician finds an article in a medical journal, pointing
out that symptom D2 has recently proved to be of major importance for disease
D. So the physician wants to revise κ to incorporate the new conditional belief
(S2 | D).

In the next section, we will formalize a principle of conditional preservation
for ranking functions in a very intuitive way. Nevertheless, this principle will
prove to be both theoretically meaningful and practically relevant: Presupposing
two very fundamental properties of revision, all postulates (CR5) – (CR7) can
be derived from it, and it will provide a simple method to adequately realize
revision by conditionals.

5 The Principle of Conditional Preservation

Minimality of change is a crucial paradigm for belief revision, and a “principle of
conditional preservation” is to realize this idea of minimality when conditionals
are involved in change. Minimizing absolutely the changes in conditional beliefs,
as in [2], is an important proposal to this aim, but it does not always lead to
intuitive results (cf. [4]). The idea we will develop here rather aims at preserving
the conditional structure of knowledge within an epistemic state.

Suppose κ is an OCF representing an epistemic state. Let κ∗ = κ?(B | A) be
the result of a revision of κ by a new conditional belief (B | A). If this revision
is expected to be as close to κ as possible, then certainly any change should
clearly be caused by the revising conditional. Looking at the representation (1)
of a conditional as a generalized indicator function in section 2, we see that a
conditional induces an equivalence relation on worlds via

ω1 ≡(B|A) ω2 iff (B | A)(ω1) = (B | A)(ω2)

On all worlds within Mod (AB),Mod (AB) and Mod (A), respectively, (B | A)
acts in the same way, so all these worlds are indistinguishable with respect to
(B | A). Therefore the plausibility of these worlds should be changed in the same
way, i.e. their relative changes should be equal:

Principle of conditional preservation:

κ∗(ω1) − κ(ω1) = κ∗(ω2) − κ(ω2) whenever ω1 ≡(B|A) ω2 (6)
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Indeed, this is a very elementary postulate being based only on the intuitive
and nearly indisputable representation (1) of a conditional. (6) is equivalent to

κ∗(ω1) − κ∗(ω2) = κ(ω1) − κ(ω2) whenever ω1 ≡(B|A) ω2 (7)

so the plausibility structure within each of the equivalence classes Mod (AB),
Mod (AB) and Mod (A) is maintained. (7) is a quantified version of (5), taking
the relative distances provided by κ into account. It will soon be shown that
essentially, any revision fulfilling (6) also satisfies (CR5) – (CR7) (cf. theorem 4
below). But first we present an easy characterization for revisions following the
principle of conditional preservation:

Theorem 3. The revision κ ? (B | A) satisfies the principle of conditional pre-
servation (6) iff there exist integers α0, α

+ and α− such that

κ ? (B | A)(ω) =




κ(ω) + α+ if ω |= AB
κ(ω) + α− if ω |= AB
κ(ω) + α0 if ω |= A

(8)

Proof. If κ ? (B | A) = κ∗ has the form (8), then κ∗ − κ is constant on each of
the equivalence classes Mod (AB),Mod (AB) and Mod (A). So (6) is satisfied.

Conversely, suppose κ∗ = κ ? (B | A) is a revision of κ satisfying the princi-
ple of conditional preservation (6). Choose ω0 ∈ Mod (A), ω+ ∈ Mod (AB) and
ω− ∈ Mod (AB) arbitrarily. Then α+ := κ∗(ω+) − κ(ω+), α− := κ∗(ω−) −
κ(ω−), α0 := κ∗(ω0) − κ(ω0), are integers yielding the desired representation
(8).

Now we establish the announced relationship between the principle of condi-
tional preservation and the postulates (CR5) – (CR7):

Theorem 4. If the revision κ? (B | A) follows the postulates (CR1) and (CR2)
and satisfies the principle of conditional preservation (6), then κ ? (B | A) is in
accordance with (CR5) – (CR7).

Proof. Let the revision κ∗ = κ ? (B | A) follow the postulates (CR1) and (CR2)
and fulfill the principle of conditional preservation (6). We will use the represen-
tation theorems 1 and 2 for the proof.

Let ω, ω′ be worlds in the same set Mod (AB),Mod (AB) or Mod (A). Then
ω ≡(B|A) ω′ and therefore κ∗(ω)−κ(ω) = κ∗(ω′)−κ(ω′) or, equivalently, κ∗(ω)−
κ∗(ω′) = κ(ω) − κ(ω′). This shows κ∗(ω) ≤ κ∗(ω′) iff κ(ω) ≤ κ(ω′). Thus by
theorem 1, postulate (CR5) is satisfied.

Now that (CR5) is proven, we can make use of theorem 2.
If κ |= (B | A), then by (CR2), κ∗ = κ, and (CR6) and (CR7) are trivially

fulfilled. So assume now κ 6|= (B | A). Then κ(AB) ≤ κ(AB), by lemma 3.
According to theorem 3, there exist integers α0, α

+ and α− such that κ∗ is of
the form (8). By (CR1), κ∗ is a successful revision, i.e. κ∗ |= (B | A), so again
by lemma 3, κ(AB) + α+ = κ∗(AB) < κ∗(AB) = κ(AB) + α−. This implies
α+ < α−. Let ω |= AB, ω′ |= AB.
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To prove (CR6), assume κ(ω) < κ(ω′). Then κ(ω) + α+ < κ(ω′) + α+ <
κ(ω′) + α−, thus κ∗(ω) < κ∗(ω′), which was to be shown.

Similarly, to prove (CR7), presuppose κ∗(ω′) < κ∗(ω). Then κ(ω′) + α− <
κ(ω) + α+, and therefore κ(ω′) < κ(ω) + α+ − α− ≤ κ(ω).

Theorem 3 provides a simple method to realize revisions following the prin-
ciple of conditional preservation. Intuitively, the involved integers α0, α

+, α−

should be chosen appropriately to keep the amount of change minimal. Ob-
viously, the following revision operator ?0 also intends to meet this requirement:

For an ordinal conditional function κ and a conditional (B | A), we define
κ ?0 (B | A) by setting

κ ?0 (B | A) (ω) =




κ(ω) − κ(B | A) if ω |= AB
κ(ω) + β− + 1 if ω |= AB
κ(ω) if ω |= A

(9)

where β− = −1, if κ |= (B | A), and = 0, else. Thus we obtain a revision of the
form (8) with α+ = −κ(B | A), α− = β− + 1, and α0 = 0.

?0 not only satisfies the principle of conditional preservation, but also all of
the postulates (CR0) – (CR4), therefore, by theorem 4, it is a revision operator
obeying (CR0) – (CR7).

Example 3 (continued). We make use of the revision operator ?0 introduced
by (9) to calculate a revised ordinal conditional function κ ?0 (S2 | D) in the
diagnosis example 2 above. Here we have κ(DS2) = 2, κ(DS2) = 0, so κ(S2 |
D) = 2 = −α+, and κ 6|= (S2 | D), therefore β− = 0 and α− = 1. Following (9),
we obtain

D S1 S2 κ κ ?0 (S2 | D)
0 0 0 5 5
0 0 1 2 2
0 1 0 1 1
0 1 1 4 4
1 0 0 4 5
1 0 1 2 0
1 1 0 0 1
1 1 1 3 1

So after any revision following (8) resp. (9), again a thorough description of an
epistemic state is available which is concisely represented by an ordinal condi-
tional function and may undergo further changes.

6 Summary and Outlook

In this paper, we develop a formal description of the principle of conditional pre-
servation for ordinal conditional functions; both notions are of crucial meaning
for iterated belief revision (cf. [11], [4]). We base this principle in an elementary
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way on the representation of conditionals as generalized indicator functions, pro-
viding a simple and intuitive motivation for it. Despite its amazing simplicity,
the formalization (6) presented here proves to be quite powerful: It essentially
implies the postulates (CR5) – (CR7) describing the idea of conditional preser-
vation in [10], and thus generalizes the postulates (C1) – (C4) introduced in [4]
as a first approach to handle conditionals coherently under propositional revi-
sion. In this paper, we deal more generally with revision by conditional beliefs
throughout.

Two problems are still left open and will be pursued in forthcoming papers:
The characterization theorem 3 involves integers α0, α

+, α− which describe com-
pletely the revised ranking function. These integers, however, may be chosen
rather arbitrarily. Which integers are most adequate to keep the amount of total
change minimal?

Here we only deal with revision by one single conditional. In many appli-
cations, several conditionals have to be taken into regard simultaneously. The
generalization of our principle of conditional preservation to be applicable to sets
of conditionals is a topic of our ongoing research.
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Abstract. A new theory of evaluating counterfactual statements is pre-
sented based on the established predicate calculus formalism of the Flu-
ent Calculus for reasoning about actions. The assertion of a counter-
factual antecedent is axiomatized as the performance of a special action.
An existing solution to the Ramification Problem in the Fluent Calculus,
where indirect effects of actions are accounted for via causal propagation,
allows to deduce the immediate consequences of a counterfactual condi-
tion. We show that our theory generalizes Pearl etal.’s characterization,
based on causal models, of propositional counterfactuals.

1 Introduction

A counterfactual sentence is a conditional statement whose antecedent is known
to be false as in, “Had the gun not been loaded, President Kennedy would
have survived the assassination attempt.” If counterfactuals are read as material
implications, then they are trivially true due to the presupposed falsehood of the
condition. Nonetheless it can be both interesting and important to use a more
sophisticated way of deciding acceptability of a counterfactual query like, e.g.,
“Had the hit-and-run driver immediately called the ambulance, the injured would
not have died.” Counterfactuals can also teach us lessons which can be useful
in the future when similar situations are encountered, as in “Had you put your
weight on the downhill ski, you would not have fallen” [11]. Other applications
of processing counterfactuals are fault diagnosis, determination of liability, and
policy analysis [1].1

The first formal theory of reasoning about counterfactuals was developed
in [8], where a counterfactual sentence was accepted iff its consequent holds in
all hypothetical ‘worlds’ which are ‘closest’ to the factual one but satisfy the
counterfactual antecedent. A first method for processing actual counterfactual
queries on the basis of a concrete concept of worlds and closeness was proposed
in [5]. Generally, the value of a theory of processing counterfactuals depends
crucially on how well the expected consequences of a counterfactual condition
are determined. It has been observed, among others, by the authors of [1,4] that
1 It is worth mentioning that the importance of theories of counterfactual reasoning

for the field of AI is documented by the fact that Judea Pearl receives this year’s
IJCAI award for research excellence also for his pioneering work on causality.

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 137–148, 1999.
c© Springer-Verlag Berlin Heidelberg 1999



138 M. Thielscher

knowledge of causality is required to this end. Accordingly, their method is ba-
sed on so-called causal models. A distinguishing feature of this approach is that
it deals with probabilities of statements and the way these probabilities change
under counterfactual conditions. On the other hand, causal models are essen-
tially propositional. This does not allow for processing counterfactuals which
involve disjunctions or quantifications as in, “Had you worn a safety helmet, or
had you taken any other route, you would not have been hurt by a roof tile.”
Further restrictions of the causal models approach to counterfactual reasoning
are entailed by the requirement that the value of each dependent variable is uni-
quely determined by the exogenous variables (see Section 4 on the implications
of this).

The Fluent Calculus is a general strategy for axiomatizing knowledge of ac-
tions and effects using full classical predicate logic [14]. Based on a Situation
Calculus-style branching time structure, the plain Fluent Calculus allows for
processing a particular kind of counterfactual statements, namely, where the
counterfactual antecedent asserts a sequence of actions different from the one
that has actually taken place as in, “Had the assassin shot at the vice presi-
dent, the president would have survived the shot:” Consider the generic predi-
cate Holds(f, s) denoting that fluent2 f holds in situation s, and the generic
function Do(a, s) denoting the situation reached by performing action a in si-
tuation s. Then it is a simple exercise to axiomatize, by means of the Fluent
Calculus, knowledge of the effect of Shoot(p), denoting the action of shooting p,
in such a way that the following is entailed:3

Holds(Alive(President), S0) ∧ Holds(Alive(Vice), S0)
∧S1 = Do(Shoot(President), S0) ∧ S′

1 = Do(Shoot(Vice), S0)
⊃ ¬Holds(Alive(President), S1) ∧ Holds(Alive(President), S′

1)

The obvious reason for this to work without further consideration is that the
two statements ¬Holds(Alive(President), S1) and Holds(Alive(President), S′

1)
do not mutually contradict due to the differing situation argument.

Counterfactual assertions about situations instead of action sequences cannot
be processed in such a straightforward manner. If to an axiom like,

Holds(Loaded(Gun), S0)∧
¬Holds(Alive(President),Do(Shoot-with(Gun,President), S0))

(1)

the counterfactual condition ¬Holds(Loaded(Gun), S0) is added, then a plain
inconsistency is produced. Our theory for processing counterfactual statements
with the Fluent Calculus solves this problem by associating a new situation
term with a counterfactual antecedent that modifies facts about a situation. The
step from an actual one to a situation thus modified is modeled by performing
2 A fluent represents an atomic property of the world which is situation-dependent,

that is, whose truth value may be changed by actions.
3 A word on the notation: Predicate and function symbols, including constants, start

with a capital letter whereas variables are in lower case, sometimes with sub- or
superscripts. Free variables in formulas are assumed universally quantified.
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Light

Sw1 Sw2

Fig. 1. An electric circuit consisting of a battery, two switches, and a light bulb, which
is on if and only if both switches are closed.

an action which has the very modification as effect. Suppose, e.g., the ‘action’
Modify(Not-Loaded(x)) has the sole effect of x becoming unloaded, then a
suitable axiomatization in the Fluent Calculus yielded,

(1) ∧ S′
0 = Do(Modify(Not-Loaded(Gun)), S0)

⊃ Holds(Alive(President),Do(Shoot-with(Gun,President), S′
0))

(2)

which corresponds to the counterfactual statement above, “Had the gun not
been loaded, the president would have survived the assassination attempt.”

A counterfactual antecedent may have consequences which are more imme-
diate, that is, which do not refer to another action like in (2). Consider, for
example, the simple electric circuit depicted in Fig. 1, taken from [9]. A counter-
factual statement whose truth is obvious from the wiring (and the assumption
that battery, light bulb, and the wires are not broken) is, “Were Sw1 closed
in the situation depicted, light would be on.” This conclusion is rooted in this
so-called state constraint :

Holds(On(Light), s) ≡ Holds(Closed(Sw1 ), s) ∧ Holds(Closed(Sw2 ), s) (3)

However, it is less obvious how to formalize the grounds by which is rejec-
ted the counterfactual statement, “Were Sw1 closed in the situation depicted,
Sw2 would be open,” suggested by the implication, Holds(Closed(Sw1 ), s) ∧
¬Holds(On(Light), s) ⊃ ¬Holds(Closed(Sw2 ), s), which is a logical consequence
of axiom (3). This question is closely related to the Ramification Problem [6],
that is, the problem of determining the indirect effects of actions. If someone
closes Sw1 in our circuit, does the light come on as an indirect effect or does
Sw2 jump open to restore state consistency?

A standard extension of the Fluent Calculus addresses the Ramification Pro-
blem, and in particular meets the challenge illustrated with the circuit, by means
of directed causal relations where indirect effects are obtained via causal propa-
gation [12]. This solution, together with our proposal of modeling counterfactual
antecedents as actions, furnishes a ready method for accommodating the imme-
diate consequences caused by a counterfactual assertion.

Our proposal for evaluating counterfactuals with the Fluent Calculus and
the approach of [1,4] thus have in common the property of being grounded on
causality. On the other hand, two features are not shared even if we confine our-
selves to the restricted case of propositional counterfactuals. First, our theory
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is not restricted by the so-called reversibility property [4]. Second, a rather uni-
que feature of our account of counterfactuals is that a counterfactual antecedent
may be rejected as being unacceptable in the current state of affairs. Both non-
reversibility and the possibility of rejecting counterfactual conditions will be
discussed in detail below. We will also show formally how, despite these differen-
ces, the approach of [1,4], if restricted to causal models without probabilities, is
embedded in our proposal.

2 The Fluent Calculus

In what follows we give a concise introduction to the axiomatization strategy of
the Fluent Calculus. The reader who is unfamiliar with it might want to consult
the (electronically available) gentle introduction [13]. A distinguished purpose
of the Fluent Calculus, which roots in the logic programming formalism of [7],
is to address not only the representational but also the inferential aspect [2] of
the classical Frame Problem. We use a many-sorted second order language with
equality, which includes sorts for fluents, actions, situations, and states. Fluents
are reified propositions. That is to say, we use terms like On(Sw1 ) to denote
fluents, where On is a unary function symbol. States are fluents connected via
the binary function symbol “ ◦ ”, written in infix notation, which is assumed
to be both associative and commutative and to admit a unit element, denoted
by ∅. Associativity allows us to omit parentheses in nested applications of ◦. A
function State(s) relates a situation s to the state of the world in that situation,
as in the following partial description of the initial state in our circuit example:

∃z [State(S0) = Closed(Sw2 ) ◦ z ∧ ∀z′. z 6= Closed(Sw1 ) ◦ z′ ] (4)

Put in words, of state State(S0) it is known that Closed(Sw2 ) is true and
possibly some other fluents z hold, too—with the restriction that z does not
include Closed(Sw1 ), of which we know that it is false.

Fundamental for any Fluent Calculus axiomatization is the axiom set EUNA
(the extended unique names-assumption) [12]. This set comprises the axioms
AC1 (i.e., associativity, commutativity, and unit element) and axioms which
entail inequality of two state terms whenever these are not AC1-unifiable. In
addition, we have the following foundational axiom, where f is of sort fluent,

∀s, f, z. State(s) 6= f ◦ f ◦ z (5)

by which double occurrences of fluents are prohibited in any state which is
associated with a situation. Finally, we need the Holds predicate introduced in
Section 1, though it is not part of the signature but a mere abbreviation of an
equality sentence: Holds(f, s) def= ∃z.State(s) = f ◦ z.

So-called state update axioms specify the entire relation between the states
at two consecutive situations. Regarding our circuit example, let the only direct
effect of an action called Toggle(x) be that switch x changes its position from
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open to closed or vice versa. Ignoring indirect effects for the moment, this is a
suitable pair of state update axioms:

¬Holds(Closed(x), s) ⊃ State(Do(Toggle(x), s)) = State(s) ◦ Closed(x)
Holds(Closed(x), s) ⊃ State(Do(Toggle(x), s)) ◦ Closed(x) = State(s)

That is, if Toggle(x) is performed in a situation s where x is not closed, then
the new state equals the old state plus Closed(x). Conversely, if x happens
to be closed, then the new state plus Closed(x) equals the old state. In other
words, in the first case Closed(x) is the only positive direct effect, while it is
the only negative direct effect in the second case.

A crucial extension of the basic Fluent Calculus introduced so far copes with
the Ramification Problem. Recall, for instance, state constraint (3). It gives rise,
among others, to the indirect effect that light turns on if Sw1 gets closed whene-
ver Sw2 is already closed. Such indirect effects are accounted for by the succes-
sive application of directed causal relations [12]. An example for such a relation,
which holds for the circuit, is Closed(Sw1 ) causesOn(Light), if Closed(Sw2 )
while the following should not be formalized and added to the axiomatization:
Closed(Sw1 ) causes ¬Closed(Sw2 ), if ¬On(Light).

It cannot be gathered from a mere state constraint which of its logical con-
sequences correspond to ‘real’ indirect effects. Yet with the aid of additional
domain knowledge about potential causal influence it is possible to automati-
cally extract suitable causal relationships from state constraints [12]:4

Consider a given binary relation I among the underlying fluents.5 For
all state constraints C , all prime implicates L1 ∨ . . .∨Lm of C , all i =
1, . . . , m, and for all j = 1, . . . , m, j 6= i: If (atom(Li), atom(Lj)) ∈ I ,6

then this is a valid causal relationship:

¬Li causes Lj , if
∧

k = 1, . . . ,m
k 6= i; k 6= j

¬Lk

For example, I = {(Closed(Sw1 ),On(Light)), (Closed(Sw2 ),On(Light))} is the
appropriate influence relation for our electric circuit. If I is used for the gene-
ration of causal relationships from state constraint (3), then this is the result of
the above algorithm:

Closed(Sw1 ) causes On(Light), if Closed(Sw2 )
Closed(Sw2 ) causes On(Light), if Closed(Sw1 )

¬Closed(Sw1 ) causes ¬On(Light)
¬Closed(Sw2 ) causes ¬On(Light)

(6)

4 The following procedure assumes state constraints to have a format where each oc-
currence of Holds(ϕ, s) is replaced by the simple atomic expression ϕ. For the sake
of simplicity, we confine ourselves to constraints with the universally quantified s
being the only variable. A generalization can be found in [12].

5 If (F,G) ∈ I , then this indicates that fluent F may have direct causal influence on
fluent G.

6 By atom(L) we denote the atom of a literal L.
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The axiomatization of each single causal relationship in the Fluent Calculus
is based on a predicate Causes(z, e, z′, e′), which shall be true if, according to
the causal relationship, in the current state z the occurred effects e give rise to
an additional, indirect effect resulting in the updated state z′ and the updated
current effects e′. Let R be a set of causal relationships, then by Π[R] we
denote the corresponding set of Fluent Calculus axioms defining Causes in this
way.

In order to account for possible indirect effects, the state update axioms from
above are refined as follows:

¬Holds(Closed(x), s) ⊃
[ z = State(s) ◦ Closed(x) ⊃ Ramify(z,Closed(x),State(Do(Toggle(x), s))) ]

Holds(Closed(x), s) ⊃
[ z ◦ Closed(x) = State(s) ⊃ Ramify(z, −Closed(x),State(Do(Toggle(x), s))) ]

where the term −F represents the occurrence of a negative effect and where
Ramify(z, e, z∗) means that state z∗ is reachable from z, e by the successive
application of (zero or more) causal relationships. Following [12], Ramify is defi-
ned via a standard second-order axiom characterizing the reflexive and transitive
closure of Causes .

To summarize, let ΣCircuit be the union of the two state update axioms just
mentioned, state constraint (3), Π[(6)] , the second-order definition of Ramify ,
foundational axiom (5), and the appropriate axioms EUNA. This Fluent Calculus
theory we will use in the next two sections to illustrate various features of our
approach to counterfactual reasoning.

3 Axiomatizing Counterfactuals

We now propose a theory for evaluating counterfactual queries whose antecedent
changes what is known about one or more situations. Our theory is implicitly de-
fined by an axiomatization strategy—based on the Fluent Calculus—for counter-
factual statements. Consider, for example, the atomic counterfactual condition,
for some x and s, “If Closed(x) were true in situation s, . . . ”. By making
this assertion one wishes to talk about a situation which is like s except for
Closed(x) being true and except for all consequences caused by that modifica-
tion. Generally, our theory allows to process counterfactual statements of the
form, “If Φ, then Ψ ,” where the antecedent Φ expresses modifications—of one
or more situations—which can be modeled as actions, and Ψ is a statement
about what holds in these (and possibly other) situations. A unified treatment
of modifications according to Φ is provided by the following generic state up-
date axiom, which defines the action Modify(p, n) where p and n are finite
collections of fluents which shall become true and false, resp., as requested by the
counterfactual antecedent. All further consequences of this update are obtained
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as indirect effects via ramification. Hence, Modify(p, n) is suitably defined by,7

Poss(Modify(p, n), s) ⊃
[ z ◦ n = State(s) ◦ p ⊃ Ramify(z, p ◦ −n,State(Do(Modify(p, n), s))) ]

where the generic predicate Poss(a, s) means that action a is possible in si-
tuation s. The state update axiom is accompanied by this action precondition
axiom:8 Poss(Modify(p, n), s) ⊃ Holds(p, s) ∧ Holds(n, s).

To enhance readability, we introduce the following notation: The expression

s � f1 ∧ . . . ∧ fm ∧ ¬fm+1 ∧ . . . ∧ ¬fn

denotes the situation Do(Modify(f1 ◦ . . . ◦ fm, fm+1 ◦ . . . ◦ fn), s). For example,
the term S0 � Closed(Sw1 ) shall denote Do(Modify(Closed(Sw1 ), ∅), S0).9

The axiomatization of a counterfactual conclusion Ψ refers to the modified
situation(s) produced by the counterfactual antecedent, as in the following pro-
position, which asserts the correctness of, “If Sw1 were closed in the situation
depicted in Fig. 1, then light would be on:”

Proposition 1. The formulas ΣCircuit ∪ {(4)} entail,

Poss(S0 � Closed(Sw1 )) ⊃ Holds(On(Light), S0 � Closed(Sw1 ))

A counterfactual statement may also involve the performance of actions in
the hypothetical situation(s) as in, “If Sw1 were closed in the situation depicted
in Fig. 1, then light would be off after toggling Sw1 :”

Proposition 2. The formulas ΣCircuit ∪ {(4)} entail,

Poss(S0 � Closed(Sw1 )) ⊃
¬Holds(On(Light),Do(Toggle(Sw1 ), S0�Closed(Sw1 )))

As opposed to existing, propositional accounts of counterfactual reasoning,
our theory allows evaluating counterfactual antecedents which exploit the full
expressive power of first-order logic and, for instance, include disjunctions of
modifications and modifications of more than one situation as in, “If either Sw2
would have been open in the initial situation as depicted in Fig. 1, or if Sw1
were open now that we have toggled it, then light would be off now:”

Proposition 3. The formulas ΣCircuit ∪ {(4)} entail,

Poss(S0 � ¬Closed(Sw2 )) ∧ Poss(Do(Toggle(Sw1 ), S0) � ¬Closed(Sw1 ))
∧ [ S1 = Do(Toggle(Sw1 ), S0 � ¬Closed(Sw2 ))

∨ S1 = Do(Toggle(Sw1 ), S0) � ¬Closed(Sw1 ) ] ⊃ ¬Holds(On(Light), S1)

7 Below, −(f1 ◦ . . . ◦ fm) means −f1 ◦ . . . ◦ −fm .
8 Below, Holds(f1 ◦ . . . ◦ fm, s) means ¬Holds(f1, s) ∧ . . . ∧ ¬Holds(fm, s). The use-

fulness of preconditions for the Modify action will become clear in Section 5, where
we consider the rejection of counterfactual antecedents.

9 With a slight abuse of notation, Poss(Modify(f1 ◦ . . . ◦ fm, fm+1 ◦ . . . ◦ fn), s) shall
similarly be written as Poss(s� f1 ∧ . . . ∧ fm ∧ ¬fm+1 ∧ . . . ∧ ¬fn).
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4 Non-reversibility

The part of our theory where the immediate consequences of a counterfactual
antecedent are determined via causal propagation, and the approach of [1,4] ba-
sed on causal models, have in common the notion of causality. Nonetheless and
even if we cut down the expressiveness of our theory to propositional counterfac-
tuals, there are some important properties which are not shared, one of which is
reversibility [4]. Informally, reversibility means that if counterfactually asserting
that a fluent F has a value x results in a value y for some fluent G, and on the
other hand asserting G to have value y results in F achieving value x, then
F and G will have the respective values x and y anyway, that is, without any
counterfactual assertion.

No comparable property is implied by a set of causal relationships in our
approach. This allows to process counterfactuals of the following kind, which
cannot be dealt with in the approach of [1,4]. Suppose the two switches in our
main example are tightly mechanically coupled so that it cannot be the case that
one is open and the other one is closed [12]. Then both of these counterfactuals
are obviously true: “If Sw1 were in a different position than it actually is, Sw2 ,
too, would assume a different position,” and “If Sw2 were in a different position
than it actually is, Sw1 , too, would assume a different position.” Yet this does
not imply, contrary to what reversibility would amount to, that both Sw1 and
Sw2 actually do occupy different positions than they do.

In order to evaluate these counterfactuals, let Σ′
Circuit be ΣCircuit augmen-

ted by the state constraint Holds(Closed(Sw1 ), s) ≡ Holds(Closed(Sw2 ), s),
along with the causal relationships (or rather the Fluent Calculus axiomatiza-
tion thereof) which are determined by the constraint if the influence relation is
extended by (Closed(Sw1 ),Closed(Sw2 )) and (Closed(Sw2 ),Closed(Sw1 )).

Proposition 4. The formulas Σ′
Circuit entail,

Poss(S0 � Closed(Sw1 )) ∧ S′
0 = S0 � Closed(Sw1 )

∨ Poss(S0 � ¬Closed(Sw1 )) ∧ S′
0 = S0 � ¬Closed(Sw1 )

⊃ [Holds(Closed(Sw2 ), S′
0) ≡ ¬Holds(Closed(Sw2 ), S0) ]

To the same class as this example belong counterfactuals which talk about
properties that by their very definition are mutually dependent as in, “If the
president were alive, he would not be dead—and vice versa.” The reversibility
property of the causal models approach to counterfactual reasoning prohibits
processing this kind of counterfactual statements.

5 Rejecting Counterfactual Antecedents

Causal propagation of indirect effects is in general not guaranteed to produce
a unique result, nor to produce any result at all [12]. In the context of the
Ramification Problem, the lack of a resulting state is known as an instance
of the Qualification Problem: Rather than giving rise to indirect effects of an
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action, a state constraint implies an implicit precondition.10 For our theory of
counterfactuals this property of causal relationships implies the rather unique
feature that counterfactual antecedents may be rejected if desired.

Consider, for example, this counterfactual sentence due to [11]: “If there had
been another car coming over the hill when you passed the car, there would have
been a head-on collision.” But suppose you as the driver knew that you are on a
on-way street, then it seems most appropriate to reject the counterfactual asser-
tion by saying, “But there could not have been another car coming because we
are on a one-way.” This answer is indeed obtained in our approach by a straight-
forward formalization of the underlying scenario. Consider, to this end, the state
constraint, Holds(Oncoming-car , s) ∧ Holds(Passing , s) ⊃ Holds(Collision, s).
Both fluents Oncoming-car and Passing may influence Collision . Hence, these
two causal relationships are determined by the constraint:

Oncoming-car causes Collision, if Passing
Passing causes Collision, if Oncoming-car

Next we add the knowledge that on a one-way road there are no oncoming
cars, formalized by Holds(One-way , s) ⊃ ¬Holds(Oncoming-car , s). Changing
the status of a road may causally affect the flow of oncoming traffic but not
the other way round, which means that the only causal relationship triggered
by the new constraint is, One-way causes ¬Oncoming-car . Let ΣCollide denote
the complete Fluent Calculus axiomatization of this scenario along the line of
ΣCircuit in Section 2, then we have the following result:

Proposition 5. ΣCollide ∪ {Holds(Passing , S0) ∧ ¬Holds(Oncoming-car , S0) ∧
¬Holds(Collision, S0) ∧ Holds(One-way , S0)} entails,

¬Poss(S0 � Oncoming-car)

The reason is that no available causal relationship allows to restore consistency
wrt. the state constraint, Holds(One-way , s) ⊃ ¬Holds(Oncoming-car , s). Pro-
position 5 is to be interpreted as a rejection of the counterfactual antecedent, “If
there had been another car coming over the hill, . . . ” as ‘unrealistic’ in the state
of affairs. In this way, counterfactual antecedents are only accepted if a world
can be constructed around them which is consistent with the state constraints
and which does not require ‘acausal’ modifications.

In the approach of [1,4], ‘acausal’ modifications are also not permitted, but
the realization of counterfactual conditions involves annulling some of what cor-
responds to our state constraints, namely, those which normally determine the
values of the fluents being altered by the counterfactual antecedent. Any ante-
cedent is thus accepted.

10 A standard example is the constraint which says that in certain cultures you cannot
be married to two persons. This axiom gives rise to the (implicit) precondition that
you cannot marry if you are already married. The constraint should not imply the
indirect effect of automatically becoming divorced [10].
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The possibility of a counterfactual being rejected, desired as it could be in
general, may not always be accepted a reaction. Consider the counterfactual, “If
light were on in the situation depicted in Fig. 1, the room would not be pitch
dark.” As it stands, our axiomatization would reject the condition of this coun-
terfactual on the grounds that the light could not possibly be on because the
controlling switches are not in the right position. Insisting upon the counterfac-
tual condition in question, and coming to the conclusion that the counterfactual
statement holds, would require to deny the background knowledge of the rela-
tion between the switches and the light bulb. Making explicit the desire to deny
this relation, the counterfactual statement can be evaluated without rejection if
state constraint (3) is replaced by,

¬Holds(Denied(Switch-Light-Relation), s) ⊃
[Holds(On(Light), s) ≡ Holds(Closed(Sw1 ), s) ∧ Holds(Closed(Sw2 ), s) ]

The generic fluent Denied(x) shall be used in general whenever there is
desire to weaken a state constraint in this fashion. Situations which do not
result from counterfactual reasoning are supposed to not deny any underlying
relation among fluents. This is expressed by these three axioms:

Factual(S0)
Factual(s) ∧ ∀p, n. a 6= Modify(p, n) ⊃ Factual(Do(a, s))
Factual(s) ⊃ ¬Holds(Denied(x), s)

Let Σ∗
Circuit be ΣCircuit thus modified. Then the above counterfactual ante-

cedent is acceptable if the denial of the dependence of the light is made explicit:

Proposition 6. Σ∗
Circuit ∪ {(4)} is consistent with,

Poss(S0 � On(Light) ∧ Denied(Switch-Light-Relation))

6 Axiomatizing Causal Model-Counterfactuals

In concentrating on the crucial connection between reasoning about counterfac-
tuals and causal reasoning, the approach of [1,4] based on causal models has a
strong relation to the proposal of the present paper. Despite the conceptual dif-
ference between probabilistic, propositional causal models and the second-order
Fluent Calculus with the full expressive power of logic, and despite the further
differences discussed in the preceding two sections, counterfactual reasoning in
causal models, in the non-probabilistic case, can be embedded into our theory.
For the sake of simplicity and clarity, we assume all variables in causal models
to be binary. The following definitions follow [4].

Definition 1. A causal model is a triple M = 〈U , V, F〉 where U and V =
{V1, . . . , Vn} are disjoint sets of propositional variables (exogenous and endoge-
nous, resp.), and F is a set of propositional formulas {F1, . . . , Fn} such that
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(i) Fi contains atoms from U and V \{Vi}. (The set of variables from V that
occur in Fi is denoted by PAi (the parents of Vi).)

(ii) For each interpretation for the variables in U there is a unique model of
(V1 ≡ F1) ∧ . . . ∧ (Vn ≡ Fn).

As an example, consider the causal model MCircuit consisting of U = {U1, U2};
V = {Sw1 ,Sw2 ,Light}; and FSw1 = U1 , FSw2 = U2 , and FLight = Sw1 ∧
Sw2 , which models the electric circuit of Fig. 1 using two additional, exogenous
variables U1 and U2 that determine the positions of the two switches.

Definition 2. Let M = 〈U ,V, F〉 be a causal model, X ⊆ V , and ιX a particu-
lar interpretation for the variables in X . A submodel of M is the causal model
MιX = 〈U , V, FιX 〉 with FιX = {Fi ∈ F : Vi 6∈ X} ∪ {X ≡ ιX (X) : X ∈ X},
provided MιX is a causal model according to Def. 1.

For Y ∈ V , let YιX (ιU ) denote the truth-value for Y in the (unique) model
of FιX with interpretation ιU for U . Then YιX (ιU ) is the evaluation of the
counterfactual sentence, “If X had been ιX , then Y ,” in the setting ιU .

E.g., a submodel of MCircuit is given by, F{Sw1=True} = {FSw1 = True, FSw2 =
U2, FLight = Sw1 ∧ Sw2}. Consider ιU = {U1 = False, U2 = True}, which
characterizes the situation depicted in Fig. 1. Then Light{Sw1=True}(ιU ) = True ,
which confirms the counterfactual, “If Sw1 were closed, light would be on.”

We will now present a correct Fluent Calculus axiomatization of causal mo-
dels and the evaluation of counterfactuals. The (propositional) fluents are the
variables of the model. The definitions {F1, . . . , Fn} of the endogenous varia-
bles are directly translated into state constraints, each of which can possibly
be denied, that is, ¬Holds(Denied(definition-of-Vi), s) ⊃ HOLDS (Fi, s).11 The
state constraints determine a collection of causal relationships on the basis of
the influence relation I = {(V, Vi) : V ∈ PAi}. For a causal model M , let ΣM

denote the Fluent Calculus axiomatization which consists of the foundational
axioms, including a suitable set EUNA, along with the state constraints and the
axiomatizations of the causal relationships determined by M as just described.

Theorem 1. Let M = 〈U , V, F〉 be a causal model wit Fluent Calculus axio-
matization ΣM . Consider a subset X ⊆ V along with a particular realiza-
tion ιX such that MιX is a submodel, a variable Y ∈ V , and a particular
realization ιU for U . Let Σ = ΣM ∪ {∧U∈U [Holds(U, S0) ≡ ιU (U)]} and let
S′

0 = S0 �
∧

X∈X [X ≡ ιX (X)] ∧∧X∈X Denied(definition-of-X). Then,

1. Σ ∪ {Poss(S′
0)} is consistent.

2. Σ |= Poss(S′
0) ⊃ Holds(Y, S′

0) iff YιX (ιU ) = True.
3. Σ |= Poss(S′

0) ⊃ ¬Holds(Y, S′
0) iff YιX (ιU ) = False.

Proof. The fact that MιX admits a unique model ιV under ιU implies that
there is a unique state which complies with ιU and ιX and which satisfies the
state constraints. From the construction of the underlying causal relationships
11 HOLDS(F, s) is F but with each atom A replaced by Holds(A, s).
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it follows that this state is reachable by ramification, which proves claim 1. The
construction of the causal relationships also implies that no relationship can
be applied by which is modified any fluent representing a variable from U or
from X . Hence, the aforementioned state is the only one which can be consi-
stently assigned to State(S′

0). This proves claims 2 and 3, since this state agrees
with ιV on all variables.

7 Discussion

The author of [5] argues against pushing too far the connection between counter-
factual and causal reasoning, on two grounds. First, a counterfactual statement
may stress that antecedent and conclusion are not causally linked, as in, “Even
if I were free tonight, I still would not have dinner with you.” This is perfec-
tly compatible with our theory, by which the example counterfactual would be
confirmed because of the lack of a causal connection. Second, a counterfactual
statement may reverse the direction of causality to serve as explanation as in,
“If John had Koplic spots, he would have measles.” In order to accommodate
such explanatory counterfactuals, which amounts to saying which of the causes
of a denied supposition require modification, an extension of our theory is nee-
ded which allows to carefully add appropriate explanatory ‘causal’ relationships
which only apply when performing a Modify action.
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Abstract. Lexical choice is the problem of determining what words to
use for the concepts in the domain representation. In this paper, we offer
a model of the choice of projective terms such as vor, davor, vorn etc.
that is based on abductive reasoning. After a motivation for the need to
treat these lexical items as candidates for lexical choice, we outline the
semantic and pragmatic conditions for their use. We present an abductive
proof method that allows us to collect these conditions. Sets of collected
conditions can be mapped unambiguously to corresponding projective
items.

1 Introduction

One of the challenging problems for a natural language generation system is
the choice of adequate lexical items which will appear in the final output text.
Usually lexical choice is confined to open–class or content words referring to con-
cepts or discourse referents in a knowledge base. Closed–class and/or function
words have not received much attention as a genuine problem of lexical choice
yet. Only content words are assumed to be candidates for a choice process while
function words are selected from the lexicon and realized by grammatical deci-
sions during the formulation process. For example, the concept house might be
realized as house, building, red house, hovel and so on, depending on the available
concepts and attributes in the knowledge base and especially the wanted effect
of the use of a specific item for the listener. As a rule of thumb in lexical choice a
concept should be expressed with the most specific word available, because that
would convey the most information (cf. Stede, 1995).1 Contrary to the choice of
content words the usage of function words like conjunctions, prepositions etc. is
usually governed by grammatical decisions and not subject to a proper choice
process.

This widely accepted view implies that primarily nouns, adjectives, and verbs
belong to the range of a function mapping concepts to lexical items, but pre-
positions and adverbs in general do not. However, such a principal distinction
? This research was supported by a grant from the Deutsche Forschungsgemeinschaft

(DFG) which is gratefully acknowledged.
1 However, such an account can fail to account for basic–level preferences so that the

utterance can carry unwanted implicatures (Reiter, 1990).
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is not appropriate because prepositions and adverbs as closed–class items very
often express a content as well. This holds especially for spatial prepositions and
adverbs referring to spatial relations between objects.

Spatial prepositions and adverbs can be divided into two classes, topological
and projective2 ones. While topological items like in, drinnen, an, daran etc.
refer to relations between objects that can be established by means of topologi-
cal concepts as, e.g., contact or inclusion, projective terms like hinter, hinten or
dahinter require a spatial frame of reference providing a system of axes and di-
rections in order to refer to a spatial relation. Using the common terminology, we
refer to the object providing the axis–based region the reference object RO and
the object that is located within this region the primary object PO. The system
of axes as frame of reference has a zero point, the so–called origo, which can be
one of the interlocutors (which corresponds to a deictic frame of reference), the
reference object (which corresponds to an intrinsic frame of reference), or a third
entity. Each axis has two directions so that in 3D–space six directions appear
which we will call front, back, left, right, top, and bottom (cf. Eschenbach
et al., in press; Herskovits, 1986).

The choice of projective prepositions and adverbs differs from the choice of,
e.g., nouns because it is affected by several tasks. From the seven component
tasks Cahill & Reape (1998) assume for applied NLG systems, at least the three
tasks of salience determination, referring expression generation, and lexicaliza-
tion affect the choice of projective prepositions and adverbs.

Salience of discourse referents affects primarily pronominalization because
salient or focussed referents are usually realized as pronouns. Referents which
are very salient in discourse can even be ommitted so that ellipses become ap-
propriate linguistic means to realize certain information. This holds also true
for the use of projective adverbs because these adverbs can only be used to ex-
press a spatial relation with an implicit reference object. However, in order to
be cooperative, a speaker should be safe that the listener is able to identify the
reference object. Hence, only identifiable and salient discourse referents should
be used as reference objects. Additionally, the choice of referring expressions is a
task for projective terms as well. Projective prepositions are primarily used with
a reference object that is already identifiable for the listener. Therefore, it must
be realized as a definite noun phrase in German. Obviously lexicalization affects
the choice as well because one and the same spatial relation can be realized by
a number of prepositions and adverbs.3

The relevance of these tasks indicates that in addition to object–specific
applicability conditions additional pragmatic constraints must be taken into ac-

2 These spatial terms are also called dimensional prepositions or adverbs.
3 In this paper we do not draw a distinction between lexicalization as the conversion

of concepts to lexical items and lexical choice as the decision between lexical alter-
natives (Cahill, 1998). Since we assume a pipelined NLG–architecture so that the
semantic input for the formulator allows an unambiguous mapping from conceptual
conditions to lexical items, lexical choice and lexicalization can be unified to one
process.
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count as well. For example, if only spatial features are taken into consideration,
we would not be able to choose between, e.g., the preposition hinter and the ad-
verb dahinter because both items are able to express the same spatial relation.
The difference is grounded in the accessibility state of the discourse referent for
the reference object and the influence of the meaning of the locative anaphor da.

We should mention that approaches to the computation of spatial relations in
geometric abstractions of a real–world environment (Gapp, 1994, 1997; Wazinski,
1992) do not concern lexical choice in its actual sense because these models
are restricted to geometrical aspects solely. The model of lexical choice we are
proposing could rather be based on such an approach. For example, Gapp’s
work concerns the computation of spatial relations, not their expression in a
natural language, although he does not draw this distinction properly. However,
the existence of preposition–free languages (like, e.g., Finnish) as well as the
differing lexical means to express spatial relations in closely related languages
like German and English (Carroll, 1997) clearly show that both tasks should be
kept separate. Consequently the constraints we are giving hold for German only.
For example, the semantic differences expressed by hinter, dahinter, and hinten
are not lexically encoded in English; these three lexical items can be translated
as behind.

We propose a decompositional approach to the choice of dimensional prepo-
sitions and adverbs where features of the reference object and its kind of textual
embedding are collected in order to receive an unambiguous mapping. Feature
collection is realized as abductive reasoning.

2 Semantics and Pragmatics of Projective Prepositions
and Adverbs

Before we introduce our abductive approach, we will explicate the conditions for
the use of projective prepositions and adverbs. These conditions emerge from an
investigation of village descriptions (for details, see Klabunde, in press).

First of all, we have to draw a distinction between semantic and pragmatic
conditions. The main difference between the semantics of projective prepositions
and the semantics of the adverbs vorn, hinten, unten, and oben is the localization
of the primary object in a region that is external and internal, respectively, to the
reference object. While prepositions like vor locate a primary object with respect
to a region that is outside the reference object, the corresponding adverb vorn
locates the primary object in an internal region provided by a reference object.
However, a preferred interpretation with an internal relation does not hold for the
adverbs rechts and links referring to horizontal axis-based regions. Furthermore,
the class of projective adverbs is more heterogenous than the class of projective
prepositions. Next to the already mentioned adverbs the adverbs davor, rechts
davon etc. have different meanings based on an external relation again, and
linkerhand and rechterhand possess a different pragmatics. The following simple
examples demonstrate the essential meaning differences.

(1) Das Stadttor ist hinter der Kirche (the city gate is behind the church)
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(2) Das Stadttor ist hinten
(3) Das Stadttor ist dahinter
(4) Das Stadttor ist rechts von der Kirche

(the city gate is to the right of the church)
(5) Das Stadttor ist rechts
(6) Das Stadttor ist rechts davon
(7) Das Stadttor ist rechterhand

In (1) and (3) the city gate is located in an external back–region of the
church, provided by a specific frame of reference. Due to the spatial features
of churches with their intrinsic fronts, the origo might be the church, but the
speaker or listener as well. In (2) however the city gate is more likely located in
an inner region, e.g., a square or inner room, depending on the context. Such
a distinction is not given by (4) – (7). In all cases the right direction holds
primarily for an external relation, although (5) might be interpreted with an
internal relation as well.

In addition to this distinction between internal and external regions there
are salience– and pragmatic–based constraints. First of all, all prepositions and
adverbs are used with identifiable reference objects. In German identifiability
is usually expressed by definiteness. Localizations like hinter einem Haus steht
ein Brunnen (there is a fountain behind a house) with a house as unidentifiable
reference object are principally possible, but they do not occur in coherent de-
scriptions. The reason is that the reference objects function as “anchors” for the
single localizations at what has been said before. Identifiability of the reference
object holds for the use of adverbs as well, although that reference object is
omitted when the adverbs are used. In addition to being identifiable, the refe-
rence object must also be focused in the discourse model, because it can only be
omitted if the listener is able to pick up the right referent.

The meaning of the so–called pronominal adverbs like darüber or rechts davon
differs from the meaning of the corresponding prepositions by means of the use
of the locative anaphor da. This anaphor refers to an identifiable and focussed
region, not to an object. This region is the place the reference object occupies.

Finally, the adverbs rechterhand and linkerhand are identical in their meaning
with rechts and links or the morphologically complex prepositions rechts von and
links von, but their use is confined to a humanlike origo, i.e., a fictiver observer
wandering through the object constellation, or the speaker or listener.

These linguistically motivated constraints are exemplary summarized in Ta-
ble 1. The remaining prepositions and adverbs are associated with the same
corresponding conditions except that the spatial directions are different. If the
conditions in a row are met, we are able to map these conditions onto the cor-
responding preposition or adverb. Table 2 gives the literals we are using to re-
present these conditions. Localizations are represented by means of two literals.
A literal p(R,RO,PV) states that the reference object RO is standing in relation
p to a region R, determined by a point of view PV. A functor loc(PO,R) locates
the primary object PO in region R.
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lemma identifiabi- focused spatial relation additional
lity of RO RO direction external internal constraints

vor + − front + −
davor + + front + − RO’s place provides

the region
vorn + + front − +
rechts von + − right + −
rechts + + right + +
rechts davon + + right + − RO’s place provides

the region
rechterhand + + right + − humanlike origo

Table 1. Constraints for the use of some projective prepositions and adverbs

constraint literal
reference object ro(X)
primary object po(X)
identifiability id(X)
focussed referent foc(X)
spatial localizations front(V,RO,PV) ∧ loc(PO,V)

back(B,RO,PV) ∧ loc(PO,B)
etc.

internal relation container(RO)
place of the RO place of(RO,P)
humanlike origo human(PV)

Table 2. Used literals

3 Planning by Abduction

How can the conditions given in Table 1 be satisfied during content planning?
We propose an abductive approach to content planning which guarantees by
means of the proof method that conditions for the use of specific prepositions
and adverbs are satisfied.

Abductive reasoning is reasoning about the best explanation for a given ob-
servation. To make precise what counts as a good explanation, one introduces a
preference criterion by which alternative explanations can be compared. A pre-
ferred explanation for an observation might be the least specific one, the most
specific one, the one with the lowest proof costs, etc. Abductive explanation is
classically characterized as follows (cf. Maier & Pirri, 1996): a knowledge base
K, the usual consequence relation |=, and an observation E to be explained,
such that K 6|= E, are given. A statement H is taken as the best explanation of
E in K iff:

1. K ∪ {H} |= E; and
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2. H is “better” than any other statement in the set {H ′ | K ∪ {H ′} |= E},
according to the preference criterion.

We use a generalized version of what Stickel (1990) calls predicate specific abduc-
tion, where only elements from a distinguished set of literals may be assumed.
What counts as the best explanation will be based on the (preferably minimal)
number of assumptions made.

Abduction has been used in natural language processing for interpretation
tasks such as metonymy resolution, understanding vague expressions, or plan
recognition (cf. Hobbs et al., 1993). Recently, abductive reasoning has also been
proposed for use in generation, partly for planning (Lascarides & Oberlander,
1992; Thomason et al., 1996), and as a framework for both the interpretation and
the generation of discourse (Thomason & Hobbs, 1997). The basic idea behind
these approaches is to find the best way to obtain a communicative goal state
by modifying the discourse model with applicable operators. The plan is the
set of hypotheses discovered by an abductive proof of the proposition that the
goal state has been achieved. These approaches are primarily used in integrative
architectures of NLG systems.

For our purposes it is helpful to view abductive proofs as essentially relatio-
nal. An abductive proof determines the relation between a knowledge base, an
observation, a specification of what assumptions can be made, and proved and
assumed literals that jointly provide an explanation for the initial observation.
The prototype we have implemented in Prolog make this relation available expli-
citly, and great care was taken to ensure that queries such as (8), where not all
arguments are instantiated, are handled correctly by generating a manageable
subset of all possible solutions.

(8) ?- abduce(Goal, Assumable, Proved, Assumed).

In the above query, Goal is the observation to be proved by the abductive
meta-interpreter, Assumable is a set of literals that may be assumed, and Proved
and Assumed are multisets of literals that were used or assumed, respectively,
during the abductive proof of Goal. During generation the meta-interpreter is
invoked with the goal instantiated, while the set of assumable literals is specified.
An exemplary query for the choice of projective terms is given in (9), although it
is possible to start with other instantiations. This query is interpretable as: given
a spatial relation, which further conditions can be proven so that we are able
to determine an appropriate preposition or adverb? In addition to the spatial
relation only the proved literals will be handed down to the lexical chooser
because the semantic and pragmatic constraints for a specific lexical item should
be safe knowledge. Hence, the instantiation of Pr is what we are interested in
for lexical choice.

(9) ?- abduce([front(v,a, ), loc(b,v)], [id(a), foc(a),
container(a)], Pr, As).

This query gives the spatial relation between two objects and asks for con-
straints that allow an unambiguous mapping of the spatial relation to a prepo-
sition or adverb. The literals front(v,a, ), loc(b,v) are to be interpreted as
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“object a provides a region v determined by some origo that is of no interest for
the lexical choice. Object b is located in region v.” From the fact that queries like
(9) are accepted it is clear that the abduction scheme we use is somewhat more
general than predicate specific abduction: we supply information as to what li-
terals may be assumed, whereas predicate specific abduction would only specify
the functors and arities of those literals.

Since we do not use weighted abduction (Hobbs et al., 1993), we are not
faced with the problem of giving costs and weights an appropriate probabilistic
interpretation. On the other hand, what should we use as a preference criterion?
A sequence of several criteria is used. First, proofs are preferred for the number of
provable literals used, the more the better. In the cases we consider, there seems
to be a loose correspondence between this criterion and the Gricean maxims of
relevance and quality. Second, proofs are preferred compared to other proofs if
they involve less assumptions. The number of assumptions made is determined
by the cardinality of the set that is the reduction of the multiset found during
an abductive proof. Third, everything else being equal, we prefer proofs with
the highest amount of assumption re-use. This is determined by the difference
between the cardinalities of the multiset of assumptions and of its corresponding
set. The relevant idea—an assumption becomes more plausible if it is used to
explain more than one thing—is essentially the same as the one behind the
factoring rule of Stickel (1990).

Proving the conditions for the use of specific lexical items is managed by a
rule that calls for proofs in the following order:

1. prove whether the entities given in the query can function as reference and
primary object. This proof involves the check whether both objects are neig-
hboured and whether the reference object is more salient than the primary
object. If the entity RO in the literal p(R,RO,PV) can only be assumed and
not be proven as an object, we have to prove that it is the place an object
occupies and that this object is the reference object. If this proof is successful
we receive a condition for the choice of a pronominal adverb.

2. prove that the reference object is identifiable for the listener. The identifi-
ability–condition is satisfied if the referent belongs to the mutual beliefs.4 If
only the speaker/system knows a certain referent but not the listener that
referent is unidentifiable.

3. prove whether the reference object is focused. If foc(X) is provable, we re-
ceive a condition for the choice of an adverb. An object’s discourse referent
is focused if it is identifiable and had been mentioned in the preceding pro-
position.5 Otherwise it is not in the focus of attention.

4 This is a slight oversimplification because identifiability of a discourse referent does
not only imply that both speaker and listener know this referent. It is also possible
that the speaker assumes the listener is able to infer a certain referent or that he is
able to single out a specific referent by perceptual means (cf. Lambrecht, 1994).

5 This is achieved by a predicate active/3 that is used to drag along, test, and update
the discourse state. active/3 must be resolved exactly once.
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4. try to prove that the reference object is a container object that establishes
an internal relation. If this can be successfuly proven we receive a condition
for the choice of adverbs like vorn, hinten, rechts etc.

5. if the spatial relation is right or left try to prove that the origo is pro-
vided by a human. A successful proof results in the choice of the adverbs
rechterhand and linkerhand, respectively.

Together with the spatial relation the proven literals represent the constraints
for the lexical choice. For example, in order to choose the lemma dahinter, the
following literals with corresponding instantiations of the variables must be pro-
ven:

(10) {ro(Z), po(Y), back(H,X, ), loc(Y,H), place of(X,Z), id(Z),
foc(Z)}

Once the proof is complete lexical choice is a simple process. Together with
the literals in the goal to be proven the proven literals are matching conceptual
conditions represented in the corresponding lemmas.

4 An Outline of Two Example Proofs

We sketch two example proofs that illustrate the used techniques. The lemma
we want to choose should express that an object b is located behind an object
a as seen from some point of view. Additionally, we know that a belongs to
the mutual beliefs and that both objects can function as reference and primary
object, respectively.

facts: church(a), city gate(b), in mutual beliefs(a), etc.
assumable: ro(a), po(b), id(a), foc(a)
to prove: back(r,a, ), loc(b,r)

According to the query and rule given above the proven literals are ro(a),
po(b), id(a). The assumed literal is foc(a). Recalling the conditions in Table
1 again, the localization together with the proven literals allows the choice of
the preposition hinter.

Now suppose we know that a is not an object but the place an object c oc-
cupies and c is in the mutual beliefs and identifiable. The same query results in
the proven literals place of(a,c), id(c), foc(c) with no assumed literals.
In this case the conditions for the choice of the adverb dahinter are met. An
alternative explanation would result in the proven literal po(b) and the assu-
med literals ro(a), id(a), and foc(a). Since our preference criterion for the
best explanation involves the minimization of the number of assumptions, this
explanation will not be chosen as the best one.

5 Concluding Remarks

Abductive approaches have pros and cons. One disadvantage of abductive rea-
soning is its computational complexity which makes it an inappropriate method



Logic–Based Choice of Projective Terms 157

for real–time generation. However, translating this logic–based approach into a
systemic framework (Patten, 1988) should be straightforward. Choosers connec-
ted to systemic networks can check whether the aforementioned conditions are
met in the environment. Hence, this disadvantage of abductive approaches might
be avoidable in the systemic paradigm. On the other hand, if abduction is used
in a small domain like the one presented in this paper we receive the results
in acceptable time. Additionally, the usefulness of abductive reasoning is not
confined to content planning only; the same abductive method can be used for
syntactic realization as well (cf. Klabunde & Jansche, 1998). This implies that
the substantial advantage of an abductive approach is its provision of a common
and uniform framework for lexical choice and syntactic realization. To summa-
rize, we have shown that expressing spatial relations in a natural language is
a task for lexical choice. This task can be efficiently realized in an abductive
framework.
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Abstract. Composition of piano minuets in early classical style takes an
intermediate position between restricted and free computerized compo-
sition problems. One of its distinct features is that microstructure (i.e.
relations between notes), macrostructure (i.e. relations between larger
parts) and their interdependences have to be dealt with. In this pa-
per, we give an overview of the process of composition which consists
of the subtasks planning of macrostructure, construction of melody and
rhythm, variation of melodic motives, and addition of bass and middle
voices. We then present a knowledge-based approach with strategies and
results for note by note construction of melody and methods for melody
variation.

1 Overview

This paper describes a knowledge based approach to composition of minuets for
piano in early classical style (that is the period of the young W.A. Mozart) by
a computer. The goal is, to approximate the style of this period as closely as
possible.

The result of the composition process is music in staff notation. The inter-
pretation of the music, the sound synthesis, is not dealt with here.

The era of classical style started around 1750. Influenced by the philosophical
ideals of the era of enlightenment, composers strived for simplicity and rationa-
lity. The classical ideal is to have simple melody and harmony and a regular
form with strong structural relationships between parts.

A minuet is a genre of dance music in triple meter (usually 3/4) and was
known at the french court since 1650. Minuets need a regular form and well
perceivable relations between the parts such allowing the dancers to dance the
elaborate and complicated figures of such a formal court dance.

By having those structural properties, the genre of minuets soon became
a model genre for classical composition itself. Simple and strict minuets were
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written as dance music, for piano and composition teaching. Artful minuets
were composed as movements of sonatas and symphonies.
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Fig. 1. Beginning of Minuet KV. 2 W.A.Mozart 1762

The composition of minuets can be discussed at two levels. On the level of
microstructure, relations between notes in horizontal direction (melodic inter-
vals) and in vertical (synchronous) direction (harmony) are discussed. Macro-
structure deals with the large structural parts in horizontal direction. Decisions
in the microstructure of a part depend on the role the part plays in the macro-
structure of the piece. Therefore, musical parts can not just be concatenated
together, they have to be purpose-built to fit into their role.

The process of classical minuet composition can be divided into several sub-
tasks:

– planning the macrostructure of the piece, that is the sequence of parts and
their harmonic relations.

– planning the harmonic relations inside a part.
– constructing the melodic parts from scratch by composition.
– constructing the melodic parts by variation of existing parts.
– constructing the bass (and middle voices if wanted).

Here, the subtasks are written down in a linear order. Though it might be possible
to compose by strictly following this order, it has to be noted, that human
composers usually mix the subtasks. E.g. a composer might decide to change
his plan of the macrostructure (or to start thinking about macrostructure at
all), after he has composed the first four bars of the melody. Research about the
importance of the composition strategy in the field of chorale harmonization can
be found in [WPA99].

The strategies for the different subtasks need different kinds of knowledge.
To achieve our goal of composing minuets which sound like a typical example of
the period’s style, it is important to represent musical knowledge adequately in
the system. Section 2 describes possibilities to acquire this knowledge.

Related work on computerized composition and its common features with
minuet composition are described in section 3. Section 4 describes the base for
experiments on different subtasks of minuet composition. The experiments have
focussed on melody construction. The final summary presents some thoughts
about other fields of AI, which might make use of strategies developed for minuet
composition.
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2 Sources for Musical Knowledge

A system for automatic composition of minuets can be seen as a knowledge based
system. The author of such a system has to acquire the domain knowledge, has
to formalize it and finally has to provide an algorithm which the computer can
use to find a solution.

Often, it is helpful to look at the ways human experts codify their knowledge,
e.g. their literature. Explicit knowledge about composition is needed for teaching
composition students or for scientific works – e.g. for comparisons between styles
or for classification of borderline cases of works. Humans usually learn some sub-
tasks, such as planning of macrostructure, harmonic relations, and voice leading
by intellect or by formal rules. Other aspects like melody composition are usually
learned by analogy after a profound study of many works in the desired style.
[Cop91] simulates the latter in his pattern-matching based composition system.

For the field of classical minuets, the following knowledge sources are consi-
dered:

1. Period literature1. [Rie52] has an explicit (sometimes chatting) style of ex-
plaining the composition technique by examples and rules (described by
words). [Koc82] consists of textual descriptions and partially formal rules
about melody, voice leading and dissonance treatment. Both authors de-
scribe the specific genre of minuets because of its model position for classical
composition in general.
The usage of period literature ensures a correct view of the style. Modern
musicological literature with an historical approach like [Bud83] serves the
same purpose.

2. Ahistoric theories such as theory of harmony and Schenkerian analysis look
for properties universal to all tonal music.
Theory of harmony classifies harmonic chords and their relations. Schenker-
ian analysis as used by [Ebc86] explains the structure of a piece by taking a
simple “Ursatz” and adding details step by step.
Ahistoric theories are usually more formalized than period literature know-
ledge. So they can be helpful to get insight in the structural form of tonal
music in general in order to prepare implementation. But they can not give
information about classical style and the genre of minuets.

3. To ask musicologists, composition teachers and composers which are familiar
with the style about explicit rules and composing methods. This gives access
to explicit knowledge which might not have been written down.

4. Inductive analysis of works: Classical minuets are searched for evidence in
favour or against a hypothetical rule. Composition examples in period lite-
rature are especially interesting, because they have been composed with the
purpose to show, how it is done.

5. Computer experiments: The composition algorithm is run at first with a
ruleset including a hypothetic rule and then with another ruleset without
that particular rule. The results are compared (or judged by an expert).

1 In musicology, period or contemporary literature (zeitgenössische Literatur) is litera-
ture written in the same time period as the musical period or style it describes.
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6. Cognitive introspection. Ask someone, who has just composed a minuet, how
and why he made certain decisions.

The last three knowledge sources should give access to implicit knowledge,
which is not available in literature.

3 Related Work

In the past, approaches to automated composition have focussed either on com-
position styles and problems with firm restrictions or on those with very few
restrictions.

One example for work on tonal composition with strong restrictions is the
system for four-part-harmonization of Bach chorales by [Ebc86]. The system is
given the chorale melody as input and returns a four part harmonization. The
macrostructure is with the chorale melody. Ebcioglu uses Schenkerian analysis
to determine the melody’s microstructural properties and then constructs the
harmonization.

A system, which creates music from scratch (without music material as input)
is the automatic 16th century counterpoint of [Sch89]. Schottstaedt uses period
literature – the Doctor gradus ad parnassum by J.J. Fux 2 – as knowledge base.
The musical knowledge consists of rules, which look at small groups of consecu-
tive notes. In our terms, Schottstaedt only considers microstructure.

In both styles, the solution has to fulfill strict microstructural requirements,
with the latter being a bit less restricted. Both systems represent their musical
knowledge and have a single strategy to make use of it.

Other composition tasks have a larger degree of freedom for the solution e.g.
approaches to algorithmic composition3. Here, the emphasis is more on creativity
and there are few rules to judge the result. Algorithmic composition systems such
as Common Music [Tau94] have the purpose to assist human composers in their
work. Parts are generated by an algorithm and put together to a larger piece.
Some systems even offer graphical editors which allow direct manipulation of
the piece’s macrostructure.

An approach to deal with macrostructure in classical style can be found in
[Ber95], who construct a piano sonata in the style of Mozart out of “building
blocks”. The macrostructure of such a piano sonata is more complicated than
that of a short minuet. Berggren identifies elements in microstructure called for-
mulas and uses them to identify different classes of building blocks, eg. different
kinds of accompaniment texture. His system does not deal with the adaptions
in microstructure which are necessary to fit blocks together.

2 The doctor gradus at parnassum is written at the beginning of the 18th century. In
a very strict sense, it is not period literature, because it is written much later and
musicologists have found slight influence from baroque harmony. Nevertheless Fux
had the firm intention to describe Palestrina’s ancient practice.

3 an atonal, experimental style of music
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Compared with those approaches, minuet composition is in the middle bet-
ween free and restricted styles and has to integrate different subtasks with their
strategies.

4 Subtasks of Classical Minuet Composition

The composition strategy is based on a representation of a musical score in a
score chart. It stores notes with pitch and duration (the same information clas-
sical composers wrote down). The score chart also has to store meta information
about the composition in form of structural elements.

4.1 Rule-Based Note by Note Composition of Melodies

Figure 2 shows a random sequence of notes, which follows the basic parameters
of a minuet. It has a fixed key, 3/4 meter, the pitches and the durations stay
inside the usual bounds for minuets and there are no syncopes. It is still far away
from a classical minuet, because it is perceived as a sequence of unrelated notes
instead of a melody. The main reason is, that the intervals between notes are
much too large. In [Rie52] there are also examples for “melodies” perceived as
unrelated.

-�-����1
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Fig. 2. Random sequence of notes in G-major

Two basic types of melodies can be observed in minuets. The first type is a
scale-based melody, which consists mostly of seconds, some thirds and repetitions
and a few larger intervals. This type is a kind of successor to the old style
counterpoint melodies as in [Sch89]. Relatedness is established by the preference
for small intervals.

The other type of melody is based on broken chords, which consist of steps
to the next chord note (up or down). Because this type of melody puts more
emphasis on harmony, chord based melodies have become quite popular with
early classical style. With chord based melodies, relatedness can be established
by different means. One is, to join two chord based sections with a second.
Another is, to have sections which are similar to each other e.g. by variation (see
section 4.2). Then the interval at the joint is rather unimportant because the
perceptual connection is established by similarity, not by using a small interval.

Using this approach, simple rules for interval based composition can be for-
mulated. Melody construction has to consider the prerequisites given by the role
the part to be constructed plays in macrostructure. This gives every position a
structural environment which limits the choice of notes. So some rules have a
reference to the structural environment in the chart among their preconditions.
One example for a parameter is the harmonic base – a sequence of harmonies –
given before starting the note by note composition.
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During melody construction, further structural elements can be added to the
structural environment. Some rules start a new structural element e.g. the tran-
sition rule (No. 5) described below. A transition is a structural element, because
it influences several consecutive notes. In contrast to other structural elements,
the position of a transition can not be given as a prerequisite beforehand, be-
cause the possibility to use a transition depends on beginning of the melody. The
existence of this structural element is “found” during the process of note-by-note
composition. This method of finding structures can be seen as a first small step
towards bottom-up planning.

Some rules have been implemented and tests with different sets of rules were
made. Here are some examples of rules for scale-based melodies for the beginning
of a minuet. Earlier rules and experiments can be found in [Löt99].

1. Start note The melody starts on the first degree of the key. 4

2. Standard scale-based intervals:
In a scale-based melody, repetitions and seconds are allowed.

3. Thirds in scale-based melodies
Thirds can be used in scale-based melodies if they don’t follow immediately.

4. Consider harmonic base:
A harmonic base for a time interval can be specified. Melody notes have to
be a member of the harmonic chord valid at the starting time of the note.

5. Start of transitions:
if There is an unaccented beat

without change of harmonic base and
there is not an unfinished transition in the chart

then a second is allowed.
A structural element of type “transition”is started and
it is noted in the chart.

The duration of the transition note must not be longer than the duration of
the note before.

6. Closing of transition
In a transition, the next interval has to be a second in the same direction as
the opening of a transition.
This ends the transition.

7. Leading notes: (scale based melodies)
If the preceding note has degree 7, only a minor second up is allowed.

8. Ambitus: The pitch has to be in the a range of two octaves.

While a few rules about treatment of large intervals and leading notes are written
down in [Koc82], most of those rules have been found by analyzing examples.

Here are two rules used for composition of chord based melodies.

8. Links between chords
if the harmonic base changes
then only seconds up and down are allowed

4 This is the common way to start a minuet ([Rie52]).
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9. Chordsteps
if the harmonic base stays the same
then repetitions, and steps to the next chord note up and down are allowed

To avoid a stylistically unsuitable distribution of melodic and rhythmic weight,
it is useful to limit the use of repetitions. These rules have been found by judging
results of experiments.
10. repetition limit There must not be more than n consecutive notes of equal

pitch. (possible limits: n = 2, n = 3)
11. no repetition split on downbeat

There must not be two notes with the same pitch on beat 1.
12. no weak-strong repetion In a repetition, the following note must have

same or less weight than the previous.
Classical composition sometimes use chromatic transition. For the experiments
shown in figure 3, the same preconditions and closing rule as for normal (diatonic)
transitions have been used.

13. Start of chromatic transition
if a transition is possible (see rule 5)
then a semitone (augmented unsion) is allowed,

and a structural element of type “chromatic transition”
(a subclass of transiction) is started

Minuets are dance music and therefore have their obligatory meter (3/4) and
their characteristic rhythm. [Rie52] defines the following kind of bars:
– Perfect 5 minuet bars consist of 3 quarters. It is allowed to split up to two

of the quarters into eighths.
– Imperfect 6 minuet bars consist of a half and a quarter or vice versa. The

quarter may be split.
– Dead 7 bars consist of a dotted half.
– Running 8 bars contain 6 eighths.

Those kind of bars are utilized the following way.
– A minuet normally consists of perfect bars.
– One bar out of a two bar block may be imperfect.
– As final note of cadences, dead bars are allowed.
– Running notes are allowed only to prepare the final cadence of the whole

piece, i.e. the 3rd and 2nd last bar.

Riepels duration rules are overly strict. He does not allow a combination of a
dotted quarter 9 with an eighth though it can be frequently observed in original
compositions. Running bars (consisting of 6 eighths) are also found in minuets
at earlier positions. Nevertheless, the rules describe a characteristic rhythm for
minuets.
5 Original: vollkommene
6 Original: unvollkommene
7 Original: todte (historic spelling)
8 Original: laufende
9 Riepel calls this combination only fit for a limping dancemaster
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1. scale based, nothing: no transitions, no thirds, no weight rules
3
4

�V����������������
2. scale based, transitions, weight rules (10-12), no thirds

3
4

�V������������
3. scale based, transitions, thirds (rule 3, weight rules

3
4

�V���������������
4. scale based, as 3. but without weight rules
3
4

�V����������������
5. scale based, as 3. but plus chromatic transitions
3
4

�V�������������
6. chord based, 1 chordsteps allowed, link by second, no repetition
3
4

�V����������������
7. chord based, as 6. but plus repetitions and weight rules
3
4

�V�����������������
8. chord based, as 7. but plus chromatic transitions
3
4

�V����������������

Harmonic base for all melody examples is (barwise)
tonic dominant7 dominant7 tonic

Fig. 3. Scale-based melodies contructed by different sets of interval rules

For experiments, a rule interpreter has been implemented. Its input are an
empty melody, the ruleset and the parameters (such as harmonic base, desired
length, end note . . . ). Its output is a set of alternatives for continuing the melody.
Each alternative is described by the interval, the duration and the structural
elements involved.

This constitutes a search problem as described in [RN95]. The state is the
current state of the score chart (melody + structural elements), the successor
function is given with the rule interpreter. The goal predicate is true, if the
melody has the right length. Extra conditions can be specified. The fail predicate
is true, if the melody exceeds the desired length. The start state is a score chart
which contains all structural information given as parameters but no notes.

Different search strategies have been implemented:

– A standard backtracking strategy.
– A random backtracking strategy. which chooses by random the branch to be

searched next.
– A repetetive-attempt random search. The next state is also selected by ran-

dom. In case of a fail, no backtracking is done, but the strategy starts its
next attempt with start state again.
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With the current state of the ruleset, the repetetive-attempt random search, is
the quickest.

Figure 3 shows 4 bar motives constructed with different subsets of the interval
rules. Example 1 forbids too much and the melody consist mostly of repetitions.
With its use of transitions Example 2 is a smooth scale based melody, while
occasional thirds can make melodies more interesting as in example 3. Example 4
has a bad distribution of weight, because the weight rules are not used. The
chromatic transition in example 5 doesn’t fit into classical style but rather sounds
like 19th century danse music. The chord-based melodies with repetitions (No. 7)
and without (No 6) are quite good, the effect of the chromatic transition (No. 8)
is the same as with the scale based melody (No. 5).

In general, the 4 bar motives generated by note by note composition lack the
inner relationships typical for classical style. The purpose of the 4 bar examples
is to allow a good judgement of the properties of the ruleset. For use in a minuet,
composition by variation should start atleast at the level of 2 bar motives.

4.2 Variation of Melodic Motives

Classical style requires relations and similarities between structural parts. A fre-
quently observed technique is the variation of melodic motives. Variation means
creating something which is similar, but not equal. That means keeping the
most, but modifying some of the properties of the orginal. 10

Some operators of variation like adding or removing a suspension or filling a
skip with a scale can easily be expressed by representing a melody as a sequence
of notes. Other techniques of variation can more easily be expressed, when the
motive is represented in a different formalism. E.g. it is easier to describe inver-
sion as inverting all interval directions while keeping their size than to express
it in terms of pitches.

A general abstract model of variation consists of the following steps:

1. Select formalism (set of attributes) to describe the motive to be varied.
2. Compute attribute values for the description.
3. Modify some of the attribute values in the description.

Keep others.
4. Retransform the description into notation.

From a theoretical point of view, if two arbitrary motives are given, it is
possible to construct a description formalism, which allows to see one motive as
a variation of the other. In spite of the existence of such a description formalism,
those two motives might be perceived as totally unrelated.

It is therefore necessary to select the attribute set and the attribute modi-
fication in a way, that they are musically meaningful. It must be possible to
perceive both, the similarity of motives and the difference. The selected descrip-
tion formalism should be musically justified e.g. by the fact, that its terms are
also used in period literature.
10 Theory about variation can be found in [Lob44]
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Notation ��1��9


3
4 =⇒ ��1��9
34

Attributes: Degree Steps Degree Steps
Values.: I 1 up, 2 down V 7 1 up, 2 down

Fig. 4. Example: chord analogon operator

Composition of scale-based melodies focusses on intervals between notes, so
a description as relative notes (intervals + duration) is appropriate for them.
For chord based melodies, which have been composed by thinking in chordsteps,
a description by chordsteps (+ durations) has to be considered. The chord-
analogon operator which is shown in figure 4 uses chordsteps as description
formalism. The motive is described as a pattern of chordsteps. The variation
applies the same step pattern to a different chord. This operator can also be
seen between bar 1 and bar 2 of the Mozart minuet in figure 1.

4.3 Structure Plans

The classical principles of simplicity, balance and symmetry of formal parts
require a regular form (usually two 2-bar units form a 4-bar unit, two 4-bar
units form an 8-bar unit and so on) for a piece. The representation of such a
macrostructural plan seems to be easy at first: Compose one motive of two bars,
use a variation operator of your choice, or compose from scratch again, put the
parts together and you have four bars which are related to each other. Go on
this way by either variating or composing from scratch and you have a large
regularly built piece of music. But a piece composed this way will not fit into
classical style.

Classical style requires additional relations between the formal parts, for
example harmonic relations and different strengths in the cadence of a part.
Fortunately, modern and period literature discusses those aspects thoroughly as
tonal order 11 of a piece.

Concatenating melodic parts in the score chart is easy to realize. The diffe-
rence between a meaningful macrostructure for a minuet and an arbitrary se-
quence of motives are the extra constraints of the tonal order. The note-by-note
composition subtask and the variation operators have to consider them.

There is a prototypical form of minuet, which consists of four 4 bar phrases
[Bud83].

– Bars 1-4, end with a weak cadence on the tonic12.
– Bars 5-8 modulate to the key of the dominant and close the first half of the

piece with a strong cadence on the dominant13.
– Bars 9-12 often have the character of a middle part. So they can have a

different character and basic parameters and more distant harmony. The
phrase usually close on a weak cadence on the dominant14.

11 Original: Tonordnung
12 Original: Grundabsatz
13 Original: Quintkadenz
14 Original: Quintabsatz
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– Bars 13-16 close with a strong cadence in the tonic15. They are often a reprise
of the Bars 1-4 (but with a strong cadence) or a reprise of bars 5-8 (but on
the tonic).

Bars 1-8 and 9-16 are often enclosed in repeat signs. Minuets can have a trio,
which is a second minuet after which the main minuet is repeated (usually with-
out its inner repetitions).

The macrostructure of most minuets follows this scheme with slight variati-
ons. E.g. the minuet in figure 1 has a strong cadence instead of a weak one in
bar 4. Other minuets might have a weak cadence on bar 8 instead of a strong
one. Both variations of the scheme can not be used in one minuet, because the
important closing of first half (bar 8) of the minuet should be stronger (that
means at least equal) than the intermediate closing at bar 4. For human com-
posers, musical knowledge is organized by such musical background reasons and
it therefore is easy to remember.

4.4 Evaluation of Music

Many AI-Systems have taken advantage of the fact, that it is often easier to
criticize something, than to improve it (or to do it better from the beginning).
Strategies like “Generate-and-test” or genetic algorithms make use of this fact.

Stepwise front-to-end construction algorithms can not foresee the effect of
a decision on the rest of the piece. When evaluating a complete composition,
different properties can be detected and weighted against each other. This allows
the use of elements, which are not forbidden but must not be used too often and
whose usage has to correspond to structure, e.g. appogiaturas.

5 Summary

Composition of classical minuets takes a middle position between restricted and
free composition problems. The composition process is split into subtasks using
different strategies and different kinds of musical knowledge. Different structural
levels must be considered, while decisions can be either made bottom-up or top-
down.

Knowledge is one of the most important components of AI. Systems, which
integrate knowledge from different sources and in different formats, require me-
thods to administrate the knowledge in order to detect inconsistencies. One
strategy will be the documentation of the knowledge source, which makes ma-
nual corrections easier. Another help can be meta knowledge – the background
reasons and principles humans use to organize their knowledge – which allows
the detection of errors and conflicts in the computational knowledge of the stra-
tegies.

15 Original: Grundkadenz
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Hand der zeitgenössischen Theorie von Joseph Riepel u. Heinrich Christoph
Koch dargest. an Menuetten u. Sonatensätzen (1750 - 1790). Bärenreiter
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Abstract. We present a supervised, interactive learning technique that
infers control structures of computer programs from user-demonstrated
traces. A two-stage process is applied: first, a minimal deterministic fi-
nite automaton (DFA) M labeled by the instructions of the program
is learned from a set of example traces and membership queries to the
user. It accepts all prefixes of traces of the target program. The number
of queries is bounded by O(k · |M |), with k being the total number of in-
structions in the initial example traces. In the second step we parse this
automaton into a high-level programming language in O(|M |2) steps,
replacing jumps by conditional control structures.

1 Introduction

1.1 Program Synthesis from Examples

The ultimate goal of program synthesis from examples is to teach the computer
to infer general programs by specifying a set of desired input/output data pairs.
Unfortunately, the class of total recursive functions is not identifiable in the
limit [8]. For tractable and efficient learning algorithms either the class has to
be restricted or more information has to be provided by a cooperative teacher.

Two orthogonal strains of research can be identified [6]. Until the late 1970s,
the focus was on inferring functional (e.g., Lisp) programs based on traces. Since
the early 1980s the attention shifted towards model-based and logic approaches.

All functional program synthesis mechanism are based on two phases: trace
generation from input/output examples, and trace generalization into a recur-
sive program. Biermann’s function merging mechanism [4] takes a one-parameter
Lisp function whose only predicate is atom, and decomposes the output in an
algorithmic way into a set of nested basic functions. Subsequently, they are mer-
ged into a minimal set that preserves the original computations by introducing
discriminant predicates. These mechanisms perform well on predicates that in-
volve structural manipulation of their parameters, such as list concatenation or
reversal. However, their drawbacks are two-fold. The functional mapping bet-
ween input and output terms cannot be determined in this straightforward way
for less restrictive applications; on the other hand, manually feeding the inference
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algorithm with example traces can be a tedious and error-prone task. Secondly,
the merging algorithms require exponential time in general.

The second direction of research (frequently called Inductive Logic Program-
ming) is at the intersection between empirical learning and logic programming.
A pioneering work was Shapiro’s Model Inference System [13] as a mechanism
for synthesizing Prolog programs from positive and negative facts. The system
explores the search space of clauses using a configurable strategy. The subsump-
tion relation assists in specializing incorrect clauses implying wrong examples,
and in adding new clauses for uncovered ones. The critical issues are the un-
decidability of subsumption in the general case, the large number of required
examples, and the huge size of the search space.

1.2 Programming in the Graphical User Interface

The last decades have seen a revolutionary change in human-computer interfaces.
Instead of merely typing cryptic commands into a console, the user is given the
illusion of moving around objects on a “desktop” he already knows from his
everyday-life experience. Users can refer to an action by simply performing the
action, something they already know how to do. Therefore, they can more easily
handle end user programming tools.

Many spreadsheet programs and telecommunication programs have built-in
macro recorders. Similarly to a tape recorder, the user presses the “record” but-
ton, performs a series of keystrokes or mouse clicks, presses “stop”, and then
invokes “play” to replay the entire sequence. Frequently, the macro itself is in-
ternally represented in a higher programming language (such as Excel macros
in Visual Basic).

Moreover, the current trends in software development tools show that even
programming can profit from graphical support. “Visual computing” aims at
relieving conventional programming from the need of mapping a visual repre-
sentation of objects being moved about the screen into a completely different
textual representation of those actions. In an ideal general-purpose programming
scenario, we could think of a domain-independent graphical representation for
standard data structures, such as arrays, lists, trees, etc. which can be visually
manipulated by the user.

Cypher gives an overview of current approaches [5]. Lieberman’s Tinker sy-
stem permits a beginning programmer to write Lisp programs by providing con-
crete examples of input data, and typing Lisp expressions or providing mouse
input that directs the system how to handle each example. The user may present
multiple examples that serve to incrementally illustrate different cases in condi-
tional procedures. The system subsequently prompts the user for a distinguishing
test. However, no learning of program structures takes place.

Based on these observations, we argue that program synthesis from traces
could regain some attraction. The burden of trace generation can be greatly
alleviated by a graphical user interface and thus becomes feasible.

In this paper, we propose an efficient interactive learning algorithm which
solves the complexity problem of the merging algorithm in functional program
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synthesis. Contrary to the latter approach, we focus on imperative programming
languages. They also reflect more closely the iterative nature of interaction with
graphical user interfaces. The flow of control in imperative languages is constitu-
ted by conditional branches and loops; their lack in most current macro recorders
is an apparent limitation.

2 Editing a First Example Trace

Figure 1 shows our prototypical graphical support. The user generates a first
example trace by performing a sequence of mouse selections, mouse drags, menu
selections, and key strokes.

Fig. 1. Trace Frame.

Throughout the paper, we will exemplify the inference mechanism with the
well-known bubble-sort algorithm. The user might start with the sample array
a = [2, 1] of length n = 2. A variable i is introduced to hold the number of
remaining iterations, and is initialized to one (int i=n-1). Then he states that
the end is not yet reached (i>0). Subsequently he initializes another variable
j to zero, meant as an index for traversing the array (int j=0). Now the ar-
ray element with index 0 is compared to its successor (a[j]>a[j+1]). Since the
comparison 1>2 fails (F) he swaps the elements (swap(j,j+1)). For ease of ex-
position, we assume that the swap-procedure has already been programmed to
interchange two values in the array. The user increases j (j++) and then obser-
ves that the array has been traversed up to position i (j<i; F) in which case
i is decremented (i--). The next iteration starts. But since i now has reached
the left border (i>0; F) the sorting is accomplished and the procedure stops
(return). In summary, the example generated by the end user is given as follows:
i=0;i>0;T;j=0;a[j]<a[j+1];F; swap(j,j+1);j++;j<i;F;i--;i>0;F;return.

3 The ID-Algorithm

Grammar inference is defined as the process of learning an unknown grammar
given a finite set of labeled examples. An important, widely used subset of for-
mal languages are regular grammars, which can be generated and recognized
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by deterministic finite automata (DFA). However, given a finite set of positive
examples and a finite, possibly empty set of negative examples, the problem of
learning a minimum state DFA equivalent to the target is NP -hard [9]. Hence,
the learner’s task has to be simplified by imposing certain desired criteria on the
examples (like structural completeness, characteristic samples), or by providing
the learner with access to sources of additional information, like a knowledgeable
teacher (oracle) who responds to queries generated by the learner.

Our algorithm is based on Angluin’s ID-algorithm which is briefly recalled
in this section. It may be skipped in a first reading.

Let Σ be the set of symbols, Σ∗ be the set of strings, and λ be the empty
string. Furthermore, let M = (Q, δ, Σ, q0, F ) be a DFA according to the usual
quintuple definition and L(M) be the language accepted by M . A state q in
M is alive if it can be reached by some string α and left with some string β
such that αβ ∈ L(M). In a minimal DFA there is only one state d0 that is not
alive. A set of strings P is said to be live-complete w.r.t. M if for every live
state q in M there exists a string α ∈ P such that δ(q0, α) = q. Therefore,
P ′ = P ∪{d0} represents all states in M . In order to find a string representation
of the state reached on reading an input b from the state represented by α we
define a function f : P ′ ×Σ → Σ∗ ∪{d0} by f(d0, b) = d0 and f(α, b) = αb. The
transition set T ′ denotes the set of all elements of P ′, together with all elements
f(α, b) for all (α, b) ∈ P × Σ. Analogously to P we define T = T ′ − {d0}.

Input: a live complete set P and a teacher to answer membership queries
Output: a description of the canonical DFA M for the target regular grammar

i = 0; vi = λ; V = {λ}, T = P ∪ {f(α, b)|(α, b) ∈ P × Σ}; T ′ = T ∪ {d0}, E0(d0) = ∅;
for each α ∈ T

if (α ∈ L) E0(α) = {λ} else E0(α) = ∅;
while (∃α, β ∈ P ′ and b ∈ Σ such that Ei(α) == Ei(β) but Ei(f(α, b)) 6= Ei(f(β, b)))

let γ ∈ Ei(f(α, b)) ⊕ Ei(f(β, b))
let vi+1 = bγ
let V = V ∪ {vi+1} and i = i + 1
for each α ∈ T

if (αvi ∈ L) Ei(α) = Ei−1(α) ∪ {vi}; else Ei(α) = Ei−1(α);
Extract the automaton M for L from the sets Ei and T (see text)

Fig. 2. Angluin’s ID-algorithm.

The goal of the ID algorithm (Figure 2) is to construct a partition of T ′ that
places all the equivalent elements in one state [2]. The equivalence relation is the
Nerode relation such that the resulting DFA will be minimal [1]. The algorithm
starts with an initial partition of one accepting and one non-accepting state and
refines it successively. In each step i of ID a string vi is drawn such that for
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any two states q and q′ there exists a j ≤ i with δ(q, vj) ∈ F and δ(q′, vj) /∈ F
or vice versa. Thus, we define the i-th partition Ei as follows: Ei(d0) = ∅ and
Ei(α) = {vj |j ≤ i, αvj ∈ L(M)}. Then for every two strings α, β ∈ T with
δ(q0, α) = δ(q0, β) we have Ej(α) = Ej(β) for all j ≤ i. For each i the algorithm
searches for a separating pair α, β and a symbol b such that Ei(α) = Ei(β) but
Ei(f(α, b)) 6= Ei(f(β, b)). Let γ be any string that is either in Ei(f(α, b)) and not
in Ei(f(β, b)) or vice versa. Then we define vi+1 = bγ and construct the (i+1)-th
partition as follows. For each α ∈ T we query the string αvi+1. If αvi+1 ∈ L(M)
we set Ei+1 = Ei ∪ {vi+1}; otherwise, we let Ei+1 = Ei unchanged.

We iterate until no separating pair α, β exists and extract M from the sets
Ei and the transition set T as follows. The states of M are the sets Ei(α), for
α ∈ T . The initial state of M is Ei(λ). The accepting states of M are the sets
Ei(α), where α ∈ T and λ ∈ Ei(α). If Ei(α) = ∅ then we add self loops on the
state Ei(α) for all b ∈ Σ; else we set the transition δ(Ei(α), b) = Ei(f(α, b)) for
all α ∈ P and b ∈ Σ.

Angluin proved that ID asks no more than n · |Σ| · |P | queries, where n is the
number of states in M : the algorithm iterates through the while-loop at most n
times, since each time at least one set Ei (corresponding to a state) is partitioned
into two subsets. It asks |T | questions, where T contains no more than |Σ| · |P |
elements.

4 Customizing ID for Program Traces

4.1 Naive Approach

A simple strategy to apply the ID-algorithm to the problem of program inference
from traces goes as follows. The alphabet Σ consists of all program lines occur-
ring in the examples. More precisely, we partition Σ into Γ ∪ Λ ∪ ∆ ∪ {return},
where Γ is the set of non-branching instructions (e.g. assignments), Λ is the set
of (boolean) tests (e.g. numerical comparisons), ∆ = {T, F} is the set of boolean
values, and return signals the end of the procedure. The language L to be lear-
ned is regular and consists of all prefixes of valid execution traces. Programs are
represented as finite state machines, where transitions are labeled with the res-
pective instructions. Let Pr(α) be the set of all prefixes to α. The live-complete
set P for the ID-algorithm can now be fixed as P = Pr(S) ∪ {λ}, with S being
the example trace.

For the initial examples in P , the user is free to choose any data, such as the
array [2, 1] in our case. As a heuristic guideline, the first examples are supposed
both not to be overly lengthy (in order to reduce the number of subsequent
questions), but at the same time cover all states of the automaton (in order to
specify P ). However, this requirement is not compulsory: in the version IID of
the algorithm [11], the initial set of examples need not to be live-complete; the
user is allowed to incrementally refine the automaton structure by presenting
additional (positive or negative) examples later on.
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Using this scheme, the number of queries (2158) asked for our bubble-sort
case is clearly inacceptably high. Fortunately, the majority of them can imme-
diately be answered by the system itself.

4.2 Pruning

We make the following general assumptions to hold for all execution traces α
in Σ∗.

1. If αa ∈ L for some a ∈ Σ then also α ∈ L. In words: every prefix of a word
in L is itself in L.

2. If αab ∈ L and αac ∈ L where a ∈ Γ ∪ ∆ and b, c ∈ Σ, then b = c. In words:
There is only one instruction that follows a non-branching instruction or a
boolean.

3. If αab ∈ L and a ∈ Λ then b ∈ ∆. In words: A test is only followed by a
boolean denoting its outcome.

4. We have αab /∈ L for a = return and all b ∈ Σ. In words: No instruction
may follow the end statement.

If condition 3. or 4. is violated, the trace is malformed and is hence rejected.
According to condition 1., we can efficiently store both the example traces

and the query traces confirmed by the user in a trie data structure [10]. The bold
path in Figure 3 corresponds to the first example trace of Section 2. Given a query
string αbγ, we tentatively insert it into the trie. If it is already contained, the
answer is “yes”. If the new trie forks at a non-branching instruction, condition 2.
is violated and thus the answer is “no”. Otherwise, the user is prompted. Unless
his response is positive, the query string is removed.

For example at branch (3) in Figure 3 the system asks: int i=n-1; i>0;T;
int j=0; a[j]>a[j+1]; T; swap(j,j+1); j++; j<i; T; int i=n-1; ∈ L? The
user will answer “no”.

In the further course of the session, the system will eventually “guess” all
possible instructions as bγ until the correct one a[j]>a[j+1] is found. As a furt-
her simplification, we can allow the user to edit the question and to immediately
type in the right continuation.

4.3 Selection of Example Data

Ideally, the system should present its queries by animating a sequence of in-
structions for a suitable instantiation of the variables. Given only the raw code
fragments, it might be difficult for the user to find the correct continuation.

This raises the question of how to select data which is consistent with a given
trace, i.e., how to find an assignment to the variables that makes one choice point
true and another one which makes it false. Two options are conceivable: the user
could be asked to give a pool of examples independently of (prior or alternating
to) the learning process, from which the system can choose some appropriate
one. Alternatively, he can provide a specification to generate random data. E.g.,
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Fig. 3. Trie of example traces (bold edges) and query results (thin).

the bubble-sort algorithm should sort every permutation of the array elements,
which we w.l.o.g. fix to be [1, 2, . . . , n]. For instance, the array a = [3, 1, 2] of
length n = 3 leads to the following instantiation for question (3): int i=2;
2=i>0; T; int j=0; 2=a[0]>a[1]=1; T; swap(0,1); j++; 1=j<i=2; T; i=2;
∈ L? The user responds by replacing i=2 by the next step which compares
3 = a[1] > a[2] = 2, i.e., the test a[j]>a[j+1].

Figure 4 depicts the finite state machine for the bubble-sort program inferred
by the ID-algorithm. All states are accepting, and all omitted transitions lead
to the dead state d0.

4.4 Query Complexity

Every affirmatively answered membership question and every edited answer
string inserts at least one node into the trie. Incrementally extending the trie in
this way contributes to reduce the number of user questions. The total number
is bounded by the size of the final trie minus that of the the initial one. In our
bubble-sort example, this bound corresponds to the number of thin edges in
Figure 3. Actually, the user is asked four instead of 2158 times.
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Fig. 4. DFA for bubble-sort.

Due to the restrictions on well-formed traces, we can specify a tighter upper
bound on the number of user questions, compared to that of Angluin. If α ∈ T
violates one of conditions 2. - 4., then αvi /∈ L for all distinguishing strings vi.
We count the number of the remaining valid elements T̃ .

We assume that all given examples in P are complete traces, i.e. end with a
return statement. Therefore, extensions f(α, b) ∈ T to α ∈ P are only available
at proper prefixes of elements in the example set. However, if α ends with a
non-branching instruction, restriction 2. constrains f(α, b) to be in the set P .
In case α ends with a test instruction, condition 3. leaves us with two choices T
and F for b. With k denoting the total number of tests in the example set, we
have that |T̃ | is bounded by k + |P |. Finally, we conclude that the total number
of membership queries is bounded by n · (k + |P |) = O(n · |P |).

5 Transforming Automata into Structured Programs

It is straightforward to write down any generated automaton as a program using
some form of jumps (e.g., goto-statements).

For more complex algorithms such flow charts quickly become confusing.
In most current high-level programming languages, jump statements are either
strongly discouraged (e.g., in C), or do not exist at all (e.g., in Pascal). Instead,
high-level constructs are available for conditional branching and looping.

Therefore, we do not regard the automaton generated by the ID-algorithm
as the final output, but rather apply a transformation in order to replace jumps
by control structures.



Inferring Flow of Control in Program Synthesis by Example 179

Our algorithm transforms the automaton graph step by step by repeatedly
collapsing a subgraph into a new edge, for which we keep track of extra in-
formation: its type (e.g., simple, test, sequence, while-loop, etc.), possibly its
subcomponents, and the set of its successors.

Two adjacent edges labeled with arbitrary instructions other than tests or
booleans can be merged into a sequence if they are the only inward or outward
edges of the enclosed node. Connected tests can be merged into (compound)
conditions containing boolean operators depending on the role of their T- and
F-edges in the obvious way. For example, if test t1 is connected to test t2 via
its T-edge, and the F-edges of both t1 and t2 point to the same node v, then
a compound condition t1 ∧ t2 is formed whose T-edge leads to the same node
pointed to by the T-edge of t2, and whose F-successor-node is v.

The more interesting cases are the instances where control structures are
inferred: a (simple or compound) condition whose T-edge leads to a non-test
edge with successor node v, and whose F-successor-node is also v, can be merged
into an if-then-statement pointing to v. Similarly, if the T- and the F-edge lead
to different edges with the same successor node, then the resulting conditional
statement additionally contains an else-part. A while-loop is a condition-edge c
whose T-successor leads to an edge (i.e., the repeated block) which has, in turn, c
as its successor. The resulting edge points to the destination of the F-successor-
edge of c. If the two edges are interchanged, the condition in the generated
while-statement is negated. In do-while-loops, the condition follows the edge for
the repeated block.

First, the algorithm initializes the in-degrees of all nodes (in linear time).
Then all n nodes are repeatedly checked for applicable transformation rules. If
none is found, we are done; otherwise the automaton is altered accordingly, and
the degree of affected nodes is adjusted. Both these operations require constant
time. Since each transformations removes at least one node, at most n iterations
are performed, giving an overall worst-case complexity of O(n2).

Note that, in principle, it is not always possible to transform jumps into con-
trol structures without reasoning about the semantics of a program or changing
the set of variables (Fig. 5 sketches a critical loop structure). In these cases, the
system should at least try to minimize the number of remaining gotos. Such gra-
ceful degradation is not covered by our algorithm and left as a topic for further
research.

int i=10, j=20;
l1 : i−−;
l2 : if (j==0) return;

j−−;
if (i > 0 && j>0) goto l1;
goto l2;

Fig. 5. Without semantic information unfolding is impossible.
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For our example, Figure 6 show the sequence of transformations applied to
the original automaton of Figure 4. First, the edges (6, 8), (8, 9), (8, 10), and
(9, 10) are collapsed into an if-then-statement (a). In the next step, the edge
labeled j++ is appended to form a sequence edge (b). Now we create a do-
while-loop, since the test edge (11, 12) appears after the repeated block (c). The
two next steps summarizes it, together with the edges with respective labels
int j=0 and i--, into a sequence (d). We create the outer while-loop (e), and
then concatenate int i=n-1 and return to it, such that only one edge is left
corresponding to the final program (f).

6 Conclusion and Discussion

We have presented a supervised, interactive learning algorithm which infers con-
trol structures of computer programs from example traces and queries.

First, a deterministic finite automaton is learned by a customized version of
the ID-algorithm for regular language inference. By exploiting the syntactical
form of programs and allowing the user to incrementally type in instructions,
the number of questions is reduced from an infeasible to a moderate scale. An
upper bound of O(n · |P |) membership queries is given. Secondly, the resulting
automaton is rewritten in a high-level language with control structures using an
O(n2) algorithm.

An early precursor of this work similar in spirit is presented by Gaines [7]. His
approach infers a DFA by exhaustive and exponential search until an automaton
is found that is consistent with the given traces.

Schlimmer and Hermens describe a note-taking system that reduces the
user’s typing effort by interactivly predicting continuations in a button-box in-
terface [12]. An unsupervised, incremental machine learning component identifies
the syntax of the input information. To avoid intractability the class of target
languages is constrained to so-called k-reversible regular languages for which
Angluin proposed an O(n3) inference algorithm [3]. However, for general propo-
sed languages this class is too restrictive. It is not hard to find simple programs
not covered by zero-reversible FSM’s (as in the examples given in the paper).
On the other hand, simply fixing k at a larger value sacrifies minimality of the
generated automaton. Schlimmer and Hermens improve the system’s accuracy
by adding a decision tree to each state. However, prediction is not relevant to
our approach since traces are deterministic: A new training example leads to a
new FSM.

End users without programming knowledge can take benefit from inference
of control structures. More powerful customization tools (e.g., macro recorders)
are able to support them in solving more of the repetitive routine work which
often needs elementary conditional branching and looping.

For the experienced programmer, the proposed inference mechanism might
support the process of software development, mainly in view of integrity and
incremental extensibility.
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Fig. 6. Transformation of the DFA into a structured program.
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The final set of execution traces (as depicted by the resulting trie) uniquely
determines the structure of the automaton. All source fragments in the generated
program have been exercised in at least one example. Therefore, no untested code
can arise. For recorded execution traces on concrete sample data, differences
between the intended and the actual meaning of the program will occur by
far more infrequently than bugs in programs developed without the control of
explicit variable instantiations. In a way, both stages in the software development
cycle, coding and testing, are performed more efficiently in parallel rather than
in the usual alternating way.

A sequence of examples should start with simple examples and build to more
complex and exceptional cases. Recursive and conditional procedures can be
developed incrementally by starting with simple, “incorrect” definitions, and
later adding more instances to handle more complicated and special purpose
situations. Maintaining all used examples and only adding to this set ensures
that previous examples are still covered and that with growing complexity, no
new bugs are introduced for cases which have already been successfully treated.
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Abstract. The recent approaches of extending the graphplan algo-
rithm to handle more expressive planning formalisms raise the question
of what the formal meaning of “expressive power” is. We formalize the
intuition that expressive power is a measure of how concisely planning
domains and plans can be expressed in a particular formalism by introdu-
cing the notion of “compilation schemes” between planning formalisms.
Using this notion, we analyze the expressive power of a large family of
propositional planning formalisms and show, e.g., that Gazen and Kno-
block’s approach to compiling conditional effects away is optimal.

1 Introduction

The recent approaches of extending the graphplan algorithm [3] to handle more
expressive planning formalisms [1,9,10,12] raise the question of what the formal
meaning of expressive power is. In order to address the problem of measuring
the relative expressive power of planning formalisms, we start with the intuition
that a formalism X is at least as expressive as another formalism Y if planning
domains and the corresponding plans in formalism Y can be concisely expressed
in the formalism X .

Bäckström [2] proposed to measure the expressiveness of planning forma-
lisms using ESP-reductions, which are, roughly speaking, polynomial many-one
reductions1 on planning instances that do not change the plan length. Using
this notion, he showed that all of the propositional variants of basic strips not
containing conditional effects or arbitrary logical formulae can be considered as
expressively equivalent. However, taking our point of view, on one hand ESP-
reductions are too restrictive. Firstly, plans must have identical size, while we
might want to allow a moderate growth. Secondly, requiring that the transfor-
mation can be computed in polynomial time is overly restrictive. In fact, one
formalism might be as expressive as another one, but the mapping between the
1 We assume that the reader has a basic knowledge of complexity theory [8,16], and

is familiar with the notion of polynomial many-one reductions and the complexity
classes P, NP, coNP, and PSPACE. All other notions will be introduced in the paper
when needed.
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formalisms might not recursive at all. On the other hand, ESP-reductions are
too liberal because they allow for arbitrary transformations between planning
instances. We, however, want to consider only transformations between plan-
ning domains, which are independent from the concrete initial state and goal
specification.

Inspired by recent approaches in the area of knowledge compilation [5], we
formalize the notion of concisely expressible using compilation schemes, which
are solution-preserving mappings from planning domains in one formalism to
planning domains in another formalism restricting the result to be of polynomial
size. Furthermore, we distinguish between compilation schemes in whether they
preserve plan size exactly, linearly, or polynomially.

Using the notion of compilability, we analyze a wide range of propositional
planning formalisms, ranging from basic strips to a planning formalism contai-
ning conditional effects, arbitrary logical formulae, and partial state specificati-
ons. As one of the results, we identify two equivalence classes of planning forma-
lisms with respect to polynomial-time compilability preserving plan size exactly.
This means that adding a language feature to a formalism without leaving the
class does not increase the expressive power and should not affect the principal
efficiency of the planning method. However, we also provide results that separate
planning formalisms. Such separation results indicate that adding a particular
language feature adds to the expressive power and to the difficulty of finding a
plan. For example, we prove that conditional effects cannot be compiled away
and that logical formulae cannot be compiled into conditional effects—provided
the plans in the target formalism are allowed to grow only linearly. This answers,
e.g., the question of whether Gazen and Knoblock’s [9] approach to compile con-
ditional effects away could be improved. If only linear plan growth is allowed,
the size of the compiled domain structure is necessarily super-polynomial.

The rest of the paper is structured as follows. In Section 2, we introduce the
range of propositional planning formalisms analyzed in this paper together with
general terminology and definitions. Based on that, we introduce in Section 3
the notion of compilability between planning formalisms. In Section 4 we present
polynomial-time compilation schemes between different formalisms that preserve
the plan size, demonstrating that these formalisms are of identical expressiveness.
For all of the remaining cases, we prove in Section 5 that there cannot be any
compilation scheme preserving plan size linearly, even if there are no bounds on
the computational resources of the compilation process. Finally, in Section 6 we
summarize and discuss the results.

2 Propositional Planning Formalisms

First, we will define a very general propositional planning formalism, which
appears to be as expressive as the propositional variant of adl [17]. We will
then consider various syntacticly restricted variants of this formalism.

Let Σ be a finite set of propositional atoms. Then, Σ̂ is defined to be the
set consisting of the constants > (denoting truth) and ⊥ (denoting falsity) as
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well as the literals, i.e., atoms and negated atoms, over Σ. The language of
propositional logic over Σ is denoted by LΣ . Given a set of literals L, we define
¬L to be the element-wise negation of L, i.e., ¬L = {p|¬p ∈ L}∪{¬p|p ∈ L}.

A state s is a truth-assignment for the atoms in Σ, which is represented by
the set of atoms that are true in this state. A state specification S is a subset
of Σ̂, i.e., it is a logical theory consisting of literals only. It is called consistent iff
it does not contain complementary literals or ⊥. In general, a state specification
describes many states, namely all those that satisfy S. Only in case that S is
complete, i.e., for each p ∈ Σ we have either p ∈ S or ¬p ∈ S, S describes
precisely one state. By abusing notation, we will refer to the inconsistent state
specification by ⊥, which is the “illegal” state specification.

Operators are pairs o = 〈pre, post〉. We use the notation pre(o) and post(o)
to refer to the first and second part of an operator o, respectively. The precon-
dition pre is a set of propositional formulae. The set post, which is the set of
postconditions, consists of conditional effects, each having the form Γ ⇒ L,
where the elements of Γ ⊆ LΣ are called effect conditions and the elements
of L ⊆ Σ̂ are called effects. Given a state specification S and an operator o, we
define the set of active effects A(S, post(o)) and the set of potentially active
effects P(S, post(o)) as follows:

A(S, post(o)) =
⋃

{L | (Γ ⇒ L) ∈ post(o), S |= Γ},

P(S, post(o)) =
⋃

{L | (Γ ⇒ L) ∈ post(o), S ∪ Γ 6|= ⊥}.

If for a given state specification S and an operator o, we have A(S, post(o)) 6=
P(S, post(o)), this implies that the activated effects differ for different states
described by the state specification. For this reason, we consider the applica-
tion of the operator o as illegal in this situation.2 Similarly to the rule that
A(S, post(o)) 6= P(S, post(o)) leads to an illegal state specification, we require
that if the precondition is not entailed by S or if the state specification is al-
ready inconsistent, the result of applying o to S results in ⊥. This leads to the
definition of the operator-result function R for operator o on the state specifica-
tion S:

R(S, o)=




S − ¬A(S, post(o)) ∪ A(S, post(o))if S 6|= ⊥ and
S |= pre(o) and
A(S, post(o)) 6|= ⊥ and
A(S, post(o))=P(S, post(o))

⊥ otherwise

A planning instance is now a tuple Π = 〈Ξ, I, G〉, where

– Ξ = 〈Σ, O〉 is the domain structure consisting of a finite set of proposi-
tional atoms Σ and a finite set of operators O,

– I ⊆ Σ̂ is the initial state specification, and
2 Of course, alternative semantics are possible.
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– G ⊆ Σ̂ is the goal specification.

When we talk about the size of an instance, symbolically ||Π||, in the follo-
wing, we mean the size of a (reasonable) encoding of the instance.

Let ∆ be an element of O?, i.e., a finite sequence of operators, which is called
plan. Then ||∆|| denotes the size of the plan, i.e., the number of operators in
∆. We say that ∆ is a c-step plan if ||∆|| ≤ c. The result of applying ∆ to a
state specification S is recursively defined as follows:

Res(S, 〈〉) = S,

Res(S, 〈o1, o2, . . . , on〉) = Res(R(S, o1), 〈o2, . . . , on〉).
A sequence of operators ∆ is said to be a plan for Π or a solution of Π iff (1)
Res(I, ∆) 6|= ⊥ and (2) Res(I, ∆) |= G. Note that it can be easily verified [14]
that any plan ∆ for an instance Π is a sound plan in Lifschitz’ [13] sense.

The propositional variant of basic strips [6], which we will also call S in
what follows, is a planning formalism that requires complete state specificati-
ons, unconditional effects, and propositional atoms as formulae. Less restrictive
planning formalisms can have the following additional features:

Incomplete state specifications (I): The state specifications may not be com-
plete.

Conditional Effects (C): Effects can be conditional.
Literals as formulae (L): The formulae in preconditions and effect conditions

can be literals.
Boolean formulae (B): The formulae in preconditions and effect conditions can

be arbitrary boolean formulae.

These extensions can also be combined. We will use combinations of letters to
refer to such multiple extensions. For instance, SL refers to the formalism S
extended by literals in the precondition lists, SIC refers to the formalism allo-
wing for incomplete state specifications and conditional effects, but all formulae
have to be atoms, and SBIC , finally, refers to the general planning formalism
introduced above. Figure 1 displays the partial order on propositional planning
formalisms defined in this way using a Hasse diagram. In the sequel we say that
X is a specialization of Y, written X v Y, iff X is identical to Y or below Y
in the Hasse diagram.

Comparing this set of planning formalisms with the one Bäckström [2] analy-
zed, one notices that despite small differences in the presentation of the planning
formalisms S, SL, and SLI are identical to cps, psn, and gt, respectively.

While one would expect that planning in S is much easier than planning in
SBIC , it turns out that—taking a computational complexity perspective—this
is not the case. When analyzing the computational complexity of planning in
different formalisms, we consider as usual the problem of deciding whether there
exists a plan for a given instance—the plan existence problem (planex). We
will use a prefix referring to the planning formalism if we consider the existence
problem in a particular planning formalism.
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SBIC

SBC

SLC SLI SBSIC

SC SI SL

SLIC SBI

S

Fig. 1. Planning formalisms partially ordered by syntactic features

Theorem 1. X -planex is PSPACE-complete for all X with S v X v SBIC.

Proof Sketch. PSPACE-hardness of S-planex follows from [4, Corollary 3.2].
Membership of SBIC-planex in PSPACE follows because each plan step can be
verified by an NP-oracle, i.e., in PSPACE.3

While this result may be interpreted as showing that we can easily solve the
SBIC planning problem by transforming it to S, it does not say anything about
how easily we can transform domain structures and how long plans will be after
the transformation.

3 Compilation Schemes

Basically, compilation schemes are solution-preserving mappings (which need not
to be recursive) on domain structures.4 Since in these mappings auxiliary atoms
might be introduced, the compilation scheme may also influence the initial state
and goal specifications. Furthermore, the initial state and goal specifications may
also need some massaging, e.g., when compiling from partial to complete state
specifications. The necessary state-translation functions should be very limited
in computational power, however, so that they do not influence the principal
expressive power.

A compilation scheme from X to Y is a tuple of functions f =
〈fξ, fi, fg, ti, tg〉 that induces a function F from X -instances Π = 〈Ξ, I, G〉 to
Y-instances F (Π) as follows:

F (Π) =
〈
fξ(Ξ), fi(Ξ) ∪ ti(Σ, I), fg(Ξ) ∪ tg(Σ, G)

〉
,

and satisfies the following conditions:
3 Full proofs for all theorems can be found in the long version of the paper [14].
4 This means that compilation schemes between planning formalisms are similar to

knowledge compilation schemes [5], where the fixed part of a computational problem
is the domain structure and the variable part consists of the initial state and goal
specifications.
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1. there exists a plan for Π iff there exists a plan for F (Π);
2. the state-translation functions ti and tg are modular, i.e., for Σ =

Σ1 ∪ Σ2, S ⊆ Σ̂, and S 6|= ⊥, the functions tx (for x = i, g) satisfy

tx(Σ, S) = tx(Σ1, S ∩ Σ̂1) ∪ tx(Σ2, S ∩ Σ̂2),

and they are polynomial-time computable;
3. the size of the results of fξ, fi, and fg is polynomial in the size of the argu-

ments.

Although there are no resource bounds on fξ, fi, and fg in the general
case, we are also interested in efficient compilation schemes. We say that f is a
polynomial-time compilation scheme if fξ, fi, and fg are polynomial-time
computable functions.

In addition to that we measure the size of the corresponding plans in the
target formalism. If a compilation scheme f has the property that for every
plan ∆ solving an instance Π there exists a plan ∆′ solving F (Π) such that
||∆′|| ≤ ||∆|| + k for some positive integer constant k, f is a compilation
scheme preserving plan size exactly (modulo some additive constant). If
||∆′|| ≤ c× ||∆||+ k for positive integer constants c and k, then f is a compila-
tion scheme preserving plan size linearly, and if ||∆′|| ≤ p(||∆||, ||Π||) for
some polynomial p, then f is a compilation scheme preserving plan size po-
lynomially. More generally, we say that a planning formalism X is compilable
to formalism Y (in poly. time, preserving plan size exactly, linearly, or polyno-
mially), if there exists a compilation scheme with the appropriate properties.
We write X �x Y in case X is compilable to Y or X �x

p Y if the compilation
can be done in polynomial time. The super-script x can be 1, c, or p depending
on whether the scheme is exactly, linearly, or polynomially plan size preserving,
respectively. As is easy to see, all the notions of compilability introduced above
are reflexive and transitive.

Proposition 1. The relations �x and �x
p are transitive and reflexive.

Furthermore, it is obvious that when moving upwards in the diagram dis-
played in Figure 1, there is always a polynomial-time compilation scheme pre-
serving plan size exactly. If πi denotes the projection to the i-th argument and ∅
denotes the function that returns always the empty set, the generic compilation
scheme for moving upwards in the partial order is f = 〈π1, ∅, ∅, π2, π2〉.
Proposition 2. If X v Y, then X �1

p Y.

4 Compilability Preserving Plan Size Exactly

Proposition 2 leads to the question of whether there exist other compilation
schemes than those implied by the specialization relation.

First, we will establish that SLI , SL, SI , and S are polynomial-time com-
pilable into each other preserving plan size exactly. Having a closer look at
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Bäckström’s [2] equivalence proof for SLI and S using an ESP-reduction, it
turns out that the ESP-reduction he specified can be reformulated as a compi-
lation scheme. From that the next theorem is immediate.

Theorem 2. SLI , SI , SL, and S are polynomial-time compilable to each other
preserving plan size exactly.

One view on this result is that it does not matter from an expressivity point of
view whether we allow for atoms only or permit also negative atoms and it does
not matter whether we have complete or partial state specification—provided
propositional formulae and conditional effects are not allowed. Interestingly, this
view generalizes to the case where conditional effects are allowed.

In proving that, there are two additional complications. Firstly, one must
compile conditional effects over partial state specifications to conditional ef-
fects over complete state specifications. This is a problem because the condition
A(S, post(o)) = P(S, post(o)) in the definition of the function R must be te-
sted. Secondly, when compiling a formalism with literals into a formalism that
allows for atoms only, the condition A(S, post(o)) 6|= ⊥ in the definition of R
must be taken care of. Nevertheless, it is possible to solve these problems using
a polynomial-time compilation preserving plan size exactly.

Theorem 3. SLIC, SLC, SIC, and SC are polynomial-time compilable to each
other preserving plan size exactly.

A summary of the results in this section is given in Figure 2. The two equiva-
lence classes with respect to polynomial-time compilability preserving plan size
exactly will be called SLI- and SLIC-class, in symbols [SLI ] and [SLIC ], naming
them after their respective largest elements.

SBIC

SBC

SLC SBSIC

SC SI

SLIC SBI

SLI

SL

S

Fig. 2. Equivalence classes of planning formalisms created by polynomial-time compi-
lation schemes preserving plan size exactly
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5 The Limits of Compilation when Preserving Plan Size
Linearly

In this section, we will show that there are no compilation schemes preserving
plan size linearly other than those identified above and those implied by the
specialization relation. First of all, we will prove that conditional effects cannot
be compiled away . The deeper reason for this is that with conditional effects
one can independently do a number of things in parallel, which is impossible in
formalisms without conditional effects.

In order to illustrate this point, let us consider an example. We start with
a set of n propositional atoms Σn = {p1, . . . , pn} and a disjoint copy of this
set: Σ#

n = {p#
i | pi ∈ Σn}. Furthermore, if S ⊆ Σ̂n, then S# shall denote the

corresponding set of literals over Σ̂#
n . Consider now the following SLIC domain

structure:

Σ2n = Σn ∪ Σ#
n ,

O2n =
{

〈>, {pi ⇒ p#
i ,¬pi ⇒ ¬p#

i | pi ∈ Σn}〉
}

,

Ξ2n = 〈Σ2n, O2n〉.

From the construction it follows that for all pairs (I, G) such that I is a consistent
and complete set over Σ̂n and G ⊆ I#, the instance Π = 〈Ξ2n, I, G〉 has a one-
step plan. Conversely, for all pairs (I, G) with G ∩ Σ̂# 6⊆I#, there does not
exist a solution. Constructing polynomially-sized SBI domain structures with
the same property turns out to be impossible, even if we allow for c-step plans.

Theorem 4. SLIC 6�c SBI .

Proof Sketch. Assume for contradiction that there exists a compilation scheme
that compiles Ξ2n to a SBI structure Ξ ′

2n. Since there are only polynomially
many c-step plans, for a large enough n one plan ∆ must be used for two different
initial states in the target formalism. Since ∆ is an unconditional plan, it adds
and deletes the same atoms regardless of the initial state. One can then show
that all goal atoms not added by ∆ must be already present in both initial states,
from which one concludes that identical goal states are produced, which means
that f is not solution-preserving and, hence, not a compilation scheme, which is
the desired contradiction.

Next, we show that general formulae cannot be compiled to conditional effects
by making use of results from circuit complexity. Assume that the atoms in Σn

are numbered from 1 to n. Then a word w consisting of n bits could be encoded
by the set of literals

Iw = {pi | if the ith bit of w is 1} ∪
{¬pi | if the ith bit of w is 0}.
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We now say that the n-bit word w is accepted with a one-step or c-step
plan by 〈Σn ∪ {g}, On〉 iff there exists a one-step or c-step plan, respectively,
for the instance Πw = 〈〈Σn ∪ {g}, On〉, Iw ∪ {¬g}, {g}〉.

A uniform polynomially-sized family of domain structures is an infi-
nite sequence Ξ = (Ξ0, Ξ1, . . .), such that |Σi| = i and the Ξi’s can be generated
by a log i-space Turing machine. The language accepted by such a family with
one-step (or c-step) plans is the set of words accepted using the domain structure
Ξi for words of length i. Papadimitriou [16, p. 386] has pointed out that the class
of languages accepted by uniform polynomially-sized boolean expressions is iden-
tical to the class of languages accepted by uniform polynomially-sized boolean
circuits with logarithmic depth—the class NC1. From that the next proposition
follows immediately.

Proposition 3. The class of languages accepted by uniform families of SB do-
main structures using one-step plan acceptance is identical to NC1.

Theorem 5. SB 6�c [SLIC ].

Proof Sketch. SLC-plans with fixed goals and varying initial states can be
represented by circuits with unbounded fan-in and constant depth, i.e., by AC0-
circuits. This means that c-step acceptance for families of polynomially-sized SLC
structures is in AC0. Assuming now that there exists a compilation scheme leads
to the conclusion that non-uniform AC0 ⊇ NC1, which is impossible because of
a result by Furst et al. [7], who showed that some languages in NC1 are not in
non-uniform AC0.

Finally, we show that general formulae together with partial state specifica-
tions cannot be compiled away, even if the plans grow polynomially. Let the
one-step plan existence problem (1-planex) be the planex problem re-
stricted to plans of size of 1. From the definition of the function R it is evident
that SBIC-1-planex and SBI-1-planex are coNP-hard. Let p be some fixed po-
lynomial, then the polynomial step plan-existence problem (p-planex) is
the planex problem restricted to plans that have length bounded by p(n), if
n is the size of the planning instance. As is easy to see, this problem is in NP
for all formalisms except SBIC and SBI . Based on these observations and using
a proof technique introduced by Kautz and Selman [11], we can prove the next
result, which depends on the assumption that the polynomial hierarchy does not
collapse. This assumption is stronger than P 6= NP, but is nevertheless commonly
believed to be true.

Theorem 6. SBI 6�p SBC unless the polynomial hierarchy collapses.

Proof Sketch. First, we construct a family of SBI structures such that for each
formula ϕ of size n an initial state Iϕ can be constructed such that 〈Ξn, Iϕ, {g}〉
has a one-step plan iff ϕ is unsatisfiable.

Given a set of n atoms, denoted by Pn, we define the set of clauses An to
be the set containing all clauses with three literals that can be built using these



192 B. Nebel

atoms. The size of An is O(n3), i.e., polynomial in n. Let Dn be a set of new
atoms p{l1,l2,l3} corresponding one-to-one to the clauses in An. Furthermore, let

Φn =
∧{

(l1 ∨ l2 ∨ l3 ∨ p{l1,l2,l3}) | {l1, l2, l3} ∈ An

}
.

We now construct the family of SBI domain structures as follows:

Σn = Pn ∪ Dn ∪ {g},

On = {〈{¬Φn}, {> ⇒ g}〉}.

Let C be a function that determines for all 3CNF formulae ϕ, which atoms in Dn

correspond to the clauses in the formula , i.e., C(ϕ) = {p{l1,l2,l3} |{l1, l2, l3} ∈ ϕ}.
Now, the initial state for any particular formula ϕ of size n can be computed by
Iϕ = ¬C(ϕ) ∪ (Dn − C(ϕ)) ∪ {¬g}. From the construction, it follows that there
exists a one-step plan for 〈Σn, On, Iϕ, {g}〉 iff ϕ is unsatisfiable.

Let us now assume that there exists a compilation scheme f from SBI to
SBC preserving plan size polynomially. From that we can construct an nonde-
terministic, advice-taking Turing machine with polynomial advice that decides
unsatisfiability of a 3CNF formula in polynomial time (because SBC-p-planex
is in NP). This means that we can decide a coNP-complete problem on a nonde-
terministic, polynomial advice-taking Turing machine in polynomial time. From
that it follows that coNP ⊆ NP/poly, which implies that the polynomial hierar-
chy collapses [19].

A summary of the results of this section is given in Table 1. The symbol v

�x SBIC [SLIC ] SBC SBI SB [SLI ]
SBIC = 6�p (6) 6�p (6) 6�c (4) 6�p (6) 6�p (6)
[SLIC] v = v 6�c (4) 6�c (4) 6�c (4)
SBC v 6�c (5) = 6�c (4) 6�c (4) 6�c (5)
SBI v 6�p (6) 6�p (6) = 6�p (6) 6�p (6)
SB v 6�c (5) v v = 6�c (5)

[SLI ] v v v v v =

Table 1. Separation Results

means that there exists a compilation scheme because the first formalism is a
specialization of the second one. In all the other cases, we specify the separation
and give the theorem number from which this result can be deduced, perhaps
by applying Prop. 1 and 2. As can be seen, we have shown that for all pairs
of formalisms for which we have not identified a polynomial-time compilation
scheme preserving plan size exactly, a compilation scheme is impossible even if
we allow for linear growth of the plan and unbounded computational resources.

There is of course the question whether compilation schemes preserving plan
size polynomially are possible. In the long version of the paper [14] we show
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that between all pairs of formalisms for which such compilation schemes have
not been ruled out, polynomial-time compilation schemes preserving plan size
polynomially do exist.

6 Summary and Discussion

Motivated by the recent approaches to extend the graphplan algorithm [3] to
deal with more expressive planning formalisms, we asked what the term expres-
sive power could mean in this context. One reasonable intuition seems to be
that the term expressive power refers to how concisely domain structures and
the corresponding plans can be expressed. Based on this intuition and inspired
by recent work in the area of knowledge compilation [5], we introduced the no-
tion of compilability in order to measure the relative expressiveness of planning
formalisms.

Using this framework, we analyzed a large range of propositional planning
formalisms. The most surprising result of this analysis is that we are able to
come up with a complete classification. For each pair of formalisms, we were
either able to construct a polynomial-time compilation scheme with the required
size bound on the resulting plans or we could prove that such a compilation
scheme is impossible—even if the computational resources for the compilation
process are unbounded. In particular, we showed for the formalisms considered in
this paper that incomplete state specifications and literals in preconditions can
be compiled to basic strips preserving plan size exactly, and that incomplete
state specifications and literals in preconditions and effect conditions can be
compiled away preserving plan size exactly, if we have already conditional effects.
Moreover, we showed that there are no other compilation schemes preserving
plan size linearly except those implied by the specialization relationship and
those described above.

These results imply that Gazen and Knoblock’s [9] approach to compiling
conditional are optimal and demonstrate that adding general formulae and in-
complete state specifications on top of that will increase expressive power—and
the difficulty of finding a plan—even more.

One question one may ask is what happens if we consider formalisms with
propositional formulae that are syntactically restricted, e.g. CNF or DNF for-
mulae. However, we did not include an investigation of such formalisms in our
analysis in order to keep it manageable (but see [15]). Another question might
be whether non-modular state-translation functions could lead to more powerful
compilation schemes. While this seems unlikely, it is, nevertheless, an interesting
theoretical question.
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Abstract. For certain application areas of case-based reasoning, the
traditional view of cases as points in the problem-solution space is not
appropriate. Motivated by a concrete application in the area of electro-
nic design reuse, we introduce the concept of a generalized case that
represents experience that naturally covers a space rather than a point.
Within a formal framework we introduce the semantics of generalized
cases and derive a canonical similarity measure for them. Generalized
cases can be represented in a very flexible way by using constraints. This
representation asks for new means of similarity assessment. We argue
that in principle fuzzy constraint satisfaction or non-linear programming
can be applied for similarity computation. However, to avoid the com-
putational complexity of these approaches, we propose an algorithm for
an efficient estimation of similarity for generalized cases.

1 Introduction

In recent years, case-based reasoning (CBR) became very popular for a variety
of application areas. While a lot of fielded industrial CBR applications have been
developed already [4], there are also several new promising application fields that
pose new important requirements on the CBR technology, triggering current re-
search. In this paper, we present an extension of the traditional concept of a
case that is motivated by requirements that emerged from the READee pro-
ject1, which focuses on retrieval techniques for the reuse of designs in electronic
engineering [12,17,5].

Typically, a case is a single point in the problem-solution space, i. e., a
problem-solution pair that assigns a single solution to a single problem. Du-
ring case-based problem solving, cases are retrieved from a case base using a
similarity function, which compares the case description with the current query.
1 READee [′redi]: Reuse Assistant for Designs in E lectronic Engineering. Project

at the University of Kaiserslautern, funded by “Stiftung Innovation Rheinland-
Pfalz”. Industrial cooperation partners are: Engineering office “Dr. Peter Con-
radi & Partner” and tec:inno GmbH, Germany. See http://wwwagr.informatik.uni-
kl.de/∼readee/
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This paper introduces an extended view on cases which we call generalized cases.
A generalized case covers not only a point of the problem-solution space but a
whole subspace of it. A single generalized case immediately provides solutions
to a set of closely related problems rather than to a single problem only. The
solutions that a generalized case represents are very close to each other; basically
they should be considered as (slight) variations of the same principle solution.
In general, a single generalized case can be viewed as an implicit representation
of a (possibly infinite) set of traditional “point cases”.

Generalized cases naturally occur in certain CBR applications, such as for
the recommendation of parameterized products within electronic commerce or
brokerage services. The selection of reusable Intellectual Properties (IPs) of el-
ectronic designs is a very concrete example application. Such an IP is a design
object whose major value comes from the skill of its producer [11], and a redesign
of it would consume significant time. IPs usually span a design space because
they are descriptions of flexible designs that have to be synthesized to hardware
before they actually can be used.

The idea of generalizing cases was already implicitly present since the very
beginning of CBR and instance-based learning research [10,1,16]. For the purpose
of adaptation, recent CBR systems in the area of design and planning [9,13,3]
use complex case representations that realize generalized cases.2 In this paper
we will present a general (and partially a more formal) view on the concept of
generalized cases that also partially covers the above mentioned work.

First, Sect. 2 introduces the motivating application of IP reuse in some detail.
Then, Sect. 3 presents the concept of a generalized case. Section 4 discusses
representation of and reasoning with generalized cases while section 5 focuses
on efficient similarity assessment. Finally, section 6 summarizes and outlines
directions of future research.

2 Reuse of Electronic Design IPs

Increasingly, electronics companies use IPs (“Intellectual Properties”) from third
parties inside their complex electronic systems. An IP is a design object whose
major value comes from the skill of its producer [11], and a redesign of it would
consume significant time. However, a designer who wants to reuse designs from
the past must have a lot of experience and knowledge about existing designs, in
order to be able to find candidates that are suitable for reuse in his/her specific
new situation. Currently, searching electronic IP databases can be an extremely
time consuming task because, first, the public-domain documentation of IPs is
very restricted and second there are currently no intelligent tools to support the
designer in deciding whether a given IP from a database meets (or at least comes
close to) the specification of his new application [12].

2 The term “generalized case” was introduced in [3] but was restricted to planning ca-
ses. It has its origins in a concept for representing skeletal plans [2] and for acquiring
them by machine learning algorithms.
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Table 1. Selected parameters of the example IP.

parameter description

frequency f The clock frequency that can be applied to the IP.
area a The chip area the synthesized IP will fit on.
width w Number of bits per input/output word. Determines the accuracy

of the DCT. Allowed values are 6, 7, . . . , 16.
subword s Number of bits calculated per clock tick. Changing this design

space parameter may have a positive influence on one quality of
the design while having a negative impact on another. Allowed
values are 1, 2, 4, 8, and no pipe.

IPs usually span a design space because they are descriptions of flexible
designs that have to be synthesized to hardware before they actually can be used.
The behavior of the final hardware depends on a number of parameters of the
original design description. The valid value combinations for these parameters
are constrained by different criteria for each IP.

Within the READee project we developed a representative IP to study is-
sues of representation, retrieval, and parameterization. This IP implements an
algorithm for the discrete cosine transform (DCT) and its inverse operation
(IDCT) which is needed as an important part of decoders and encoders of the
widely known MPEG-2 video compression algorithm. While the complete elec-
tronics design in the VHDL language is described in [18], we now focus only on
the variable parameters of the IP, which are shown in Table 1.

These parameters heavily depend on each other: increasing the accuracy w of
the DCT/IDCT increases the chip area consumption a and decreases the maxi-
mum clock frequency f in a particular way, shown in Fig. 1. These relationships
define a very specific design space that is spanned by the four mentioned para-
meters. The knowledge about this design space is very central for the selection of
the IP during the process of design reuse. When case-based reasoning is applied
for IP reuse, the question must be solved how to represent and how to reason
with cases that encode design spaces rather than design points.

3 Generalized Cases

This section abstracts from the specific application described above and elabo-
rates the general concept of a generalized case. At first, we basically apply an
extensional view on generalized cases by considering them as sets of traditional
cases. The definitions we provide in this section should be considered as a spe-
cification rather than a means for realizing representation mechanisms or the
problem solving process. Representation issues will be addressed in Sect. 4.

3.1 Extensional Definition of Generalized Cases

Let R be the (possibly infinite) representation space for cases. In the IP applica-
tion this representation space would include the parameters f , a, w, and s. One
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f ≤




−0.66w + 115 if s = 1
−1.94w + 118 if s = 2
−1.74w + 88 if s = 4
−0.96w + 54 if s = 8
−2.76w + 57 if s = no

a ≥




1081w2 + 2885w + 10064 if s = 1
692w2 + 2436w + 4367 if s = 2
532w2 + 1676w + 2794 if s = 4
416w2 + 1594w + 2413 if s = 8
194w2 + 2076w + 278 if s = no

Fig. 1. Dependencies between the parameters of an example IP

could assume that R is subdivided into a problem space P and a solution space
S, as we assumed in the first approach to the formalization of generalized cases
[5]. However, we drop this assumption here since it is less appropriate in design
domains. A traditional case c or point case is a point in the representation space
R, i. e., c ∈ R. A generalized case, can be defined as follows:

Definition 1. (Generalized Case) A generalized case gc is a subset of the
representation space, i. e., gc ⊆ R.

Hence, a generalized case stands for a set of point cases. However, a generali-
zed case should not represent an arbitrary set. The idea is that a generalized case
is an abbreviation for a set of closely related point cases that naturally occur
as one entity in the real world (e. g. a single IP). Usually, these point cases all
have some common problem and solution properties. They either have the same
solution or their solutions don’t differ drastically and can be represented in a
compact form (e. g., the parametrized VHDL description of an IP).

3.2 Similarity Assessment

For retrieving generalized cases, the similarity between a query and a generalized
case must be determined. As in traditional CBR, we assume that the query is
a point in the representation space that may be only partially described. We
further assume that a traditional similarity measure sim(q, c) is given which
assesses the similarity between a query q and a point case c. Such a similarity
measure can be extended in a canonical way to assess the similarity sim∗(q, gc)
between a query q and a generalized case gc:

Definition 2. (Canonical Extension of Similarity Measures for Gene-
ralized Cases) The similarity measure sim∗(q, gc) := sup{sim(q, c) | c ∈ gc} is
called the canonical extension of the similarity measure sim to generalized cases.

Applying sim∗ ensures that those generalized cases are retrieved that contain
the point cases which are most similar to the query. (For the rest of this paper,
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we will substitute max for sup. By doing this, we knowingly avoid some formal
obstacles that will not be an issue in most technical application domains.)

3.3 Selecting Solutions from Generalized Cases

For reasoning with generalized cases, the traditional CBR cycle must be slightly
modified. After retrieving a generalized case, there is not a single case or a single
solution available, but a set of them. Hence, we have to select a single case
depending on the current query. We continue the argument from the previous
subsection and again assume the traditional similarity measure sim(p, c) and
derive from this a canonical selection approach as follows:

Definition 3. (Canonical Selection from Generalized Cases) The follo-
wing set is called canonical selection from the generalized case gc for query q,
based on the similarity measure sim:

Select∗(q, gc, sim) := {c ∈ gc | sim(q, c) = sim∗(q, gc)}
This simple definition selects those point cases from the generalized case with

the highest similarity to the problem. These are the point cases that determine
the value of the canonical similarity measure between the problem and the gene-
ralized case. For a canonically extended similarity measure sim∗ and a canonical
selection, the following property can be shown.

Lemma 1. Given a case base CB of point cases and a similarity measure sim,
then for any case base CB∗ of generalized cases such that CB =

⋃
gc∈CB∗ gc

holds: if cret is a case from CB which is most similar to a query q w. r. t. sim
then there is a generalized case gcret from CB∗ which is most similar to q w. r. t.
sim∗ such that cret ∈ Select∗(q, gcret, sim).

This states that if we introduce generalized cases together with a sim∗ and
Select∗, the same cases are retrieved during problem solving, independent from
the clustering of point cases into generalized cases. This provides a clear seman-
tics of generalized cases defined in terms of traditional point cases and similarity
measures. When building a CBR system that uses generalized cases, we can
consider them as sets of point cases to which a traditional similarity measure is
applied. For retrieving generalized cases we can apply the canonical extension
of this similarity measure and a canonical selection. This ensures that the same
cases are retrieved as if we had a CBR system which works with the point cases.

4 Representation of Generalized Cases

For building CBR systems that reason with generalized cases, efficient represen-
tations for generalized cases and efficient approaches for similarity assessment
and selection must be developed. Obviously, a straight forward approach by ap-
plying the definitions from the previous section (e. g. computing the similarity
for each point case covered by a generalized case and determining the maximum
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of the similarity values) can be quite inefficient if the generalized case covers
a large subspace. This iterative approach would also not be able to cope with
generalized cases that cover an infinite set of traditional cases. Hence, compact
implicit representations for generalized cases must be developed.

In the following, we assume that cases are represented as attribute-value
pairs, i. e., as a vector of n attributes encoding the representation space (R =
R1 × · · · × Rn). The four parameters shown in Table 1 are typically encoded as
such attributes. Hence, a case can be encoded as c = (c1, . . . , cn) and a query as
q = (q1, . . . , qn).

4.1 Representing Generalized Cases Using Constraints

Since a generalized case is a set of point cases, its representation must basically
be able to encode a complex relation between the different attributes. For the
IP shown in section 2, the relationship given in Fig. 1 must be represented. Con-
straints are a general and flexible way for representing such dependencies. App-
lying constraints in CBR is not new. Particularly in design tasks, similar ideas
can be found, for example, in [9,13]. In the following we suggest a representation
for generalized cases that uses constraints for representing dependencies between
attributes. The vocabulary [14] for representing generalized cases consists of the
representation space R = R1×· · ·×Rn and of a set of variables V = {v1, . . . , vn},
one for each attribute such that vi holds values from Ri. A generalized cases is
represented by a set of constraints:

gc = {C1, . . . , Ck}

such that Vi := Var(Ci) ⊆ V .3 Such a generalized case represents the set of point
cases whose attribute values fulfill all constraints.

Please note that, of course, a point case (c1, . . . , cn) can also be represented
as a generalized case as follows: gc = {v1 = c1, . . . , vn = cn}. To represent the
IP from Sect. 2, linear (vi ≤ a · vj + b) and quadratic (vi ≤ a · vj

2 + b · vj + c)
constraints are needed.

4.2 The General Problem of Similarity Assessment

The similarity assessment between a query (q1, . . . , qn) and a generalized case is
as follows. Assume a given traditional similarity measure for point cases sim(q, c)
that aggregates individual local similarity measures simi for the individual at-
tributes by a function Θ that is monotone increasing in every argument4:

sim((q1, . . . , qn), (c1, . . . , cn)) = Θ(sim1(q1, c1), . . . , simn(qn, cn))
3 Var(C) denotes the set of variables of the constraint C; Vi is an abbreviation for the

set of variables that occur in Ci.
4 Please note that this is one of the most common similarity measures applied in many

CBR applications. Here, Θ is usually some variation of a weighted sum.
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The computation of the canonical extension sim∗ given the similarity measu-
res sim and the previously introduced constraint representation for generalized
cases requires searching for values for the variables v1, . . . , vn such that every
constraint C1, . . . , Cn is satisfied and sim((q1, . . . , qn), (v1, . . . , vn)) is maximized.

4.3 Solution Selection by Nonlinear Programming and Fuzzy
Constraints

For continuous domains, this similarity assessment problem can be formulated
as a nonlinear programming (NLP) problem [6] or as a problem of nonlinear
optimization [7]. An NLP problem is of the form:

minimize f(x), x ∈ Rn,

subject to ci(x) ≥ 0, i ∈ I,

ci(x) = 0, i ∈ E

In our context, the constraints ci can be identified with the constraints C1, . . . , Ck
of gc. The objective function f corresponds to the similarity function sim. sim
(and thus f) is not a linear function (this is true even if Θ is a linear function).
Neither are the constraints ci. So, in general, only numerical algorithms for
solving such an NLP problem are applicable.

For discrete and mixed domains, our problem can be formulated as a fuzzy
constraint satisfaction problem (FCSP) [8,15,20]. An FCSP is specified by a tu-
ple (V, D, C). V = {vj | j ∈ J} is a finite set of variables (“attributes” in CBR
terminology), D = {di | i ∈ I} is a set of domains associated with the variables
in V , and C is a set of constraints over these variables. The constraints in C
are fuzzy relations with a satisfaction index indicating the degree of satisfaction
for each variable binding. To model our problem of solution selection one could
include in C all constraints from gc as crisp constraints. Additionally, the at-
tribute values from the query can be used to derive an appropriate unary fuzzy
constraint for each of these variables to be included in C. The satisfaction index
sii of each constraint is defined by the respective local similarity measure:

sii(vi) = simi(qi, vi)

The overall solution function of the FCSP is defined by the function Θ which also
defines the overall similarity measure sim. The main difficulty in solving such
an FCSP are the mixed (discrete and continuous) domains and the nonlinear
continuous constraints occuring in some applications.

5 Efficient Similarity Estimation

The CBR problem of our application is not only to select the best solution from
a given generalized case, but also to find the generalized case that contains the
best overall solution out of a (possibly large) case base. The obvious approach
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would be to solve this retrieval problem by solving the case selection problem for
each gc, and choosing the case that contains the best solution of all. Of course,
this approach bears a very high computational effort. Because of this, we pro-
pose to employ a weaker but computationally more efficient retrieval approach
that calculates an upper and lower bound for sim∗(q, gc). There are two other
reasons for using such an approach. First, the knowledge in many application
domains (including IP reuse) is vague in important parts. In the presence of va-
gue knowledge it is usually unreasonable to employ exact but computationally
expensive algorithms. Second, the CBR systems are typically meant to be in-
teractive tools. The solution selection phase (e. g. the parameter selection for
a retrieved IP) needs to be supervised by an expert who might even call for
comfortable interfaces to explore the design space of the generalized case.

5.1 Estimating Bounds on sim∗(q, gc)

In a first approach, bounds for the similarity sim∗(q, gc) can easily be found
by looking at the allowed ranges of individual attribute values only [5]. These
bounds can provide valuable information during retrieval and they enable the
filtering of cases for which a more detailed similarity assessment is not necessary
any more. However, this first approach may be too rough if some attributes have
large (or infinite) ranges, while they are still constrained depending on the values
of other attributes. This is likely to be a problem if a generalized case not only
contains unary constraints (like 3 ≤ x2 ≤ 7) but also constraints covering two
or more variables (like x2 ≥ ax1 + b). The following algorithm calculates a more
accurate upper bound for sim∗(q, gc) in such cases:

Input: gc = {C1, . . . , Ck} ; q Output: upper bound for sim∗(q, gc)

1. Let R
Vj = ×{Ri | i ∈ Vj = Var(Cj)}. (We will use the notation “ ◦” for the

(only informally defined) binary operator that merges two vectors x1 ∈ R
Vj and

x2 ∈ R
V \Vj into x ∈ R restoring the correct ordering of attributes.)

2. For each constraint Cj ∈ gc find a consistent variable assignment xmaxj ∈
R
Vj that has the highest possible similarity for any given assignment x ∈

R
V \Vj of the remaining variables, i. e.:

∀ x ∈ R
V \Vj : ∀x′ ∈ R

Vj : sim(q, x ◦ xmaxj ) ≥ sim(q, x ◦ x′)

(xmaxj exists and can be defined regardless of x because of the monotony of Θ.)

3. C
ind :=

{
Cj | Var(Cj) ∩

(⋃
i6=j Var(Ci)

)
= ∅

}
; C

dep := gc \ C
ind

(We assume that every variable occurs in a constraint, i. e. V =
⋃
C∈gc Var(C).)

4. V
ind :=

⋃
C∈Cind Var(C) ; V

dep :=
⋃
C∈Cdep Var(C)

5. Let x ∈ R
V

ind
be the variable assignment according to all xmaxj for Cj ∈ C

ind.
6. For each Cj ∈ C

dep calculate simj = sim(q, x ◦ xmaxj ◦ xrj ) with xrj being
an assignment for the remaining variables, such that their local similarities
are maximized.

7. Return the minimum of all these simj (if C
dep = ∅ return sim(q, x)).

A lower bound for sim∗(q, gc) can be calculated by a very similar algorithm.
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5.2 Calculating xmaxj

The algorithm described above leaves open the task of calculating xmaxj (we
will drop the index j now for xmax and C). We will now explain how an xmax
can be found for piecewise differentiable numeric constraints over a continuous
and ordered domain (this kind of constraints is quite typical for the design reuse
applications we encountered). For the case that q ∈ C, xmax is the projection of
q onto Var(C). The case where q 6∈C is more difficult.

We assume that the similarity measures simi are compatible with the ordering
of the elements in Ri for all i = 1, . . . , n. For simplicity, we further assume that
all constraints are closed, i. e., all points on the bounding surface QC of C are
consistent with the constraint5. Given these assumptions it can be shown that a
value for xmax according to the definition of the algorithm above can be found
within QC . This allows us to search for the point of maximum similarity on the
border of C without worrying about the inside region. In principle, this is just
a matter of mathematical function analysis. One necessary (yet, not sufficient)
condition for a maximum of similarity is that the derivation of the similarity
function (if it is defined) sim is zero for all possible directions tangential to the
surface of C. In fact, it is not necessary to check for all surface directions. It
is sufficient to check the directions of m linear independent vectors, where m is
equal to the dimension of the surface of C.

So, let Ti(C, x) (i = 1, . . . , m; x ∈ QC) be linear independent vectors tan-
gential to QC in the point x. To find a point xmax of maximum similarity to q
it is necessary to find xmax ∈ QC for which the following condition holds for all
i = 1, . . . , m:

0 =
∂ sim(q, xmax)
∂ Ti(C, xmax)

= 〈T ∗
i (C, xmax) , grad sim(q, xmax)〉

⇔ 0 = 〈Ti(C, xmax) , grad sim(q, xmax)〉

With T ∗ denoting the normalization of T , and 〈·, ·〉 being the scalar product.
This formular says that the gradient of sim in xmax is perpendicular to the
tangential vectors Ti.

The above condition can be used to find maxima and minima of piecewise
differentiable constraints. In the application of IP reuse we expect linear and
quadratic constraints to be sufficient for most applications. To illustrate how the
above condition can be used to find xmax let us now consider a concrete example
of a simple linear constraint between two variables. This kind of constraint occurs
in many practical applications:

C = {(x1, x2) | x2 ≥ ax1 + b}

where a and b are constants. This constraint can be interpreted as a set of
values that is bounded by a hyperplane as shown in Fig. 2. The constraint is
two-dimensional, so the constraint’s surface is one-dimensional. Thus, we only
5 This is only a theoretical – not a practical – restriction.
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q

x2

x1

C x 2
=ax 1

+b

Fig. 2. A simple linear constraint C
and a query q outside of that con-
straint.

q

x2

x1

C
no solution

no solution

Fig. 3. Most similar points of C to
query q.

need one tangential vector T (C, x) which we randomly choose by setting its first
dimension to 1:

T (C, x) =
(

1,
∂ ax1 + b

∂x1

)
= (1, a)

Let us further assume a very simple (and common) definition of sim:

sim(q, x) = w1sim1(q1, x1) + w2sim2(q2, x2)

with w1 and w2 being constant weights. This leads to

grad sim(q, x) =
(

w1
∂ sim1(q1, x1)

∂ x1
, w2

∂ sim2(q2, x2)
∂ x2

)

To find the points of maximum similarity we have to find x such that:

0 = 〈Ti(C, x) , grad sim(q, x)〉 = w1
∂ sim1(q1, x1)

∂ x1
+ aw2

∂ sim2(q2, x2)
∂ x2

At this point we need the formulas for simi to calculate their derivations. Let

simi(qi, xi) = 1 − |qi − xi|
Ri

where Ri is the difference between the maximum and the minimum allowed value
of xi (this is a quite common similarity measure). Deriving simi shows that for
the special case where w1 = aw2 and R1 = R2, sim(q, x ◦ xmax) is maximal for
all xmax = (x1, x2) that meet the following condition:

q1 ≥ x1 ∧ q2 ≤ x2 ∧ x2 = ax1 + b

This is illustrated in Fig. 3. For other cases (w1 6= aw2) further treatment is
necessary and easily possible. The outcome of this functional analysis are very
simple decision criteria that can easily be implemented to calculate xmax for the
special case of linear constraints. This functional analysis can also be done for
more complex types of constraints, like quadratic constraints as they occur in
the IP description of the example in Sect. 2.



Generalized Cases     205

6 Summary and Future Work

The concept of generalized cases presented in this paper is particularly appro-
priate if the knowledge from the real world domain which has to be captured
in cases naturally covers a subspace rather than a point in the representation
space. As we have demonstrated, this is true for the domain of IP reuse, but
we observed that this is also true for all kinds of parameterizable products in
electronic commerce applications [19].

Of course, the idea of generalizing cases (or examples) was implicitly present
already since the very beginning of CBR and instance-based learning research
[10,1,16]. However, these approaches are limited to hyperrectangular representa-
tions of generalized cases that cannot deal with dependencies between attributes.

We introduced the idea of using constraints as a flexible means for repre-
senting generalized cases. We also provided a general framework for similarity
assessment of generalized cases as a canonical extension of a similarity measure
on point cases (Salzberg [16] applied a special case of this approach based on
the geometrical distance). Further, we proposed an efficient algorithm for esti-
mating the canonical similarity between a query and a generalized case. With
this algorithm, generalized cases like those occurring in the domain of IP reuse
can be handled. A first version of this algorithm that is based on allowed attri-
bute ranges [5] has recently been implemented as a component of the CBR tool
CBR-Works6. The approach proposed in section 5.2 is currently under imple-
mentation. We expect significant improvements in accuracy of the similarity esti-
mation, particularly in the IP reuse domain, since according to our experience,
the constraints occurring in a generalized case for an IP are mostly independent.

Besides the similarity assessment of generalized cases, the problem of selec-
ting the most similar point case from the retrieved generalized case must also
be solved (see section 3.3). As we argued, non-linear programming or fuzzy con-
straint satisfaction techniques will be applicable for this task, but because of
their computational complexity they should only be applied after case retrieval
is finished and not for the similarity assessment itself. These issues will be further
examined in the course of the READee project.
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Abstract. A novel on-line criterion for identifying “useless” neurons
of a self-organizing network is proposed and analyzed. The criterion is
based on a utility measure. When it is used in the context of the growing
neural gas model to guide deletions of units, the resulting method is
able to closely track non-stationary distributions. Slow changes of the
distribution are handled by adaptation of existing units. Rapid changes
are handled by removal of “useless” neurons and subsequent insertions of
new units in other places. Additionally, the utility measure can be used
to prune existing networks to a specified size with near-minimal increase
of quantization error.

1 Non-stationarity is difficult to handle . . .

Non-stationary data distributions can be found in many technical, biological or
economic processes. Self-organizing neural networks have rarely been considered
for tracking those distributions since many of the models, e.g., the self-organizing
map [Koh82], neural gas [MBS93] or the hypercubical map [BV95], use decaying
adaptation parameters1. Once the adaptation strength has decayed, the net-
work is “frozen” and thus unable to react to subsequent changes in the signal
distribution. In figure 1 an example for the self-organizing map is shown.

2 . . . even for incremental networks

Models with small constant parameters such as the incremental networks de-
veloped by the author [Fri94,Fri95a,Fri95b] are in a somewhat better position
for handling non-stationary distributions. The non-decreasing adaptation rate
enables the networks to follow slowly changing probability distributions such as,
for example, a normal distribution with a slowly drifting mean. Rapid changes in
the distribution, however, can in general not be handled properly as is illustrated
for the growing neural gas (GNG) model [Fri95a] in figure 2.
1 . . . as does the classical k-means algorithm.
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a) after 20000 signals b) after 25000 signals c) after 40000 signals

Fig. 1. A 10×10 self-organizing map (SOM) tries (and fails) to track a non-stationary
signal distribution p(ξ) which is uniform in the shaded areas. a) Initial state of p(ξ) with
the SOM network having adapted to 20000 input signals. At this point the probability
distribution was changed. b) State of the network 5000 adaptation steps after the
distribution had changed. A number of units has moved to the center c) After 40000
adaptation steps a fraction of the units have been adapted to the new regions of high
probability density, but many have become dead units which are not adapted anymore.
The decaying parameters were set according to parameter values as suggested by Ritter
and Schulten [RMS91] and reached their minimum after 40000 input signals. Obviously,
a change of the distribution at that time would have made it even more difficult for
the SOM to adapt to the new situation.

a) after 20000 signals b) after 25000 signals c) after 40000 signals

Fig. 2. A growing neural gas (GNG) network tries (and fails) to track a non-stationary
signal distribution p(ξ) which is uniform in the shaded areas. The maximum network
size is set to 30. a) Initial state of p(ξ) with the GNG network already grown to its
maximum size. At this point the probability distribution was changed. b) State of
the network 5000 adaptation steps after the distribution had changed. c) After 40000
adaptation steps some units have been adapted to the new regions of high probability
density, but some have become dead units which are not adapted anymore. Parameter
values (see [Fri95a] for details): λ = 500, εb = 0.05, εn = 0.0006, β = 0.0005, amax =
120.

In the case of GNG it is easy to see why units may get stuck in former regions
of high probability density and become so-called dead units. The network topol-
ogy is updated – apart from the characteristic insertions – by two mechanisms.
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“Competitive Hebbian Learning” [Mar93] is used to create new connections by
always inserting a connection between the units s1 and s2 nearest and second-
nearest to the current input signal ξ. When such a connection does already
exist, its age parameter is set to zero. Moreover, the age of all edges adjacent
to the winning unit s1 is increased. If the age of an edge surpasses a maximum
parameter amax, the edge is removed and so are any units which become com-
pletely isolated from the network. This strategy leads to a connectivity which is
a subgraph of the Delaunay triangulation and is optimally topology-preserving
[Mar93].

One should note, that the edge ageing is a local process, since it happens
only in the vicinity of the winning unit. Now consider the situation where a
network has grown to a certain maximum size and is well adapted to a given
probability distribution (figure 2a). When the probability density changes, some
units are adapted rather quickly towards the new regions of high probability
density (figure 2b). The edges connecting those units and the units remaining in
the former regions of high probability density are quickly removed by the ageing
process (figure 2c).

Thereafter, however, those units and connections which remain in the former
regions of high probability density are not changed anymore. Those units will not
be winner since they are too far from the current input signals. Consequently,
the connections do not age since ageing is only performed for edges adjacent to
the winner.

The result is a waste of network resources which may get even worse if the
distribution changes several times. One could perhaps interpret the dead units
as a kind of memory which may become useful again when the probability dis-
tribution takes on a previously held shape. In the following, however, we would
like to discuss ways of using a network of limited size to track the distribution
in each moment as faithfully as possible.

3 Objective function

As objective for the network we define the minimization of the expected quan-
tization error

E =
∫
‖ξ −ws(ξ)‖2 p(ξ) dξ. (1)

Here s(ξ), also denoted as s1, is the winning unit for the current input signal ξ,
and ws(ξ) is the reference vector associate with that unit. With p(ξ) we denote
the probability density of the input signals which is assumed to be unknown and
non-stationary.

4 Local error measure

In a GNG network each unit c in the network has an error variable Ec which
contains accumulated error information. For each input signal ξ the error variable
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of the winner s1 for this signal is updated according to

Es1 := Es1 + ‖ξ −ws1‖2. (2)

Moreover, after each adaptation step (small change of the reference vectors of
s1 and its topological neighbors, see [Fri95a]) the error variables of all units are
subjected to exponential decay:

Ec := Ec − βEc (for each unit c) (3)

whereby β is a suitable decay constant. The decay stresses the influence of more
recently measured contributions to Ec. It is needed to account for the adap-
tation of the reference vectors and for the non-stationarity of the probability
distribution. The parameter β is further analyzed in section 9.1.

The GNG algorithm always performs insertions of new units close to the unit
q with maximum accumulated error.

5 Local utility measure

How can we assess the usefulness of a particular unit for the defined objective,
namely minimizing the quantization error? A direct approach is to compute the
change of this error caused by removal of the unit.

Let ξ be the current input signal and let the unit s1 be the winner for ξ. The
quantization error for this input signal is

d1 := ‖ξ −ws1‖2. (4)

If we removed s1, however, then ξ would be mapped to the second-nearest unit
s2 and the quantization error for ξ would be

d2 := ‖ξ −ws2‖2 (5)

which in general would be larger than d1. The usefulness of s1 for this particular
input signal is simply the difference d2 − d1 of the two error values. To have an
on-line criterion we associate with each unit c a local utility value Uc. For each
input signal ξ, the utility variable of the winner s1 is updated according to

Us1 := Us1 + ‖ξ −ws2‖2 − ‖ξ −ws1‖2. (6)

As is done for the local error values, we subject all utility variables to exponential
decay after each adaptation step (with the same value for β):

Uc := Uc − βUc (for each unit c) (7)

To maintain a certain level of utility, a unit must be “busy”, i.e., it must
be winner often enough to overcome the exponential decay (7) and it must also
be “unique”, i.e., have a sufficiently different reference vector from other units,
since otherwise the increment in (6) becomes small.

This utility measure is an on-line variant of a measure recently proposed for
batch vector quantization methods [Fri97].
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6 Utility criterion for removal of units

How can the utility measure be used to remove neurons in a GNG network with
fixed maximum size? We can not simply remove the unit with minimum value of
U since there always will be one and this strategy would cause a constant change
of the network structure even for perfectly stationary probability distributions.
Let us recall that the stated objective is minimization of the overall quantization
error (1). Therefore, removal with subsequent re-insertion at a different place
should only be performed, if we can expect a decrease of this error. When we
remove a unit, the GNG network with fixed maximum size immediately inserts
a new unit near the unit q with maximum accumulated error, i.e., the unit such
that

q := arg maxcEc.

We can expect the newly inserted unit to reduce this error in the future,
since it reduces the size of the Voronoi region of q. When the mean distance
of the signals in q’s Voronoi region is reduced by a certain factor, the (square)
quantization error is reduced by an even larger factor. The analysis in section 9.2
indicates that a cautious estimate for the local error reduction is 75%, i.e. a
reduction by a factor 4. An estimate of the increase in quantization error by
removing a unit i is its current utility value Ui.

A suitable strategy is to remove a unit when its utility value falls below a
certain fraction of the error variable Eq. Let i be the unit with minimum utility

i := arg minc Uc.

Then i should be removed if
Eq/Ui > k (8)

for some value of k. We denote (8) as the utility criterion. Large values of the
parameter k require a large ratio of maximum error and minimum utility and will
cause less frequent deletions of units. Smaller values will cause accordingly more
and faster deletions which leads to faster tracking of non-stationary distributions.

7 Re-distribution of utility

In principle one could, after each removal and insertion, discard all utility and
error values. Such a strategy is realized in the “growing grid” method [Fri95b]
and enforces a number of adaptation steps per insertion which is proportional
to the network size. The GNG algorithm [Fri95a], however, uses the following
simple re-distribution scheme for the error which can also be applied to the utility
value. New units are always inserted at the center of an existing edge. The error
values of the units at the end points of the edge are diminished by a fraction
α = 0.5, and the new unit gets an initial error value interpolated from these two
units. The advantage of this re-distribution is that the accumulated statistical
information is not thrown away at each insertion and, therefore, less adaptation
steps per insertion are needed. In particular a new unit can be inserted after a
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a) after 20000 signals b) after 25000 signals c) after 40000 signals

Fig. 3. A GNG-U network successfully tracks a non-stationary signal distribution p(ξ).
a) Situation before the distribution changes. b) State of the network 5000 adaptation
steps after the distribution had changed. c) After 40000 adaptation steps all units have
been adapted or relocated to regions of high probability density. The value for k is 3.
The other parameters (including β) are as in figure 2.

constant number λ of adaptation steps. An identical re-distribution is done with
the utility values in the simulations shown below.

8 Simulation examples

The proposed utility criterion for removal of units was combined with the GNG
algorithm and the resulting method, which we call GNG-U (growing neural gas
with utility criterion) in the following, was successfully applied to various non-
stationary probability distributions. We report here on three experiments with
GNG-U. In figure 3 a simulation with the same non-stationary distribution as in
figures 1 and 2 is shown. The GNG-U algorithm successfully relocates all units
after the sudden change in the probability distribution.

In figure 4 a non-stationary one-dimensional distribution is used to illustrate
the behavior of GNG-U throughout a complete simulation (see the caption for
details).

Figure 5 illustrates that the utility measure U can also be used to reduce
the size of an existing network in a controlled way. To do this, one only has
to remove sequentially the unit with the minimum utility. For the distribution
used in figure 5, the remaining units distribute optimally to the existing clusters
of positive probability density. On should note that for pure size reduction the
utility criterion (8) is not needed. Instead, the utility measure U can be used
directly since in this case the only question is which unit to remove and not
whether to perform a removal at all. To detect good clusterings, one could observe
the mean quantization error during the process of eliminating units and look for
configurations where a removal of the next unit leads to a large increase of
quantization error.
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0 10000 20000 30000 40000 50000
0.001

0.010
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Fig. 4. A GNG-U network with maximum size set to 20 tracks a one-dimensional non-
stationary probability distribution which is indicated by the shaded areas. After 10000,
20000, and 30000 signals the mean of the distribution was suddenly changed. It can be
seen that moderate changes of the mean (like the change after 10000 signals) lead to a
re-use of many units. More drastic changes, however, lead to deletions and subsequent
insertions of units. Parameters are the same as in figure 2. The graph at the bottom
displays the mean square quantization error.

9 Choice of parameter values

The proposed method requires the setting of two new parameters β and k. In
the following we investigate the role of these parameters and give guidelines for
suitable values.

9.1 Choice of β

The parameter β is used in equations 3 and 7 to let the error Ec or the utility
Uc of a unit c decay exponentially fast with the number of presented input
signals. Since for each input signal the values Ec and Uc of the winning unit
are incremented (equations 2 and 6), both values represent an exponentially
decaying average of past error or utility increments. In the following we restrict
our discussion to Ec since the utility Uc can be analyzed in complete analogy.

Let us assume a certain mean error increment ∆E per presented input signal.
In this case the quantity Ec does only grow up to a value Ẽc where the expo-
nential decay is equally to the mean error increment. This can be characterized
as a dynamic equilibrium for which the following holds:

∆E = βẼc. (9)
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0

20000

30000

40000

Fig. 5. Controlled reduction of network size using the utility measure. In this simu-
lation, which involved 40000 signals a GNG-U network was allowed to grow to a size
of 24 units. The resulting units were distributed evenly over the 8 segments (arranged
in 4 groups of two) of uniform probability density. After 20000 adaptation steps the
allowed number of units was reduced to 8 and the utility measure was used to suc-
cessively remove the least useful unit. The result was a configuration that each unit
handles one segment. After another 10000 adaptation steps the allowed number of units
was reduced to 4. The evaluation of the utility measure lead to a configuration where
each unit handles one of the 4 two-segment clusters which is the optimum in this case.
Parameters are the same as in figure 2.

Thus, the equilibrium is reached at

Ẽc =
∆E

β
. (10)

and takes on larger values if β approaches zero from above.
Since we are in the context of non-stationary probability distributions, it is

of interest, how the running average Ec is constituted. In particular we like to
know how old the “mean input signal” is which is incorporated in Ec. This figure
can be obtained by computing the following infinite sum:

age =
∞∑
i=0

i(1− β)i (11)

which we approximate by a continuous integral:

age ≈
∫ ∞

0

x(1 − β)x dx =
∫ ∞

0

xeln(1−β)x dx. (12)
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Substituting ε := − ln(1− β) gives

age ≈
∫ ∞

0

xe−εx dx =
[
e−εx

ε2
(−εx− 1)

]∞
0

(13)

= 0− 1
ε2

(−1) =
1
ε2

(14)

=
1

ln(1− β)2
. (15)

Apart from the question how many signals are incorporated in the exponen-
tial average, it is important to know, how fast the average is able to react to
sudden changes in the probability distribution. In particular one could ask how
long it takes for Ec (or equivalently Uc) to decay to 50% of its current value if
the probability density in the Voronoi region ofa unit c suddenly becomes zero.

For the number nhalf of input signals needed for this to happen holds

(1− β)nhalf = 0.5. (16)

or

nhalf =
ln 0.5

ln(1 − β)
(17)

The value of nhalf gives an indication, how quickly a probability distribution
may change in order to still be trackable by the described system.

In the following table we have computed (rounded) values of age and nhalf

for a number of possible settings for the parameter β.

β age nhalf

0.5 2 1
0.1 90 7
0.01 10,000 69
0.001 1,000,000 693
0.0005 4,000,000 1386
0.0001 10,000,000 6931

What is evident from the table is the fact that even though the number of
input signals effectively used to compute the values Ec and Uc may be large
(age), the system is still able to detect sudden changes in the probability density
rapidly (nhalf). Of course this is due to the exponential decay which initially
causes large changes of the accumulated values.

In our simulations we used a value β = 0.0005. Further experiments with
the probability distribution used in figure 4, however, gave similar results for
values in the whole range from 0.01 to 0.0005. Larger values (e.g. 0.1) lead to
deletions even in completely stationary and well-quantized distributions. Lower
values (e.g. 0.0001) lead to to few deletions with the result that the distribution
was not well tracked.
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a) 1 unit b) 2 units

Fig. 6. For a highly non-uniform probability density the insertion of a new unit can
reduce the mean error considerably. a) shows a situation where one reference vector
encodes two clusters with a large error. b) shows the same data set after one new unit
has been inserted. The quantization error is much smaller and would become even zero
if each cluster would collapse to its respective center.

9.2 Choice of k

The parameter k is used in the utility criterion (8) to decide whether a unit
should be deleted and subsequently re-inserted at a different location in input
space. Let us recall that the overall goal of the system is to reduce the expected
quantization error (1). Thus we should only perform a deletion/insertion if it is
likely that this will reduce the error.

Deleting a unit c in the first place increases the quantization error since all
data vectors in the Voronoi region of this unit will be mapped to neighboring
(but more distant) units. For the actual increase in error we have an excellent
estimate through the utility variable Uc which is nothing else than an exponential
average of hypothetical error values caused by the hypothetical removal of c.

Estimating how much the error will decrease after we (re-)insert the deleted
unit somewhere in input space is much more difficult, however. In particular
the amount of error reduction depends on the local structure of the probability
density in the vicinity of the inserted unit. To illustrate the point, consider a
reference vector which codes data belonging to two dense clusters (figure 6a).
Inserting a new unit here may lead to a drastic decrease in error (figure 6b). In
the case of locally uniform probability distributions, however, the effect of an
insertion is much more limited (see figure 7).

From the above examples it is evident that a cautious estimate of the error
reduction can be made by assuming locally uniform densities. Let us compute the
corresponding change in error for the case of a 1-dimensional distribution. Let
us assume that the unit q with maximum accumulated error encodes an interval
in R1 with length l and uniform probability density. The optimum position for
the unit is in the centroid, i.e. in the center of the interval. The expected error
in this case is
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a) 1 unit b) 2 units

Fig. 7. For a uniform probability density the insertion of a new unit has a relatively
small effect on the mean error. a) shows a situation where one reference vector encodes
an area of uniform probability density. b) shows the same data set after one new unit
has been inserted. The mean distance between data points and reference vectors is still
rather large. The situation would be similar for further insertions.

E1 = 2
∫ l/2

0

x2 dx = 2
[
1
3
x3

]l/2
0

=
l3

12
. (18)

If we now insert a second unit in the interval, after a while both units will be
adapted symmetrically to positions l/4 and 3l/4 in the interval. The resulting
expected error is

E2 = 4
∫ l/4

0

x2 dx = 4
[
1
3
x3

]l/4
0

=
l3

48
(19)

which is a reduction of 75% w.r.t to E1. One should note that the error reduction
would be even stronger if the interval was part of a larger zone of uniform density
since in this case also Voronoi regions of neighboring units would become smaller
leading to additional error reduction.

From the above we can conclude that in the 1D-case we can expect the overall
quantization error to decrease after a deletion/insertion, if for the unit i with
minimum utility Ui and the unit q with maximum error Eq the following holds:

Eq ∗ 0.75 > Ui or equivalently:
Eq
Ui

>
4
3
. (20)

This means that for 1D data a value of k ≥ 2 would be appropriate.
For higher-dimensional data the corresponding estimates become more elab-

orate since the shape of the Voronoi regions can be any convex polyhedron
(depending on the positions of the neighboring reference vectors). However, it
seems to be reasonable at this point to also assume a reduction of the mean
distance from data points to reference vectors by a factor of 2 and thus a reduc-
tion of the local square error by a factor of 4. Again, the error reduction may
be much larger in the case of non-uniform densities. We can thus generally use
values for k larger or equal to 2 to acchieve error reduction.
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10 Discussion and outlook

In this paper a novel on-line criterion for removal of units in self-organizing
networks is proposed. The combination of this criterion and an existing incre-
mental network model (growing neural gas) results in a new method, called
GNG-U, which is able to closely track non-stationary distributions. This is a
feature not found in known related models such as different variants of the self-
organizing map or the neural gas algorithm and which could open up completely
new application areas for these kinds of networks, e.g. for data mining.

For the new criterion a parameter k has to be chosen which indicates how
large the ratio between accumulated error of a unit q and accumulated utility
of a unit i must be, before unit i is removed and re-inserted at a place near q.
Moreover, a parameter β must be chosen which controls the decay of local error
estimates and thus the “reaction time” of the whole method. Both parameters
have been theoretically analyzed and suitable values have been derived.

The proposed utility measure, which is the basis for the utility criterion, can
also be used on its own to prune self-organizing networks to a desired size. When
always the unit with minimum utility is removed, the increase in error is near-
minimal. Observing the change in overall error as a function of the network size
during pruning may give information on the number of natural clusters in the
data.
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Abstract. The overwhelming flood of data in intensive care medicine
precludes consistent judgement of medical interventions by humans. The-
refore, computerized decision support is needed to assist the health care
professional in making reproducible, high-quality decisions at the bed-
side. Traditional expert systems rely on a tedious, labor-intensive and
time-consuming approach in their development which falls short of ex-
ploiting existing numerical and qualitative data in large medical data-
bases. Therefore, we applied a new concept of combining time series
analysis and a knowledge base system with learning and revision capa-
bilities (MOBAL) for rapid development of decision support algorithms
for hemodynamic management of the critically ill. This approach could
be successfully implemented in an existing intensive care database hand-
ling time-oriented data to validate and refine the intervention rules. The
generation of hypotheses for identified contradictions lead to conclusive
medical explanations that helped to further refine the knowledge base.
This approach will provide for a more efficient and timely development
of decision support algorithms.

1 Introduction

In critical care an abundance of information is generated during the process of
care. In the last several years a small number of clinical information systems
(CIS) has become commercially available for use in intensive care. These sy-
stems provide for a complete medical documentation at the bedside. Their cli-
nical usefulness and efficiency has been shown repeatedly in recent years [3,?,?].
Databases with more than 2000 separate patient-related variables are now avai-
lable for further analysis [5].
The multitude of variables presented at the bedside even without a CIS precludes
medical judgement by humans. We can currently be confronted with more than
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200 variables in the critically ill during a typical morning round [16]. We know,
however, that an experienced physician may not be able to develop a systema-
tic response to any problem involving more than seven variables [12]. Moreover,
humans are limited in their ability to estimate the degree of relatedness between
only two variables [10].
This problem is most pronounced in the evaluation of the measurable effect of
a therapeutic intervention. Personal bias, experience, and a certain expectation
toward the respective intervention may distort an objective judgement [2].

1.1 Data Situation

In modern intensive care, every minute numerous measurements are taken at
the bedside. This generates a very high dimensional data space for each patient.
However, the values of some vital signs are sometimes only recorded once every
hour, while other vital signs are only recorded for a subset of patients. Hence, the
overall high dimensional data space is sparsely populated. Moreover, the average
time difference between intervention as charted and calculated hemodynamic ef-
fect can show a wide variation [7]. Even the automatic measurements can be
noisy due to manipulation of measurement equipment, flushing of pressure tran-
sducers, or technical artifacts. To make it even worse, relevant demographic and
diagnostic parameters may even not be recorded at all.
In summary, we have masses of noisy, high dimensional, sparse time series of
numerical data. Medical experts explain the numerical data in qualitative terms
of high abstraction. The background knowledge given by the expert covers fun-
ctional models of the human body as well as expertise in the proper treatment
of intensive care patients including effects of drugs and fluids. In the expert’s
reasoning, time becomes the relation between time intervals, abstracting from
the exact duration of, e.g., an increasing heart rate and focusing on tendencies of
other parameters (e.g., cardiac output) within overlapping time intervals. Thus
we have complex qualitative background knowledge explaining both the patient’s
and the physician’s behavior.

1.2 Decision Support Systems in Intensive Care Medicine

Using data from the most comprehensive singular clinical data repository at the
LDS hospital, Salt Lake City, Utah, USA, the group of Morris [20] developed
a rule-based decision support system (DSS) for respiratory care in acute re-
spiratory distress syndrome. The development of this highly specialized system
required more than 25 manyears.
It is a propositional rule base without a mechanism for consistency checking
or matching rules and data. All currently known medical DSS are based on
manually acquired expert knowledge which is refined in an iterative process of
prospective trials. Numerical aspects of existing data from the processes that
are to be controlled by these DSS are not integrated in the development of these
expert systems.
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This traditional approach to the development of knowledge bases and DSS has
several serious shortcomings:

- Expert knowledge is not necessarily validated against clinical data.
- Many underlying pathophysiological mechanisms are not fully understood.
- Clinical experiments in intensive care are difficult or not feasible at all.
- Prospective trials for validation of the decision support algorithms, especially

at an early stage of development, are costly, time-consuming and may not
represent actual clinical practice.

With the advances of artificial intelligence and knowledge representation in re-
cent years, consistency of rules and (patient) data can be checked automatically.
Formalisms of first-order logic allow to represent relations between time intervals.
Therefore, knowledge can be formalized and validated against highly multiva-
riate data structures. However, this opportunity has not yet received appropriate
attention. Until today only few applications of artificial intelligence to medical
databases have been reported from the fields of pathology [11], infectious disea-
ses [22], epidemiology [23], and cardiology [18]. None of these applications were
done in the time domain analyzing temporal patterns of on-line monitoring data
or other repeatedly measured variables in critical care.
Our new approach combines modeling of expert knowledge with data-driven
methods. The knowledge base is validated against existing patients’ data. This
approach is meant to be significantly more effective than the tedious, time-
consuming, and costly process of traditional DSS development.

2 Conceptual Framework

Looking again at the list of advantages of computer-assisted decision support in
intensive care, we obtain a list of requirements for the system to be built. The
system must base its decisions on explicit medical methods. We do not aim at
modeling the hemodynamic system, the cardiac processes of patients. Neither
do we aim at modeling the actual physician’s behavior. Instead, the knowledge
base must represent a therapy protocol which can be applied to measurements
of the patient. While this may resemble the early days of knowledge acquisition
for expert systems, the task at hand goes beyond classical medical knowledge
acquisition, since the system has to cope with high dimensional data in real
time. Its task is on-line monitoring, not heuristic classification or cover and
differentiate. Moreover, the data consists of time series. Time stamped data do
not necessarily require sequence analysis methods. For an application, we have
to determine whether points in time, time intervals and their relations, or curves
of measurements offer an adequate representation. These questions point at the
problem of finding an adequate representation. Two sets of requirements on the
capabilities of the representation can be distinguished:

- The representation must handle numerical data, valid in one point in time,
and time series. For each point in time, it must classify whether and which
therapy intervention is appropriate for the patient.
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- The representation must handle relations of time intervals, interrelations of
diverse drugs and relations between different parameters of the patient. It has
to derive expected effects of medical interventions from medical knowledge
and compare expected outcome with actual outcome.

The requirements are conflicting. While we know good formalisms for each of
the sets, we are not aware of a representation that fulfills both sets of demands.
Hence, we decided to break down the overall reasoning into several processes
and find an appropriate representation for each of them, independently.
The patients’ measurements at one point in time are used in order to recommend
an intervention. This corresponds to clinical practice where for each point in time
a recommendation for optimal treatment is needed. Of course, one of the recom-
mendations may be not to change the current therapy. The recommendation of
interventions constitutes a model of physicians’ behavior. Its recommendations
are input into the knowledge base. A recommended intervention is checked by
calculating its expected effects on the basis of medical knowledge. Medical know-
ledge qualitatively describes a patient’s state during a time interval and effects of
drugs. It constitutes a model of the patient’s hemodynamic system. The medical
knowledge base uses relations between time intervals and their abstract charac-
terizations. To this end, patient’s measurements are abstracted with respect to
their course over time. The abstraction mechanism handles curves of measure-
ments. It is straightforward to determine appropriate representations from this
conceptual framework: Data abstraction and state-action rules use numerical
functions, the other modules use a restricted first-order logic. The integration
of numerical and knowledge-based methods allows us to validate the processes
carefully. In detail, the processes we have designed are:

Data abstraction: From a series of measurements of one vital sign of the
patient, eliminate outliers and find level changes. This abstracts the measu-
rements to qualitative propositions with respect to a time interval.
State-action rules: Given the numerical data describing vital signs of the
patient and his or her current medication, find the appropriate intervention.
An intervention is formalized as increasing, decreasing or not changing the
dose of a drug. The decision is made every minute.
Action-effect rules: Given the state of a patient described in qualitative
terms, medical knowledge about effects of substances, relations between dif-
ferent vital signs, interrelation between different substances, a sequence of
interventions, and a current intervention, find the effects of the current inter-
vention on the patient. The derivation of effects is made for each intervention.
Conflict detection: Given the expected effect of a medication for a patient
and his or her actual state, find inconsistencies.
Conflict explanation: Given interventions with effects on the patient that
follow the medical knowledge and those that are in conflict with medical
knowledge, find characterizations which separate the two sets.

Following this conceptual framework we have developed a knowledge that, for
medications affecting the cardiovascular system in the critically ill,



Development of Decision Support Algorithms for Intensive Care Medicine 223

- provides explicit expert knowledge,
- validates and refines this knowledge against existing, i.e., historic, real-world

data,
- generates explicit, exportable, and executable rules for measurements from

the patient’s cardiovascular system.

The knowledge base is coupled with an abstraction mechanism that detects
outliers and level changes.

3 Methods

3.1 Data Acquisition and Data Set

On a 16-bed surgical ICU all medication data was charted with a CIS, allowing
the user one minute time resolution for all data. This data was transferred into
a secondary SQL database and made available for further analysis.
The entire database comprises about 2000 independent variables. On-line moni-
toring data was acquired from 148 consecutive critically ill patients (53 female,
95 male, mean age 64.1 years), who had pulmonary artery catheters for extended
hemodynamic monitoring, in one minute intervals from the CIS amounting to
679,817 sets of observations.
¿From the original database hemodynamic variables, vasoactive drugs, and some
demographic data were selected for the analysis (table 1). This was done follo-
wing medical reasoning and due to the limitation of the medical knowledge base
to the cardiovascular system.

Table 1. Data set for knowledge base validation

Vital Signs Continously Given Drugs Demographic Attributes
(measured every minute) (changes charted at (charted once at admission)

1-min-resolution)
Diastolic Arterial Pressure Dobutamine Broca-Index
Systolic Arterial Pressure Adrenaline Age
Mean Arterial Pressure Glycerol trinitrate Body Surface Area
Heart Rate Noradrenaline Emergency Surgery (y/n)
Central Venous Pressure Dopamine
Diastolic Pulmonary Pressure Nifedipine
Systlic Pulmonary Pressure
Mean Pulmonary Pressure

3.2 Development and Validation of the Knowledge-Based System

The actual dev elopment and validation of the knowledge-based system was a
process of four components:
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- Development of a knowledge base with the help of a medical expert.
- Data abstraction of time oriented data with time series analysis.
- Knowledge discovery of state-action rules in the medical database using ma-

chine learning.
- Validation of the expert system against existing data from the CIS database

using the MOBAL system and incorporating the data abstraction from the
time series analysis. The knowledge discovery of state-action rules is descri-
bed in [14]. Here, we present the integration of time series analysis with the
knowledge base of action-effect rules.

Medical knowledge base. A medical expert defined the necessary knowledge.
This knowledge is medical textbook knowledge for the cardiovascular system. It
reflects direct pharmacological effects of a selected list of medical interventions
on the basic hemodynamic variables. Any interaction of these interventions with
other organ systems or of other organ systems with the cardiovascular system
were ignored. An excerpt of intervention-effect relations is shown in table 2.

Table 2. Medical knowledge base for hemodynamic effects. +=increase of the res-
pective variable or intervention; -=decrease of the respective variable or intervention;
0=no change

E�ect on hemodynamic variables

Mean

Mean Pulmonary Central
Intervention Heart Rate Arterial Artery Venous Cardiac

Pressure Pressure Pressure Output

Dobutamine + + + + 0 +
- - - - 0 -

Adrenaline + + + + 0 +
- - - - 0 -

Noradrenaline + - + + 0 -
- + - - 0 +

Nitroglycerine + + - - - +
- - + + + -

Fluid intake/ + - + + + +
output - + - - - -

For modeling medical knowledge in terms of action-effect rules we chose a re-
stricted first-order logic. Using the MOBAL system [15] it was extremely easy to
write the according rules. It offers a compact representation of medical knowledge
with a small number of rules, fulfilling the real-world demand for a knowledge
base to be understandable by humans and accessible for expert validation. In
addition, the knowledge base directly serves as background knowledge for lear-
ning refined rules and for doing knowledge revision. Discussions with experts in
intensive care showed that the knowledge base is, in fact, understandable. The
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consistency checking of MOBAL allows to automatically detect cases where the
actual patient state differs from the predicted effect of an intervention. Experts
find it very useful to discuss a rule in the light of selected contradictory ca-
ses.Based on information from the medical expert we built a compact knowledge
base modeling the effects of drugs. Not counting patients’ records, the knowledge
base consists of 39 rules and 88 facts. An example of facts and rules is shown in
table 3.

Table 3. Excerpt from the knowledge base in MOBAL

% Facts:
contains(dobutrex,dobutamin).
med effect(dobutamin,1,10,hr,up).
opposite(up,down).

% Rules:
intervention(P,T1,T2,M,D1) &
intervention(P,T2,M,D2) &
contains(M,S) &
med effect(S,From1,To1,V,Dir) &
med effect(S,From2,To2,Dir) &
ne(From1,From2) & gt(D2,D1) &
lt(D1,To1) & ge(D1,From1) & lt(D2,To2) & ge(D2,From2)
→ interv effect(P,T2,T3,M,V,Dir).

% Patient Data:
level change(pat460, 160, 168, hr, up).
intervention(pat460, 159, 190, dobutrex, 8).

The example rule states that increasing the dose from D1 to D2 of a drug M
leads to an increasing effect on the parameter V of a patient P. The time intervals
in which a certain dose is given to the patient are immediate successors. The
dose is changed significantly. Using unification, the effect of the substance, Dir,
is propagated to the time interval following the intervention, i.e. T2 to T3.

Data abstraction. Time series analysis was employed for data abstraction of
the time oriented variables. After previous studies [6] phase space models were
used for this analysis.
Phase space models are based on a transformation of time series in an Euclidean
space. This transformation is called Phase Space Embedding, a technique derived
from the theory of nonlinear dynamic systems. Given a time series (xt) with N
observations, Packard [17] and Takens [19] constructed so-called phase space
vectors xt, which are defined by:

xt = (xt+m−1, . . . , xt+1, xt), xt ∈ R, t = 1, . . . , N −m+ 1, m ∈ N\{0} (1)
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Here, m is called embedding dimension. Numerous rules exist for choosing m
in nonlinear models. In most cases the components of the phase space vectors
are not neighboring observations, but rather they are separated by a time delay
[9,?]. Focusing on stochastic processes it is necessary to take into account the
dependencies of neighboring observations. Thus for the choice of only those pre-
ciding observations are considered, which have a direct influence on the present
observation.
The components of xt are chronological observations with a time delay (lag)
always of one. This improves the identification of patterns as dependencies bet-
ween consecutive observations are taken into consideration.
The identification procedure, that we developed, uses the differenced time se-
ries dt, which is dt = yt − yt−1, t = 2, . . . , N . In a differenced series an abrupt
level change will be represented by one outlier. The procedure focuses on the
identification of these observations. On the basis of the movement of the phase
space vectors, which contain such observations, a discrimination between diffe-
rent patterns is done. The vectors dt, t = 2, . . . , N were analyzed in consecutive
order whether they pointed into a distant region. If a vector lies in a distant
region, i.e. the vector extrudes from the cloud, it can be discriminated between
different patterns after observing further values (a detailed description of the
methodology is given in [1]).

Validation. The inference engine of MOBAL derives from patient data expected
effects.and compares them with actual effects. Overall, the patient data contain
8,200 interventions. 22,599 effects of the interventions were derived using for-
ward chaining. In order to compare the predicted effects with the actual ones,
we distinguish three types of conformity or contradiction. A predicted effect is

weakly conform with observed patient behavior, if no level change is obser-
ved, the patient’s state remains stable;
strongly conform with observed patient behavior, if the observed level change
has the same direction as is predicted by the rules;
contradictory with observed patient behavior, if a level change is observed
into a direction opposite to the one predicted by the rules.

Note, that weak conformity is not in conflict with medical knowledge, but shows
best therapeutic practice. Smooth medication keeps the patient’s state stable
and does not lead to oscillating reactions of the patient. The explanation of
conflicts between prediction and actual outcome requires to investigate many
hypotheses. For this task, we used the rule learning tool RDT of the system [13].

4 Results

When matching the derived effects with the actual ones, the system detected:

weak conformity: 13,364 effects (59.14%) took place in the restricted sense,
that the patient’s state remained stable.
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strong conformity: 5,165 effects (22.85%) took place in the sense, that in-
creasing or decreasing effects of drugs on vital signs matched corresponding
level changes.
contradiction: 4,070 contradictions (18.01%) of the interventions, were detec-
ted. The observed level change of a vital sign went into the opposite direction
of the knowledge-based prediction.

First, we started a knowledge revision process using concept formation using the
methods of Stefan Wrobel [24]. A concept is learned that separates successful
rule applications, i.e., those, where the rules are not in conflict with the obser-
vations, from rule applications that lead to a contradiction. However, no clear
separation could be found. Hence, we weakened the task to filtering out influen-
tial aspects. For learning, we chose 5,466 interventions with their effects being
classified as conform (including the weak conformity described above) and as not
conform. Eleven predicates about the patient and the medications established
the structured hypothesis space. Of all possible combinations, 121 hypotheses
had to be tested. The findings were:

- The rule stating that lowering a dose of a drug that increases the obser-
ved vital sign should lower the respective vital sign is less reliable than the
opposite rule.

- If combined with the age of the patient being around 55 years or the weight
of the patient being small, the rule for effects of decreasing a medication is
particularly unreliable.

- The weight of the patient alone has no impact on the reliability of action-
effect rules.

- For elderly patients (65 year and older), the weight is an influential feature.
- To our surprise, the amount of reducing or increasing the dose is not a rele-

vant aspect for explaining contradictions, neither alone nor in combination
with other features.

Relational learning did a good job in generating and testing many hypotheses.
However, the learning results clearly show that the decisive features that would
distinguish successful rule applications from contradictory ones are not present
in the data. This lead to careful inspection of contradictory cases.Medical expla-
nation for the contradictions include the following aspects:

- Cardiac output measurements could explain many of the inconsistencies.
Cardiac output measurements were not included in this data as they were
acquired discontinuously at varying time intervals.

- Values for fluid intake and output (I/O) were also not included in initial
data set for the same reason. Especially rapid fluid intake can significantly
counteract or modify the effect of the vasoactive drugs in the current data
sample. Both I/O and cardiac output values will be included in future vali-
dation sets.

- Depending on the actual state of disease and individual predisposition pati-
ents may show a great inter- and intraindividual variability in their response
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to drug interventions. This is an effect that from a mechanistic perspective
is very difficult to control.

- The increase of a vasoactive drug will also exert a more immediate effect
than its decrease, because the halftime of a drug after decrease is typically
longer. In theory, these pharmacodynamic and pharmacokinetic properties
could also be modeled in the knowledge base.

5 Discussion

We present an approach to integrating statistical and knowledge-based methods
for patient monitoring in intensive care. This application involves high dimen-
sional time series data, demanding high quality decision support under real time
constraints. It requires the integration of numerical data and qualitative know-
ledge. Validating the knowledge base is of particular importance.These properties
make this case study a representative for a large number of applications in me-
dicine and engineering.
The overall system is designed such that it can be applied at the hospital. The sy-
stem exploits patients’ data as given and outputs operational recommendations
for interventions. The knowledge base could easily be validated against existing
real-world data. The combination of knowledge-based and statistical approaches
eases the development of medical decision support systems.
Our next steps are the addition of a limited number of variables, like cardiac
output and I/O, to probably solve the majority of contradictions. A comparison
with a hemodynamic knowledge base that is currently developed at the LDS
hospital at Salt Lake City is planned. The LDS knowledge base does not take
the stream of measurements as input, but reads vital signs on demand. It cannot
be applied to past data and be evaluated with respect to them, because there
is no component for checking consistency. We plan to transfer the knowledge
base into our system so that it can be tested on patients’ data. The impact of a
stream of data (our approach) as opposed to some selected points in time when
a vital sign is read (the LDS approach) will be investigated carefully.
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Abstract. This paper is concerned with representations which enable
a technical agent to recognize objects and aggregates from mechanical
parts as they evolve in an ongoing construction task. The general goal
is that the technical agent has a detailed understanding of the task si-
tuation such that it can execute instructions issued by a human user in
a dynamically changing situation. A levelled approach for comprehen-
sive shape representation is presented which is motivated by a cognitive
model of pictorial shape representations (prototypes). In particular, our
system is able to derive and represent spatial properties (such as orien-
tation) and geometric features (e.g., axes or planes) that can be ascribed
to the developing construct.

1 Introduction

The context of this work is a human-machine-integrated construction scenario.
This paper is concerned with representations which enable a technical agent to
recognize objects and aggregates from mechanical parts as they evolve in an
ongoing construction task. The general goal is that the technical agent has a de-
tailed understanding of the task situation such that it can serve as an intelligent
assistant and execute instructions issued by a human user.

What are the general challenges that have to be met by a representation
system employed by the agent? Firstly, the system needs to provide knowledge
about the mechanical objects, their properties, and how they can be mounted,
and also knowledge about the assembly groups that are being built up in a dy-
namically changing situation. As is typical in a construction scenario, aggregates
of generic building parts form new meaningful objects in which the individual
parts can change with respect to their function and role. Secondly, the system
should be able to derive and represent spatial properties (such as orientation)
and geometric features (e.g., axes or planes) that can be ascribed to the de-
veloping construct. A representation of shape could provide a more profound
understanding of aggregate objects through enriching the representation by spa-
tial attributes like intrinsic orientations, axis positions or directions (Fig. 1).

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 231–242, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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Fig. 1. General shape of an undercarriage. The line is the intrinsic axis which denotes
the possible direction of movement restricted by the wheels. An intrinsic orientation
(front and back) will be assigned to the undercarriage when mounted to a vehicle.

While the first aspect has been dealt with by way of propositional descrip-
tions in some approaches (e.g., [10], [15]), the problem of representing generic
shape has insufficiently been tackled in previous literature. For instance, in ear-
lier work (e.g., [13], [4]), two- or three-dimensional shape models were employed
in the recognition and classification of 2D camera percepts. But with respect to
construction scenarios in which 3D camera percepts are provided, these appro-
aches are still lacking solutions of the following problems:

– the representation of shape on different levels of abstraction to describe
spatial structure at various levels of detail

– the ascription of additional spatial properties by which spatial references
could be handled, as in the instruction ’Mount the bumper to the back side
of the car’

– a greater complexity of recognition implied by the usage of 3D percepts

The present paper describes an approach to solve these problems, based on the
idea of levelled shape prototypes. Our scenario is a complex construction task in
which a human instructor supervises a robotic agent in the execution of various
construction steps. The robot has stereo cameras and is thus able to utilize 3D
percepts of the construction scene1. Our results have so far been evaluated in a
3D assembly simulation, the Virtual Constructor, that was also used by (Jung et
al). The Virtual Constructor can perform all manipulations with virtual building
blocks that are physically possible with their real counterparts.

The paper is organized as follows. In Section 2, we give a brief description of
the task setting and how the Virtual Constructor is able to simulate construction
steps based on a structural (propositional) representation. Section 3 describes
the motivations and general goals and features for our novel approach of level-
led shape prototypes. In Section 4, we present our approach in more detail and
describe results how shape prototypes were used to build up spatial represen-
tations in the construction scenario. In Section 5 we conclude that the levelled
approach has the advantage to enable both a very abstract shape recognition
and an appropriate shape refinement by an integrated representation.
1 To avoid misunderstandings: the percept is a threedimensional reconstruction of the

current scene, not a bitplane.
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2 A Virtual Construction Scenario

The testbed we use for the evaluation of our shape prototypes is the Virtual
Constructor, a tool able to simulate a construction scenario with a human being
as instructor and a technical system as constructor. The instructor can mani-
pulate the virtual scene containing a variety of different mechanical objects of
a construction kit. Manipulations can be issued by simple natural language in-
structions (Fig. 2) or directly via the mouse input device. Scene manipulations
can be: moving objects, connecting objects, disconnecting objects, and rotating
objects within an aggregate.

Fig. 2. Screenshot of the Virtual Constructor. The undercarriage will be attached to
the airplane via a natural language instruction.

The Virtual Constructor uses a frame language to represent knowledge ab-
out the mechanical parts (how they can be connected with other parts) and
knowledge about the aggregates which can be constructed. It allows to define
a precise building-up of assembly groups by using containment, connection and
simple spatial relations like parallelism of two bars. It also allows to define roles
that specific building blocks can take on in the context of an assembly group.
A bolt for example can become an axle in the context of an undercarriage. This
way the bolt can be referred to in the following instructions by role like: ’Attach
the axle to the green block’. Such a structural description of an assembly group is
not very flexible against arbitrary but shape-invariant variations and it is bound
to and restricted by a certain construction kit.

Shape prototypes as introduced in the following section are not for defining
precise assembly groups out of a special construction kit. Rather, they enrich
the construction system with knowledge about the rough appearance of objects
belonging to a category. Shape prototypes describe the generic shape of complex
objects with parametric geometry models. They are able to represent knowledge
about spatial properties of objects like an intrinsic orientation, thus it is possible
to handle instructions like: ’Attach the propeller to the front of the airplane’.
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3 Object Representation With Shape Prototypes

The idea we develop in this paper is based on a cognitive motivation. A va-
riety of psychological investigations in the last 20 years have shown that human
beings store and process information not only in an abstract-structural manner
but also often make use of a pictorial concept of things and situations (e.g., [11],
[2], [7]). Especially for the description of object categories, prototypical pictorial
representations have been postulated. Pictorial representations seem advantage-
ous in that they provide a more ’natural’, i.e. intrinsic representation ([12]) of
geometrical and spatial properties than propositional representations. It is assu-
med that by using intrinsic representations the classification of objects should be
faster and more robust against variations and should give clues for a subsequent
structural analysis, which is a motivation for our technical approach.

Fig. 3. Property inheritance from shape prototypes: the individual bolts inherit the
fitting direction from the bolt shape prototype shown in the upper part.

3.1 Two Aspects of Shape Prototypes

For an intuitive interaction with a human partner the technical agent needs
to have a similar understanding of the common subject of their interaction.
In the construction scenario aggregates often become meaningful for a human
being by their overall shape. For example, the instructor calls two wheels an
undercarriage when fitted together by an axle. This is the case when something
looks like something known. To enable this act of recognition in a technical system
it is necessary to model the prototypical shape properties of such objects. With
structural representations (like frames) it is not possible to recognize objects
which are similar by their rough appearance but which are built up in a varied
way or with parts of some other construction kit. This is especially true for
the recognition of the overall shape of multi-part objects. In contrast, shape
prototypes just represent the rough shape and do not take the specific building
parts into consideration.

Besides the aspect of recognition there is another important aspect to proto-
types when used in the interaction with human beings, which is the ascription
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of properties even when they are not relevant for classification. But when for
example speaking about the front side of an airplane this implies an intrinsic
orientation (this means a spatial segmentation by the object’s point of view).
Another example is shown in Fig. 3. Each individual bolt has a fitting direction
that can be inherited from the prototypical bolt shown in the top of the figure.
Like classical property inheritance in propositional representations, our aim is a
property inheritance of spatial attributes from a pictorial representation. Ascri-
bing such spatial attributes to a part or a construct should enable a technical
agent to handle instructions like:

– Place the bolt upside down.
– Attach the propeller at the front side of the airplane.
– Show the bottom side of the airplane.

Fig. 4. Examples of differently shaped entities of the category airplane.

3.2 Levels of Abstraction

There are two conflicting requirements to be achieved by a pictorial shape re-
presentation. On the one hand it must be able to represent shape in the most
abstract manner, in order to recognize a wide variety of objects that have a simi-
lar shape. On the other hand it must be able to distinguish between super- and
subcategories by discriminating further shape properties. This means that shape
prototypes must be able to describe categories at different levels of abstraction,
like ’airplane’ and ’jet’.

There are a variety of approaches to represent shape found in the literature.
Some contributions just deal with 2D representations. For instance [8] uses a
boundary representation; [3], [13], [14] are working with symmetry-axis repre-
sentations. Some early contributions have suggested to use 3D representations
([9], [2]). Especially in image recognition (e.g., [4], [5]), 3D representations are
often used to permit a viewer-independent description of objects. But these ap-
proaches are restricted to an isolated kind of representation and thus do not
permit the modelling of category-adequate abstractions for shape prototypes.
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Basically, the above-mentioned approaches restrict to a single type of object or
even a single object. They do not provide a universal model of a shape prototype
which realizes the conflicting requirements mentioned above. Thus we pursue an
integrated approach of gradually abstracted levelled shape prototypes.

The first requirement for a shape prototype is to represent shape in the most
abstract manner. This can be illustrated by the category airplane. The entities of
this category are typically comprised by a wide variety of different shapes (Fig.
4). So, what is the characteristic shape of an airplane? Especially the model
airplane built up with blocks of a toy construction kit (Fig. 4, bottom) illust-
rates that not constructional detail, but overall shape is typical for an airplane.
Even with holes in the wings and propeller-blades and untypical features on the
airplane’s top the object is recognized as an airplane by human beings at first
sight. The object is classified as an airplane by its typical spatial layout. Thus the
three-dimensional skeleton-model shown in Fig. 5 provides an adequate shape
representation for the most abstract shape description of an airplane.

Fig. 5. Shape representation of an abstract airplane (skeleton-model).

The second requirement for shape prototypes is the possibility of modelling
further discriminating shape properties. A skeleton-model is not sufficient for this
because differences often just occur in a two- or three-dimensional expression of
a shape (for example, the characteristic delta-shape of the fighter plane in Fig.
4). Thus we need to represent also higher dimensional shape properties. This is
why we developed a representation scheme that integrates shape descriptions at
levels of different expressiveness.

4 A Levelled Approach for Comprehensive Shape
Representation

As was argued before, we cannot restrict ourselves to a single kind of shape
representation, for the requirements on different levels of abstraction are too
unlike by far. Thus the aim is to create a framework in which the various shape
representations can be integrated.

There are two main aspects to be considered: First, the inclusion of the
prototypes in a uniform conception to reach an inter-operability between them
and, second, to save the individual properties of the different kinds of shape
prototypes in their specific expressiveness. Note that the abstract expressiveness
of a prototype is not only relevant for its (geometric) shape-model but also in
the classification algorithm working on it.
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Fig. 6. Cascaded levels of shape prototypes: skeleton-model, plane-structure-model,
volumetric model.

To keep the individual characteristics of each kind of prototype, they are em-
bedded (with shape-model and classification algorithm) in a levelled architecture
with a uniform input/output-structure and ordered like a cascade with respect
to decreasing abstraction, as motivated by Fig. 6. This way the architecture ta-
kes care of an increasing differentiation of shape. In our approach we use three
different levels of abstraction:

– The skeleton model represents objects on the most abstract level. Objects
are described just by their major spatial extensions. All three objects in Fig.
7 can be recognized as an airplane on this level. Even the airplane with the
swept back wings will be recognized, because on this level of abstraction the
’wing-line’ does not stand for a straight line, but for a spatial extent at this
position and direction.

– The second level (plane-structure model) takes also two-dimensional aspects
(flat-shape elements) into account. This is why the left object in Fig. 7 would
not be recognized as an airplane on this level (that is, it is not ’as good’ an
airplane as the other two objects).

– The third level (volumetric model) uses three-dimensional shape prototypes.
Thus it is possible to discriminate shape elements of the objects by their
volumetric shape. The middle and the right airplane in Fig. 7 can be di-
stinguished between more special types of airplane like visualized in Fig.
6.

Any shape model on a more abstract level subsumes all less abstract models.
The classification process starts by comparing the percept with the shape

prototype on the most abstract level (e.g., the skeleton airplane as represented
in Fig. 9). If the shape properties of the prototype matches the percept (like
visualized in Fig. 8), a hypothesis (e.g., Fig. 10) is generated. This hypothesis
serves as additional information for the matching process with the prototype on
the next lower level of abstraction. If it is possible to verify the hypothesis on
this level, a new hypothesis with enriched information is generated and passed
on to the next lower level.
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Fig. 7. Some examples of aggregates recognized as airplanes.

Fig. 8. Classification of the model airplane with the shape prototype of an airplane.

4.1 Object Recognition With Shape Prototypes

We now describe in detail how the fully implemented shape recognizer for the
skeleton model is used in object recognition. As an example Fig. 9 shows the
skeleton prototype of the airplane that is visualized in Fig. 8 (upper left). The
prototype contains several shape elements represented by line segments. Each
line segment has a default position and some degrees of freedom (tolerance) for
its relative position, rotation, and size (TRANSLATION, ROTATION and SCALE).
Another important slot is the Significance-value. This value rates the expres-
siveness of a shape prototype as illustrated in Fig. 11. The level of abstraction of
an expressive prototype is much lower for a low-structured object (like the wing)
than for a high-structured object (like the airplanes in Fig. 6). So the skeleton
model of the wing has a much smaller significance value than the airplane has
on this level of abstraction.
The recognition process like visualized in Fig. 8 works as follows:

1. Transformation of the main axis of the prototype parallel to the main axis
of the object by a principle-component-analysis. For a reduction of ambi-
guity we make use of the prototype’s intrinsic top orientation as a clue for a
preferred orientation.

2. For a first rough hypothesis the prototype is scaled to an object-similar size
and centered.

3. Search for shape elements of the object (building blocks) which are near
and similar-oriented to the main shape element of the prototype (defined as
FIX in Fig. 9). The prototype is corrected in position, orientation, and size
accordingly.
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Fig. 9. Coded description of the skeleton-model of an airplane visualized in Fig. 8,
left-upper side (range values in TRANSLATION denote tolerances).
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4. Step by step now the other shape elements are searched for in the object
with respect to their degrees of freedom in translation, rotation, and size.

Fig. 10. Description of the instance of the airplane shape prototype in Fig. 8 (right).

If the shape prototype matches the perceived object, an instance of the pro-
totype is created as exemplified in Fig. 10 (and visualized in Fig. 8, right). The
instance contains information about the individual shape elements which are
passed as clue to the recognizer on the next abstraction level, together with an
estimate of quality. Such a clue consists of:

– the type of the object
– the position, orientation and size of the object and its individual shape ele-

ments
– the building blocks by which the individual shape elements are formed

This estimate of quality is composed by different factors like the activation of
the related category and the significance value of the actual shape-prototype.
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4.2 Property Inheritance of Spatial Attributes

As described in Section 3.1, the technical agent needs knowledge about spatial
properties that goes beyond the shape aspects important for recognition. So
shape prototypes have to contain information that provides additional spatial
knowledge about the prototype. As an example, Fig. 9 shows the coded skele-
ton shape prototype of an airplane. The prototype contains, beside the shape
elements, spatial properties describing the intrinsic orientation of an airplane.
In this example, the Orientation-slots define the front and the top direction.
When an instance of a shape prototype is created, it inherits the spatial pro-
perties like the intrinsic orientation in Fig. 10 or the fitting direction in Fig.
3.

5 Conclusion and Future Work

In this paper we presented an integrated approach to model shape prototypes on
different levels of abstraction. The object recognizer working on these prototypes
is able to recognize and classify objects that are similar to a very general shape
prototype on the one hand and, on the other hand, to differentiate among more
special prototypes. The shape prototypes can be enriched with spatial attributes
that are inherited to the instances of the prototypes. Thus it is possible to ascribe
spatial properties like an intrinsic orientation to an object.

Fig. 11. An expressive prototype for a low-structured object like the wing is provided
on a low level of abstraction.

First experiences show that our recognition system based on shape proto-
types is up to two times faster than the frame-based recognizer provided with
the Virtual Constructor (cf. Section 2). More importantly, it can recognize a
diverse variety of different instances of a category like the different airplanes
shown in Fig. 7. So far, the recognition time depends much on the complexity of
the percept. We expect to get better results by preprocessing the percept with
perceptual-grouping methods (e.g., [1]).

Another aspect of future work is the integration of a cognitive process model
([6]) which allows us to take category activation into account. This means that
if, for example, some parts or aggregates are recognized as parts of an airplane,
then other (generic) parts in this context will be classified more likely as airplane
parts, too.
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Abstract. Acting efficiently and meeting deadlines requires autonomous robots
to schedule their activities. It also requires them to act flexibly: to exploit op-
portunities and avoid problems as they occur. Scheduling activities to meet these
requirements is an important research problem in its own right. In addition, it pro-
vides us with a problem domain where modern symbolic AI planning techniques
could considerably improve the robots’ behavior.
This paper describes ppsd, a novel planning technique that enables autonomous
robots to impose order constraints on concurrent percept-driven plans to increase
the plans’ efficiency. The basic idea is to generate a schedule under simplified
conditions and then to iteratively detect, diagnose, and eliminate behavior flaws
caused by the schedule based on a small number of randomly sampled symbolic
execution scenarios. The paper discusses the integration of ppsd into the controller
of an autonomous robot office courier and gives an example of its use.

1 Introduction

Carrying out their jobs efficiently and meeting deadlines requires service robots to sche-
dule their activities based on predictions of what will happen when the robot executes its
intended course of action. Efficiency also requires robots to act flexibly: to exploit op-
portunities and avoid problems as they occur. Unfortunately, scheduling activities with
foresight and acting flexibly at the same time is very hard. Even more so when jobs are
underspecified or the robot is to carry out opportunistic plan steps which are triggered
by enabling conditions. AI researchers have proposed several techniques to tackle these
kinds of problems.

Constraint-based scheduling techniques have been successfully applied to very
large scheduling problems. They gain efficiency by assuming that schedules can be
checked without making detailed simulations of what will happen when a schedule gets
executed. Sacrificing simulation-based plan checking will reduce the success rate of
plans for robots that act in changing environments or carry out subplans that interact in
subtle ways.

Decision-theoretic partial-order planning systems [KHW95,WH94] aim at syn-
thesizing plans with maximal expected utility by weighing the utility of each possible
outcome with the probability that the plan will produce it. Given realistic computational
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resources, the probability distribution over possible outcomes can often not be estimated
accurately enough to determine the plans with the highest expected utility [Yam94].

Decision-theoretic planning based on solving (partially observable) Markov de-
cision problems ((po)mdps) [BDH98] model the robot’s operation and effects on the
world as a finite state automaton in which actions cause stochastic state transitions. The
robot is rewarded for achieving its goal quickly and reliably. A solution for such pro-
blems is a policy, a mapping from states to actions that maximizes the accummulated
reward. The use of (po)mdps to generate concurrent plans that contain event-enabled
subplans (if you notice that room A is open while you pass the door then pick up the red
letter) requires to use fine-grained discretizations that result in huge state spaces. The
grain size is thereby determined by the frequency of events that might trigger a subplan.
Whether we can encode control problems of such complexity as (po)mdp problems that
are so compact that they can be solved effectively is still an open question.

The advantage of these approaches is that they compute optimal solutions with
respect to the models they use because they reason exhaustively through all possible
execution scenarios yielded by the models. They are therefore restricted to the use of
simple models. We believe that one of the key impediments in applying AI planning
techniques to improve robot behavior is the lack of realistic models of the operational
principles of modern control systems and accurate models of the temporal structure of
activities and their interactions.

Our proposed solution to scheduling flexible activity is ppsd (Probabilistic Predic-
tion-based Schedule Debugging), a method that generates candidate schedules fast
ignoring the possibility of certain kinds of flaws and then iteratively debugs scheduled
plans by revising them to eliminate flaws resulting from the simplifying assumptions (cf.
[Sim92]). To forestall a wide range of behavior flaws typical for service robots we use
models that represent continuous processes, exogenous events, interferences between
concurrent behavior, incomplete information, and passive sensors. As a consequence,
ppsd cannot afford to reason exhaustively about all possible consequences of the robot’s
plans. Instead it draws inferences based on a small number of scenarios randomly pro-
jected wrt the robot’s probabilistic belief state in order to guess whether and if so which
flaws will probably occur. This weaker kind of inference can be drawn fast and with
reliability varying with the available resources [BM97].

Compared with the scheduling approaches discussed above we can categorize ppsd
as follows. ppsd uses constraint-based scheduling techniques for generating initial sche-
dules under idealizing assumptions. The resulting candidate plans are then tested using
symbolic prediction techniques that generate qualitatively accurate predictions of the
robot’s behavior. The main advantage of ppsd over the (po)mdp planning approaches is
its parsimonity in the consumption of computational resources. ppsd uses a very compact
representation of actions and states by reasoning about action models that describe con-
tinuous behavior, yet predicting only those state transitions that might affect the course
of plan execution [BG98]. In addition, ppsd is less likely to waste computation time on
reasoning about very unlikely plan outcomes. As a consequence, farsighted scheduling
of the operation of autonomous service robots in realistic environments lie well within
the applicability scope of ppsd, even of its prototypical implementation discussed in
this paper. Of course, those advantages over the other approaches can only be obtained
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by contending ourselves with scheduling methods that produce with high probability
“pretty good” schedules.

Using ppsd we have implemented a special purpose planner that revises concurrent
reactive plans for robots performing sets of complex, interacting, and user-specified
tasks. This planner that is employed by the controller of an autonomous robot office
courier is a specific example where modern AI planning technology can contribute to
autonomous robot control by improving the robot’s behavior.

This paper makes three important contributions: It (1) describes ppsd, a novel sche-
duling technique; (2) shows how the technique can be instantiated for an autonomous
robot office courier; and (3) describes an experiment where the technique improves the
robot’s performance. In the remainder of the paper we proceed as follows. After an illu-
strative example, we characterize the control problem abstractly, and describe the three
contributions listed above in detail.

2 An Illustrative Example

To illustrate the kinds of control problems we address, consider the following situation in
the environment pictured in Fig. 1. A robot is to deliver a letter in a yellow envelope from
room A-111 to A-117 (cmd-1) and another letter for which the envelope’s color is not
known from A-113 to A-120 (cmd-2). The robot has already tried to accomplish cmd-2
but because it recognized A-113 as closed (using its range sensors) it revised its intended
course of action into achieving cmd-2 opportunistically. That is, if it later detects that
A-113 is open it will interrupt its current activity and reconsider its intended course of
action under the premise that the steps for accomplishing cmd-2 are executable.

A-110 A-111 A-112 A-113 A-114

A-117A-118A-119A-120A-121

Fig. 1. Environment.

To perform its tasks fast the robot should
schedule the pick-up and deliver actions
to minimize execution time and assure
that letters are picked up before delivered.
To ensure that the schedules will work,
the robot has to take into account how the
state of the robot and the world changes
as the robot carries out its scheduled ac-
tivities. Aspects of states (state variables)
that the robot has to consider when sche-
duling its activities are locations of the
letters. Constraints on the state variables
that schedules have to satisfy are that they
only ask the robot to pick up letters that

are at that moment at the robot’s location and that the robot does not carry two letters in
envelopes with the same color.

Suppose our robot standing in front of room A-117 has received evidence that A-113
has been opened in the meantime. This requires the robot to reevaluate its options for
accomplishing its jobs with respect to its changed belief state. Executing its current plan
without modifications might yield mixing up letters because the robot might carry two
letters in envelopes with the same color. The different options are: (1) to pick up the



246 M. Beetz, M. Bennewitz, and H. Grosskreutz

letter if it notices during plan execution that room A-113 is open, (2) to immediately ask
(via email) for the letter from A-113 to be put into an envelope that is not yellow (to
exclude mixing ups when taking the opportunity later); (3) to constrain later parts of the
schedule such that no two yellow letters will be carried even when the letter in A-113
turns out to be yellow; and (4) to skip the opportunity. Which option the robot should
take depends on its belief state with respect to the states of doors and locations of letters.
To find out which schedules will probably work and which ones might yield mixing up
letters, the robot must apply a model of the world dynamics to the state variables.

3 The Prediction-Based Schedule Debugger

ppsd is to solve the following computational task: Given a probabilistic belief state, a
set of jobs, and a concurrent reactive partially ordered plan. Find a totally ordered plan,
that accomplishes all jobs, and has a high performance (i.e., it is flawless and fast). To
accomplish the computational task fast we only consider plans that result from the given
plan through a sequence of revisions (addition of steps and ordering constraints).

In our particular example the probabilistic belief state comprises probability distri-
butions about which envelopes are on which desks and the current state of doors in the
form of probability distributions over the values of predefined random variables (e.g.,
P(nr-of-yellow-envelopes-on-desk-3 = 2) = 0.7). We use a performance measure that is
roughly proportional to the number of flaws in the schedule. Resource consumption (in
our case, the travel time) has a smaller impact.

A concurrent reactive partially ordered plan consists of a set of plan steps steps, a
partial order o on these steps and concurrent threats policies with higher priority than
steps. policies specify constraints on the execution of the plan which might overwrite
the order constraints within the plan. For example, the robot courier uses a policy to
reschedule the plan whenever it detects that a door previously assumed to be closed is
open and vice versa. To specify such flexible and efficient behavior without policies,
in particular those that reschedule plans dynamically, the robot would have to use a
“universal” plan in which decisions for all possible situations the robot might run into
are precomputed.

The computational structure of prediction-based schedule debugging is a cycle that
consists of the following steps: First, call a schedule generator to produce a candidate
schedule o’. The schedule generator uses heuristics and domain-specific methods for
quickly computing schedules that minimize travel time. It does not take into account the
state changes of the robot and the world that occur as the activities get executed. Second,
randomly project the plan 〈steps,o’〉 constrained by a set of policies with respect to the
belief state bs n times to produce the execution scenarios es. Apply the flaw detection
module to the execution scenarios es and collect all flaws flaws that occur at least k
times in the n scenarios. Next, rule is set to a revision rule that is applicable to one
of the flaws in flaws. The new plan 〈steps,o〉 results from the application of rule to
the current plan. The loop is iterated until no probable flaw in the schedule is left. The
following pseudo code sketches the main computational steps of the ppsd algorithm.
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algorithm ppsd(plan, bs,n)
1 〈steps,o〉 ← plan
2 loop
3 o’← generate-schedule(〈steps,o〉)
4 es← Randomly-Project(〈steps,o’〉, bs,n)
5 flaws← detect-schedule-flaws(es,k)
6 rule← choose(rules(choose(flaws)))
7 〈steps,o〉 ← apply(rule)
8 until flaws = {}

There is, in general, no guarantee that eliminating the cause for one flaw won’t intro-
duce new flaws or that debugging will eventually reduce the number of flaws [Sim92].

ppsd is implemented within the Xfrm planning framework [McD92]. In some ways,
Xfrm is like a tool for building expert systems: it is an empty shell for building trans-
formational planners for robot controllers written in Rpl. Xfrm provides powerful and
general tools for the prediction-based revision of concurrent reactive plans:

– The Reactive Plan Language (Rpl) [McD91] allows programmers to specify con-
current reactive plans. Rpl comes with an execution system that runs on autonomous
robots [Bee99]. It also represents controllers as syntactic objects that can be inspec-
ted and manipulated by plan revision methods [McD92].

– The projection module ptopa (see [McD94]) that generates symbolic representa-
tions of possible execution scenarios. ptopa takes as its input an Rpl plan, rules for
generating exogenous events, and a set of probabilistic rules describing the effects
of exogenous events and concurrent reactive control processes. ptopa randomly
samples execution scenarios from the probability distribution that is implied by the
rules. An execution scenario describes how the execution of a robot controller might
go, that is, how the environment changes as the plan gets executed. It is represented
as a timeline, a linear sequence of dated events, which cause new world states. World
states are characterized by a set of propositions.

– XfrmML, a declarative notation for formulating queries about projected execution
scenarios, as well as plan transformation rules. Using XfrmML, ppsds can reason
about plans and apply plan transformation rules to eliminate schedule flaws.

To realize a ppsd debugger within the Xfrm framework, a programmer has to do
several things:

1. Specify a domain-specific fast heuristic schedule generator and implement it as an
XfrmML plan revision rule.

2. Specify a causal model of the world and the robot controller using the ptopa rule
language, which is used to predict the state transitions caused by executing the robot
controller. The causal model includes ptopa rules that use the robot’s belief state to
sample the initial state of the timeline.

3. Provide XfrmML rules that represent what behavior flaws are and how plans can
be revised to eliminate them.

4. Choose an appropriate parameterization of the flaw detection module (see below).
5. Provide a mechanism for updating the belief state, that is the probability distributions

over the values of the random variables that are needed by the causal model.
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The Flaw Detection Module A main factor that determines the performance of ppsd for
a particular application is the flaw detector. In general, different kinds of flaw detectors
differ with respect to (1) the time resources they require; (2) the reliability with which
they detect flaws that should be eliminated; and (3) the probability that they hallucinate
flaws (that is, that they signal a flaw that is so unlikely that eliminating the flaw would
decrease the expected utility).

ppsd should classify a flaw as to be eliminated if the probability of the flaw wrt the
agent’s belief state is greater than θ. ppsd should classify a flaw as hallucinated if the
probability of the flaw wrt the agent’s belief state is smaller than τ . We assume that flaws
with probability between τ and θ have no large impact on the robot’s performance.

To be more specific, consider a schedule flaw f that occurs in the distribution of
execution scenarios of a given scheduled plan with respect to the agent’s belief state
with probability p. Further, let Xi(f) = 1 represent the event that behavior flaw f occurs
in the ith execution scenario (Xi(f) = 0 else).

The random variable Y(f,n) =
∑n

i=1Xi(f) represents the number of occurrences of
the flaw f in n execution scenarios. Define a probable schedule flaw detector Det such
that Det(f,n,k) = true iff Y(f,n) ≥ k, which means that the detector classifies a flaw f as
to be eliminated if and only if f occurs in at least k of n randomly sampled scenarios.

Now we can build a model for the schedule flaw detector. Since the occurrence of
schedule flaws in randomly sampled execution scenarios are independent from each
other, the value ofY(f) can be described by the binomial distribution b(n,p). Using b(n,p)
we can compute the likelihood of overlooking a schedule flaw f with probability p in n

scenarios: P (Y (f) < j) =
∑j−1

k=0

(
n
k

)
∗ pk ∗ (1 − p)n−k.

In our prototypical implementation, we choose θ starting at 50% and τ smaller
than 5% and typically use Det(f,3,2), Det(f,4,2), or Det(f,5,2). Projecting an execution
scenario takes about three to eight seconds depending on the complexity of the plan and
the number of probabilistically occurring exogenous events. This enables the robot to
perform a schedule debugging step in less than thirty seconds (on average). Fig. 2(left)
shows the probability that the flaw detector Det(f,n,2) for n = 3,...,5 will detect a schedule
flaw with probability θ. The probability of a flaw less likely than τ to be eliminated is
smaller than 2.3% (for all n≤5).

Prob. of Flaw θ
50% 60% 70% 80% 90%

Det(f,3,2) 50.0 64.8 78.4 89.6 97.2
Det(f,4,2) 68.8 81.2 91.6 97.3 99.6
Det(f,5,2) 81.2 91.3 96.9 99.3 99.9

θ
1% 10% 20% 40% 60% 80%

τ =.1% 1331 100 44 17 8 3
τ =1% ⊥ 121 49 17 8 3
τ =5% ⊥ 392 78 22 9 3

Fig. 2. Reliability of the probable schedule flaw detector (left). Number of scenarios to get 95%
accurateness (right).

As projection gets faster, another question arises: how many execution scenarios (n)
must be projected to recognize flaws of probability ≥ θ with probability at least β? Or
put another way, which flaw detector DET (n, k) should we use? Instead of determining
the optimal detector DET (n, k) for given parameters τ , θ and β, we will consider the
detectors DET (n(θ + τ)/2, n) that will signal a flaw if Y > n(θ + τ)/2. Although
n(θ + τ)/2 is not the optimal k, it is a reasonable guess. Note, if 1 − θ ≥ τ , which is
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often the case, the probability of overlooking a flaw with probability θ is greater than the
probability of hallucinating a flaw of probability τ . The less probable a flaw becomes,
the more probable it will be overlooked. Thus, in the remainder we will only consider
the probability of overlooking a flaw with probability θ, using DET (n(θ + τ)/2, n).

When n is large (particularly, np(1 − p) > 9) the binomial distribution b(n, p) can
be approximated a by a normal distribution N(σ2 = np(1 − p), µ = np). In addition,
the normal distribution can be restated as a standard normal distribution: W (ξ ≤ x) =
Φ((x − µ)/σ); Φ beeing the standard normal distribution function.

So, how probable is it that we overlook a flaw using DET (n(θ + τ)/2, n)? A flaw
with probability θ is overlooked if Y ≤ n(θ + τ)/2 with Y distributed according to
N(nθ, nθ(1 − θ)). The probability, written as a standard normal distribution, is thus
Φ(n(θ+τ)/2−µ

σ ). To use β as an upper bound, n(θ+τ)/2−µ
σ must be ≤ λβ , with λβ such

that Φ(λβ) ≤ β. Replacing σ with
√

nθ(1 − θ) and µ with nθ, we need to determine the

n that implies n((θ+τ)/2−θ)√
nθ(1−θ)

≥ λbeta. Solving this equation for n yields n ≥ 4λ2
betaθ(1−

θ)/(τ−θ)2. Fig. 2(right) shows the number of necessary projections to achieve β = 95%
(λβ = 1.65) (the difference compared to Fig. 2 result from the approximation).

4 Online Scheduling of Office Delivery Jobs

This section applies ppsd to the control of an autonomous robot office courier, called
Rhino, operating in the environment shown in Fig. 1. The robot courier uses a library
of routine plans that specify among other things that objects are delivered by specifying
that Rhino is to navigate to the pickup place, wait until the letter is loaded, navigate
to the destination of the delivery, and wait for the letter to be unloaded. The plans are
specified as concurrent reactive plans written in Rpl.

The remainder of the section describes the domain and task specific instantiations
of the ppsd components.
Rhino’s Schedule Generator The algorithm for generating schedules is simple. Es-
sentially, it sorts the navigation tasks (going to a target location) (counter)clockwise to
get a candidate schedule. After this initial sort the scheduler iteratively eliminates and
collects all steps s such that s has to occur after s′ with respect to the required ordering
constraints but occurs before s′ in the candidate schedule. Then the steps s are iteratively
inserted into the candidate schedule such that the ordering constraints are satisfied and
the cost of insertion is minimal. While this greedy algorithm is very simple and fast it
tends to produce fast schedules because the benign structure of the environment.
The Causal Model As the causal models of the concurrent reactive control routines, in
particular the navigation behavior, we use a variation of the one proposed by Beetz and
Grosskreutz [BG98] which makes probabilistically approximately accurate predictions.
The predictions are represented compactly and generated within a few seconds. The
probability distribution over which scenarios are generated is implied by the robot’s
belief state.
The Flaw Detector is realized through plan steps that generate “fail” events. Thus to
detect schedule flaws an XfrmML query has to scan projected scenarios for the occur-
rence of failure events. For example, to detect deadline violations we run a monitoring
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process that sleeps until the deadline passes concurrently with the scheduled activity.
When it wakes up it checks whether the corresponding command has been completed.
If not a deadline violation failure event is generated.

Revision Rules. For schedule revision we use revision rules that are very similar to
the ones originally developed by Beetz and Bennewitz [BB98]. The main difference is
that the applicability of their rules is checked on real situation that occur during the
execution of scheduled activity. The ones used in this paper include in addition rules that
are triggered by predicted situations and applied to predicted execution scenarios. These
revision rules have the advantage that they can revise the schedule while the scheduled
plan is executed. Revision rules applied by the ppsd of the robot courier include one that
adds ordering constraints to avoid holding two letters of the same color and one that
inserts an email action asking the sender of a letter to use a particular envelope into the
plan.

Belief State Manager. The belief state of the robot is updated through the interpretation
of email messages, rules for updating the beliefs about dynamic states as time passes,
and sensor data. For example, the rule “if office A-111 is closed it typically stays closed
for about fifteen minutes” specifies that if the robot has not received any evidence about
the door of room A-111 for fifteen minutes, the probability distribution for the door state
is reset to the a priori probility. Email messages may contain information about probility
distributions or facts that change conditional probabilities.

5 The Example Revisited

Room A-117

Room A-111

(136) (DONE GOTO (2300.0 600.0))
(136) (DO UNLOAD-LETTER y-letter)

(58) (DONE GOTO (1000.0 1600.0))
(58) (DO LOAD-LETTER y-letter)
(62) (ACTIVATE GOTO (2300.0 600.0))

(2) (ACTIVATE GOTO (1000.0 1600.0))

Fig. 3. A Possible projected execution scenarios
for the initial plan.

Recall the example from the second sec-
tion in which the robot standing at its in-
itial position has perceived evidence that
door A-113 has been opened. Therefore
its belief state assigns probability p for
the value true of random variable open-
A113. The belief state also contains pro-
babilities for the colors of letters on the
desk in A-113.

Wrt. this belief state, different scena-
rios are possible. The first one, in which
A-113 is closed, is pictured in Fig. 3.
Points on the trajectories represent pre-
dicted events. The events without labels

are actions in which the robot changes its heading (on an approximated trajectory) or
events representing sensor updates generated by passive sensing processes. For example,
a passive sensor update event is generated when the robot passes a door. In this scenario
no intervention by prediction-based debugging is necessary and no flaw is projected.
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Room A-117

Room A-111

Room A-120

Room A-113

(95) (DONE GOTO (1000.0 1600.0))
(95) (DO LOAD-LETTER Y-LETTER)
(95) (FAILURE SAME-COLOR LETTER)

(33) (DONE GOTO (1850.0 1350.0))
(33) (DO LOAD-LETTER OPP)
(34) (ACTIVATE GOTO (1000.0 1600.0))

(12) (RECOGNIZE LOAD-LETTER OPP)
(13) (ACTIVATE GOTO (1850.0 1350.0))

(2)
(ACTIVATE GOTO (1000.0 1600.0))

Room A-117

Room A-111

Room A-120

Room A-113

(248) (DONE GOTO (2300.0 600.0))
(248) (DO UNLOAD-LETTER Y-LETTER)

(174) (DONE GOTO (1100.0 400.0))
(174) UNLOAD-LETTER OPP)
(175) GOTO (2300.0 600.0))

(102) GOTO (1000.0 1600.0))
(102) LOAD-LETTER Y-LETTER)
(103) GOTO (1100.0 400.0))

(30) GOTO (1850.0 1350.0))
(30) LOAD-LETTER OPP)
(31) GOTO (1000.0 1600.0))

(11) (RECOGNIZE LOAD-LETTER OPP)
(12) (ACTIVATE GOTO (1850.0 1350.0))

(2) (ACTIVATE GOTO (1000.0 1600.0))

Fig. 4. The other possible execution scenarios for the initial plan.

In the scenarios in which office A-113 is open the controller is projected to recognize
the opportunity and to reschedule its enabled plan steps as described above 1 . The
resulting schedule asks the robot to first enter A-113, and pickup the letter for cmd-2,
then enter A-111 and pick up the letter for cmd-1, then deliver the letter for cmd-2 in
A-120, and the last one in A-117. This category of scenarios can be further divided into
two categories. In the first subcategory shown in Fig. 4(left) the letter to be picked up
is yellow. Performing the pickup thus would result in the robot carrying two yellow
letters and therefore an execution failure is signalled. In the second subcategory shown
in Fig. 4(right) the letter has another color and therefore the robot is projected to succeed
by taking for all these scenarios the same course of action. Note, that the possible flaw
is introduced by the reactive rescheduling because the rescheduler doesn’t consider how
the state of the robot will change in the course of action, in particular that a state may
be caused in which the robot is to carry two letters with the same color.

Room A-117

Room A-111

Room A-120

Room A-113(200) (DONE GOTO (1000.0 1600.0))
(202) (DO LOAD-LETTER Y-LETTER)
(211) (ACTIVATE GOTO (2300.0 600.0))

(147) (DONE GOTO (1100.0 400.0))
(162) (DO UNLOAD-LETTER OPP)
(178) (ACTIVATE GOTO (1000.0 1600.0))

(39) (DONE GOTO (1850.0 1450.0))
(39) (DO LOAD-LETTER NIL)
(70) (ACTIVATE GOTO (1100.0 400.0))

(19) (USE OPPORTUNITY)

(2) (ACTIVATE GOTO
(1850.0 1450.0))

(263) (DONE GOTO (2300.0 600.0))
(263) (DO UNLOAD-LETTER Y)

Fig. 5. Projected scenario for the revised plan.

In this case, ppsd will probably de-
tect the flaw if it is probable with respect
to the robot’s belief state. This enables
the debugger to forestall the flaw, for in-
stance, by introducing an additional or-
dering constraint, or by sending an email
that increases the probability that the let-
ter will be put in a particular envelope.
These are the revision rules introduced in
the last section. Fig. 5 shows a projection
of a plan that has been revised by adding
the ordering constraint that the letter for
A-120 is delivered before entering A-111.

Fig. 6(left) shows the event trace ge-
nerated by the initial plan and executed with the Rhino control system [TBB+98] for
the critical scenario without prediction based schedule debugging; Fig. 6(right) the one
with the debugger adding the additional ordering constraint. This scenario shows that

1 Another category of scenarios is characterized by A-113 becoming open after the robot has left
A-111. This may also result in an execution failure if the letter loaded in A-113 is yellow, but
is not discussed here any further.
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reasoning about the future execution of plans in ppsd is capable of improving the robot’s
behavior.

16:30:37 (ACTIVATE GOTO (1000.0 1600.0))

16:30:41 (RECOGNIZE LOAD-LETTER OPP)
16:30:41 (ACTIVATE GOTO (1850.0 1350.0))

16:31:12 (LOAD LETTER)
16:31:12 (ACTIVATE GOTO (1000.0 1600.0))

16:32:30 (LOAD LETTER)
16:32:30 (FAILURE SAME-COLOR LETTER)

21:09:38 GOING TO (1850.0 1450.0)

21:09:50 INSTALL NEW SCHEDULE

TO AVOID

CARRYING SAME COLOR

21:10:13 ARRIVED AT (1850.0 1450.0)
21:10:37 LOADING BLUE LETTER
21:10:37 GOING TO (1100.0 400.0)

21:11:24 ARRIVED AT (1100.0 400.0)
21:11:59 UNLOADING BLUE LETTER
21:11:59 GOING TO (1000.0 1600.0)

21:12:31 ARRIVED AT (1000.0 1600.0)
21:13:06 LOADING BLUE LETTER
21:13:06 GOING TO (2300.0 600.0)

21:14:26 ARRIVED AT (2300.0 600.0)
21:14:58 UNLOADING BLUE LETTER

Fig. 6. Trajectory without ppsd (left). Trajectory when the flaw is forestalled by ppsd (right).

6 Experimental Results

We have carried out three kinds of experiments to verify that ppsd-based scheduling
can improve the behavior of autonomous robots. In the first one we have validated that
ppsd-like plan revisions can be carried out reliably while the robot is operating. We
have implemented a high-level controller for an interactive museums tourguide robot.
The tourguide robot, called Minerva, has operated for a period of thirteen days in the
Smithsonian’s National Museum of American History.2 In this period, it has been in
service for more than ninetyfour hours, completed 620 tours, showed 2668 exhibits,
and travelled over a distance of more than fortyfour kilometers. Minerva used plan
revisions for the installment of new commands, the deletion of completed plans, and tour
scheduling. The Minerva experiment demonstrates that srcs can (1) reliably control
an autonomous robot over extended periods of time and (2) reliably revise plans during
their execution.

The second experiment evaluated ppsd in a series of 12 randomly generated scenarios
with about six delivery jobs most of them added asynchronously. In these scenarios no
plan revisions were necessary. Each scenario was tested in five runs (taking about twenty
to twentyfive minutes for ppsd- and situation-based scheduling) As expected ppsd-based
scheduling did on average not worse than situation-based scheduling methods.

In the last experiment we made up five scenarios in which the computation of good
schedules required foresight. In those scenarios ppsd outperformed situation-based sche-
duling by about eight percent (in this experiment, if the robot recognizes that it is about
to load two letters of the same color, it puts the current job aside; thus confusing two
letters never occurs. In the example pictured in Fig. 6(left) the robot would leave the
room without loading the second letter. ppsd forestalls such detours.) We compared the
expected durations for the paths taken in the scenario in order to eliminate the large va-
riations in navigation time caused by different load averages for computers, interference
by the reactive collision avoidance, etc.

2 See http://www.cs.cmu.edu/∼minerva for details.
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7 Related Work

Probabilistic prediction-based schedule debugging is a planning approach rooted in
the tradition of transformational planners, like Hacker [Sus77] and Gtd [Sim92] that
diagnoses “bugs” or, in our case, plan failures, in order to revise plans appropriately. In
spirit, the control strategy of ppsd is very similar to the Generate/Test/Debug strategy
proposed by Simmons [Sim92]. Our approach, like the Xfrm system [McD92], differs
from other transformational planners in that it tries to debug a simultaneously executed
plan instead of constructing a correct plan. Also, we reason about full-fledged robot
plans and are able to diagnose a larger variety of failures.

A number of approaches have been applied to activity scheduling in autonomous
agent control. McDermott [McD92] has developed a prediction-based scheduler for lo-
cation specific plan steps, which can probabilistically guess locations at which plan steps
are executed if the locations are not specified explicitly. The main contribution of our
approach is that McDermott’s approach has been applied to a simulated agent in a grid-
based world whereas ours controls a physical autonomous robot. Pell et al. [PBC+97]
(re)schedule the activities of an autonomous spacecraft.While their system must generate
working schedules we are interested in good schedules wrt. a given utility/cost function.
In addition, scheduling activities of autonomous service robots typically requires faster
and resource adaptive scheduling methods. Our scheduling approach differs from the
one proposed by McVey et al. [MADS97] in that theirs generates real-time guaranteed
control plans while our scheduler optimizes wrt. a user defined objective function.

8 Conclusions

In this paper we have developed a scheduling technique that enables autonomous robot
controllers to schedule flexible plans, that is plans that allow autonomous robots to
exploit unexpected opportunities3 and to reschedule dynamically. The technique makes
informed scheduling decisions by reasoning through concurrent sensor-driven plans
that even reschedule themselves during execution. ppsd uses a fast heuristic schedule
generator that might propose flawed schedules and then iteratively detects and eliminates
schedule flaws based on a small number of randomly sampled execution scenarios.

Besides the technique itself, the paper gives a specific example in which modern AI
planning technology can contribute to autonomous robot control by improving the robot’s
behavior. The planning techniques, in particular the temporal projection and the plan
revision techniques can do so because they (1) extend standard scheduling techniques
and reactive plan execution techniques with means for predicting that the execution of
a scheduled activity will result in a behavior flaw; (2) predict states relevant for making
scheduling decisions that the robot won’t be able to observe; (3) uses information about
predicted states before the robot can observe them.

3 By unexpected opportunities we mean states like an open door. The robot knows that doors can
be open and closed but it does not know which door is open when. This is the unexpected part.
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Abstract. This paper presents a probabilistic algorithm for collaborative mobile
robot localization. Our approach uses a sample-based version of Markov local-
ization, capable of localizing mobile robots in an any-time fashion. When teams
of robots localize themselves in the same environment, probabilistic methods are
employed to synchronize each robot’s belief whenever one robot detects another.
As a result, the robots localize themselves faster, maintain higher accuracy, and
high-cost sensors are amortized across multiple robot platforms. The paper also
describes experimental results obtained using two mobile robots. The robots de-
tect each other and estimate their relative locations based on computer vision and
laser range-finding. The results, obtained in an indoor office environment, illus-
trate drastic improvements in localization speed and accuracy when compared to
conventional single-robot localization.

1 Introduction

Sensor-based robot localization has been recognized as one of the fundamental problems
in mobile robotics. The localization problem is frequently divided into two subproblems:
Position tracking, which seeks to compensate small dead reckoning errors under the
assumption that the initial position of the robot is known, and global self-localization,
which addresses the problem of localization with no a priori information about the robot
position. The latter problem is generally regarded as the more difficult one, and recently
several approaches have provided sound solutions to this problem. In recent years, a
flurry of publications on localization—which includes a book solely dedicated to this
problem [2]—document the importance of the problem. According to Cox [8], “Using
sensory information to locate the robot in its environment is the most fundamental
problem to providing a mobile robot with autonomous capabilities.”

However, virtually all existing work addresses localization of a single robot only. At
first glance, one could solve the problem of localizingN robots by localizing each robot
independently, which is a valid approach that might yield reasonable results in many
environments. However, if robots can detect each other, there is the opportunity to do
better. When a robot determines the location of another robot relative to its own, both
robots can refine their internal believes based on the other robot’s estimate, hence improve
their localization accuracy. The ability to exchange information during localization is
particularly attractive in the context of global localization, where each sight of another
robot can reduce the uncertainty in the estimated location dramatically.

The importance of exchanging information during localization is particularly striking
for heterogeneous robot teams. Consider, for example, a robot team where some robots

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 255–266, 1999.
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are equipped with expensive, high accuracy sensors (such as laser range-finders), whereas
others are only equipped with low-cost sensors such as ultrasonic range finders. By
transferring information across multiple robots, high-accuracy sensor information can
be leveraged. Thus, collaborative multi-robot localization facilitates the amortization of
high-end, high-accuracy sensors across teams of robots. Thus, phrasing the problem of
localization as a collaborative one offers the opportunity of improved performance from
less data.

This paper proposes an efficient probabilistic approach for collaborative multi-robot
localization. Our approach is based on Markov localization [23, 27, 16, 6], a family of
probabilistic approaches that have recently been applied with great practical success to
single-robot localization [4,3,30]. In contrast to previous research, which relied on grid-
based or coarse-grained topological representations, our approach adopts a sampling-
based representation [10,12], which is capable of approximating a wide range of belief
functions in real-time. To transfer information across different robotic platforms, proba-
bilistic “detection models” are employed to model the robots’ abilities to recognize each
other. When one robot detects another the individual believes of the robots are synchro-
nized, thereby reducing the uncertainty of both robots during localization. While our
approach is applicable to any sensor capable of (occasionally) detecting other robots,
we present an implementation that integrates color images and proximity data for robot
detection.

In what follows, we will first introduce the necessary statistical mechanisms for
multi-robot localization, followed by a description of our sampling-based Monte Carlo
localization technique in Section 3. In Section 4 we present our vision-based method to
detect other robots. Experimental results are reported in Section 5. Finally, related work
is discussed in Section 6, followed by a discussion of the advantages and limitations of
the current approach.

2 Multi-robot Localization

Throughout this paper, we adopt a probabilistic approach to localization. Probabilistic
methods have been applied with remarkable success to single-robot localization [23,27,
16,6], where they have been demonstrated to solve problems like global localization and
localization in dense crowds.

Let us begin with a mathematical derivation of our approach to multi-robot local-
ization. Let N be the number of robots, and let dn denote the data gathered by the n-th
robot, with 1 ≤ n ≤ N . Each dn is a sequence of three different types of information:
1. Odometry measurements, denoted by a, specify the relative change of the position
according to the robot’s wheel encoders.
2. Environment measurements, denoted by o, establish the reference between the
robot’s local coordinate frame and the environment’s frame of reference. This informa-
tion typically consists of range measurements or camera images.
3. Detections, denoted by r, indicate the presence or absence of other robots. Below, in
our experiments, we will use a combination of visual sensors (color camera) and range
finders for robot detection.
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2.1 Markov Localization

Before turning to the topic of this paper—collaborative multi-robot localization—let
us first review a common approach to single-robot localization, which our approach is
built upon: Markov localization (see [11] for a detailed discussion). Markov localization
uses only dead reckoning measurements a and environment measurements o; it ignores
detections r. In the absence of detections (or similar information that ties the position of
one robot to another), information gathered at different platforms cannot be integrated.
Hence, the best one can do is to localize each robot individually, i.e. independently of
all others.

The key idea of Markov localization is that each robot maintains a belief over its
position. Let Bel(t)n (L) denote the belief of the n-th robot at time t. Here L denotes
the random variable representing the robot position (we will use the terms position and
location interchangeably), which is typically a three-dimensional value composed of a
robot’s x-y position and its orientation θ. Initially, at time t = 0, Bel(0)

n (L) reflects the
initial knowledge of the robot. In the most general case, which is being considered in
the experiments below, the initial position of all robots is unknown, henceBel(0)

n (L) is
initialized by a uniform distribution.

At time t, the belief Bel(t)n (L) is the posterior with respect to all data collected up
to time t:

Bel(t)n (L) = P (L(t)
n | d(t)

n ) (1)

where L(t)
n denotes the position of the n-th robot at time t, and d(t)

n denotes the data
collected by the n-th robot up to time t. By assumption, the most recent sensor mea-
surement in d(t)

n is either an odometry or an environment measurement. Both cases are
treated differently, so let’s consider the former first:

1. Sensing the environment: Suppose the last item in d
(t)
n is an environment mea-

surement, denoted o(t)
n . Using the Markov assumption (and exploiting that the robot

position does not change when the environment is sensed), the belief is updated using
the following incremental update equation:

Bel(t)n (L = l)←− α P (o(t)
n | L(t)

n = l) Bel(t−1)
n (L = l) (2)

Here α is a normalizer which ensures that Bel(t)n (L) sums up to one. Notice that the
posterior belief of being at location l after incorporating o(t)

n is obtained by multiplying
the observation likelihood P (o(t)

n | L(t)
n = l) with the prior belief. This likelihood is

also called the environment perception model of robot n. Typical models for different
types of sensors are described in [11, 9, 18].
2. Odometry: Now suppose the last item in d(t)

n is an odometry measurement, denoted
a

(t)
n . Using the Theorem of Total Probability and exploiting the Markov property, we

obtain the following incremental update scheme:

Bel(t)n (L = l)←−
∫
P (L(t)

n = l | a(t−1)
n , L(t−1)

n = l′) Bel(t−1)
n (L = l′) dl′ (3)
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Here P (L(t)
n = l | a(t−1)

n , L
(t−1)
n = l′) is called the motion model of robot n. In the

remainder, this motion model will be denoted as P (l | an, l′) since it is assumed to be
independent of the time t. It is basically a model of robot kinematics annotated with
uncertainty and it generally has two effects: first, it shifts the probabilities according
to the measured motion and second it convolves the probabilities in order to deal with
possible errors in odometry coming from slippage etc. (see e.g. [12]).

These equations together form the basis of Markov localization, an incremental prob-
abilistic algorithm for estimating robot positions. As noticed above, Markov localization
has been applied with great practical success to mobile robot localization. However, it is
only designed for single-robot localization, and cannot take advantage of robot detection
measurements.

2.2 Multi-robot Markov Localization

The key idea of multi-robot localization is to integrate measurements taken at different
platforms, so that each robot can benefit from data gathered by robots other than itself. At
first glance, one might be tempted to maintain a single belief over all robots’ locations,
i.e.,

L = {L1, . . . , LN} (4)

Unfortunately, the dimensionality of this vector grows with the number of robots: Since
each robot position is three-dimensional, L is of dimension 3N . Distributions over L
are, hence, exponential in the number of robots. Thus, modeling the joint distribution of
the positions of all robots is infeasible for larger values of N .

Our approach maintains factorial representations; i.e., each robot maintains its own
belief function that models only its own uncertainty, and occasionally, e.g., when a robot
sees another one, information from one belief function is transfered from one robot to
another. The factorial representation assumes that the distribution of L is the product of
its N marginal distributions:

P (L(t)
1 , . . . , L

(t)
N | d(t)) = P (L(t)

1 | d(t)) · . . . · P (L(t)
N | d(t)) (5)

Strictly speaking, the factorial representation is only approximate, as one can easily
construct situations where the independence assumption does not hold true. However,
the factorial representation has the advantage that the estimation of the posteriors is
conveniently carried out locally on each robot. In the absence of detections, this amounts
to performing Markov localization independently for each robot. Detections are used to
provide additional constraints between the estimated pairs of robots, which will lead to
refined local estimates.

To derive how to integrate detections into the robots’ beliefs, let us assume the last
item in d(t)

n is a detection variable, denoted r(t)
n . For the moment, let us assume this is the

only such detection variable in d(t), and that it provides information about the location
of the m-th robot relative to robot n (with m �= n). Then

Bel(t)m (L = l) = P (L(t)
m = l | d(t))

= P (L(t)
m = l | d(t)

m ) P (L(t)
m = l | d(t)

n )

= P (L(t)
m = l | d(t)

m )

∫
P (L(t)

m = l | L(t)
n = l′, r(t)

n )P (L(t)
n = l′ | d(t−1)

n ) dl′ (6)
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which suggests the incremental update equation:

Bel(t)m (L = l) ←− Bel(t)m (L = l)

∫
P (L(t)

m = l | L(t)
n = l′, r(t)

n ) Bel(t)n (L = l′) dl′ (7)

In this equation the term P (L(t)
m = l | L(t)

n = l′, r(t)
n ) is the robot perception model. A

typical example of such a model for visual robot detection is described in Section 4. Of
course, Eq. (7) is only an approximation, since it makes certain independence assump-
tions (it excludes that a sensor reports “I saw a robot, but I cannot say which one”), and
strictly speaking it is only correct if there is only a single r in the entire run. However,
this gets us around modeling the joint distribution P (L1, . . . , LN | d), which is compu-
tationally infeasible as argued above. Instead, each robot basically performs single-robot
Markov localization with these additional probabilistic constrains, hence estimates the
marginal distributions P (Ln|d) separately.

The reader may notice that, by symmetry, the same detection can be used to constrain
the n-th robot’s position based on the belief of them-the robot. The derivation is omitted
since it is fully symmetrical.

3 Monte Carlo Localization

The previous section left open how the belief is represented. In general, the space of all
robot positions is continuous-valued and no parametric model is known that would accu-
rately model arbitrary beliefs in such robotic domains. However, practical considerations
make it impossible to model arbitrary beliefs using digital computers.

3.1 Single Robot MCL

The key idea here is to approximate belief functions using a Monte Carlo method. More
specifically, our approach is an extension of Monte Carlo Localization (MCL), which
was shown to be an extremely efficient and robust technique for single robot position
estimation (see [10, 12] for more details). MCL is a version of Markov localization
that relies on a sample-based representation and the sampling/importance re-sampling
algorithm for belief propagation [25]. MCL represents the posterior beliefsBeln(L) by
a set S = {si | i = 1..K} of K weighted random samples or particles1. Samples in
MCL are of the type

si = 〈〈xi, yi, θi〉, pi〉 (8)

where 〈xi, yi, θi〉 denote a robot position, and pi ≥ 0 is a numerical weighting factor,
analogous to a discrete probability. For consistency, we assume

∑K
i=1 pi = 1. In analogy

with the general Markov localization approach outlined in Section 2, MCL proceeds in
two phases:
1. Robot motion. When a robot moves, MCL generatesK new samples that approximate
the robot’s position after the motion command. Each sample is generated by randomly

1 A sample set constitutes a discrete distribution. However, under appropriate assumptions (which
happen to be fulfilled in MCL), such distributions smoothly approximate the “correct” one at a
rate of 1/

√
K as K goes to infinity [29].
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(a) (b)

Fig. 1. (a) Map of the environment along with a sample set representing the robot’s belief during
global localization, and (b) its approximation using a density tree.

drawing a sample from the previously computed sample set, with likelihood determined
by their p-values. Let l′ denote the position of such a sample. The new sample’s position
l is then generated by producing a single, random sample from P (l | a, l′), using the
action a as observed. The p-value of the new sample is K−1. An algorithm to perform
this re-sampling process efficiently in O(K) time is given in [7].
2. Environment measurements are incorporated by re-weighting the sample set, which
is analogous to Bayes rule in Markov localization. More specifically, let 〈l, p〉 be a
sample. Then, in analogy to Eq. (2) the updated sample is 〈l, α P (o | l)p〉 where o is a
sensor measurement, and α is a normalization constant that enforces

∑K
i=1 pi = 1. The

incorporation of sensor readings is typically performed in two phases, one in which p is
multiplied by P (o | l), and one in which the various p-values are normalized.

3.2 Multi-robot MCL

The extension of MCL to collaborative multi-robot localization is not straightforward.
This is because under our factorial representation, each robot maintains its own, local
sample set. When one robot detects another, both sample sets are synchronized according
to Eq. (7). Notice that this equation requires the multiplication of two densities which
means that we have to establish a correspondence between the individual samples in
Bel(Lm) and the density representing the robot detection.

To remedy this problem, our approach transforms sample sets into density functions
using density trees [17, 22]. These methods approximate sample sets using piecewise
constant density functions represented by a tree. The resolution of the tree is a function
of the densities of the samples: the more samples exist in a region of space, the more fine-
grained the tree representation. Figure 1 shows an example sample set along with the tree
generated from this set. Our specific algorithm grows trees by recursively splitting in the
center of each coordinate axis, terminating the recursion when the number of samples
is smaller than a pre-defined constant. After the tree is grown, each leaf’s density is
given by the quotient of the sum of the weights p of all samples that fall into this leaf,
divided by the volume of the region covered by the leaf. The latter amounts to maximum
likelihood estimation of (piecewise) constant density functions.

To implement the update equation above, our approach approximates the density∫
P (L(t)

m = l | L(t)
n = l′, r(t)

n ) Bel(t)n (L = l′) dl′ (9)

using samples, just as described above. The resulting sample set is then transformed into
a density tree. These density values are then multiplied into the weights (importance
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Fig. 2: Examples of successful robot detections and Gaussian density representing the robot
perception model. The x-axis represents the deviation of relative angle and the y-axis the

uncertainty in the distance between the two robots.

factors) of the samples inBel(Lm), effectively multiplying both density functions. The
result is a refined density for the m-th robot, reflecting the detection and the belief of
the n-th robot.

4 Visual Robot Detection

To implement collaborative multi-robot localization, robots must possess the ability to
sense each other. The crucial component is the detection modelP (Lm = l | Ln = l′, rn)
which describes the conditional probability that robotm is at location l, given that robot
n is at location l′ and perceives robotmwith measurement rn. In this section, we briefly
describe one possible detection method which integrates camera and range information
to estimate the relative position of robots.

Our implementation uses camera images to detect other robots and extracts from
these images the relative direction of the other robot. After detecting another robot and
its relative angle, it uses laser ranger finder scans to determine its distance. Figure 2
shows two examples of camera images taken by one of the robots. Each image shows
another robot, marked by a unique, colored marker to facilitate the recognition. Even
though the robot is only shown with a fixed orientation in this figure, the markers can be
detected regardless of a robot’s orientation. The small black rectangles, superimposed
at the center of each marker in the images in Figure 2, illustrate the center of the marker
as identified by this visual routine. The bottom row in Figure 2 shows laser scans for
the example situations depicted in the top row of the same figure. Each scan consists
of 180 distance measurements with approx. 5 cm accuracy, spaced at 1 degree angular
distance. The dark line in each diagram depicts the extracted location of the robot in
polar coordinates, relative to the position of the detecting robot. The scans are scaled for
illustration purposes.

The Gaussian distribution shown in Figure 2 models the error in the estimation of a
robot’s location. Here the x-axis represents the angular error, and the y-axis the distance
error. This Gaussian has been obtained through maximum likelihood estimation based
on training data (see [13] for more details). As is easy to be seen, the Gaussian is zero-
centered along both dimensions, and it assigns low likelihood to large errors. Please note
that our detection model additionally considers a 6.9% chance to erroneously detecting
a robot when there is none.
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Marian

Robin Path

Fig. 3: Map of the environment along with a typical path taken by Robin during an experiment.

5 Experimental Results

Our approach was evaluated using two Pioneer robots (Robin and Marian) marked op-
tically by a colored marker, as shown in Figure 2. The central question driving our
experiments was: Can cooperative multi-robot localization significantly improve the
localization quality, when compared to conventional single-robot localization?

Figure 3 shows the setup of our experiments along with a part of the occupancy grid
map [31] used for position estimation. Marian operates in our lab, which is the cluttered
room adjacent to the corridor. Because of the non-symmetric nature of the lab, the robot
knows fairly well where it is (the samples representing Marian’s belief are plotted in
Figure 4 (a)). Figure 3 also shows the path taken by Robin, which was in the process
of global localization. Figure 5 (a) represents the typical belief of Robin when it passes
the lab in which Marian is operating. Since Robin already moved several meters in the
corridor, it developed a belief which is centered along the main axis of the corridor.
However, the robot is still highly uncertain about its exact location within the corridor
and even does not know its global heading direction. Please note that due to the lack of
features in the corridor the robots generally have to travel a long distance until they can
resolve ambiguities in the belief about their position.

(a) (b) (c) (d)

Fig. 4. Detection event: (a) Sample set of Marian as it detects Robin in the corridor. (b) Sample
set reflecting Marian’s belief about Robin’s position (see robot detection model in Eq. (7)).

(c) Tree-representation of this sample set and (d) corresponding density.

The key event, illustrating the utility of cooperation in localization, is a detection
event. More specifically, Marian, the robot in the lab, detects Robin, as it moves through
the corridor (see right camera image and laser range scan of Figure 2 for a characteristic
measurement of this type). Using the detection model described in Section 4, Marian
generates a new sample set as shown in Figure 4 (b). This sample set is converted into a
density using density trees (see Figure 4 (c) and (d)). Marian then transmits this density
to Robin which integrates it into its current belief. The effect of this integration on
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(a) (b)

Fig. 5. Sample set representing Robin’s belief (a) as it passes Marian and (b) after incorporating
Marian’s measurement.

Robin’s belief is shown in Figure 5 (b). It shows Robin’s belief after integrating the
density representing Marian’s detection. As this figure illustrates, this single incident
almost completely resolves the uncertainty in Robin’s belief.

We conducted ten experiments of this kind and compared the performance to con-
ventional MCL for single robots which ignores robot detections. To measure the perfor-
mance of localization we determined the true locations of the robot by measuring the
starting position of each run and performing position tracking off-line using MCL. For
each run, we then compared the estimated positions (please note that here the robot was
not told it’s starting location) with the positions on the reference path. The results are
summarized in Figure 6.
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Fig. 6. Comparison between single-robot localization and localization making use of robot
detections. The x-axis represents the time and the y-axis represents (a) the estimation error and

(b) the probability assigned to the true location.

Figure 6 (a) shows the estimation error as a function of time, averaged over the ten
experiments, along with their 95% confidence intervals (bars). Figure 6 (b) shows the
probability assigned to the true locations of the robot, obtained by summing over the
weighting factors of the samples in an area ±50 cm and ±10 degrees around the true
location. As can be seen in both figures, the quality of position estimation increases
much faster when using multi-robot localization. Please note that the detection event
typically took place 60-100 seconds after the start of an experiment.

Obviously, this experiment is specifically well-suited to demonstrate the advantage
of detections in multi-robot localization, since the robots’ uncertainties are somewhat
orthogonal, making the detection highly effective. A more thoroughly evaluation of the
benefits of MCL will be one topic of future research.

6 Related Work

Mobile robot localization has frequently been recognized as a key problem in robotics
with significant practical importance. A recent book by Borenstein, Everett, and Feng [2]
provides an overview of the state-of-the-art in localization.
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Almost all existing approach address single-robot localization only. Moreover, the
vast majority of approaches is incapable of localizing a robot globally; instead, they are
designed to track the robot’s position by compensating small odometric errors. Thus,
they differ from the approach described here in that they require knowledge of the robot’s
initial position. Furthermore, they are not able to recover from global localizing failures.
Probably the most popular method for tracking a robot’s position is Kalman filtering [15,
20, 21, 26, 28], which represents the belief by a uni-modal Gaussian distribution. These
approaches are unable to localize robots under global uncertainty. Recently, several
researchers proposed Markov localization, which enables robots to localize themselves
under global uncertainty [6,16,23,27]. Global approaches have two important advantages
over local ones: First, the initial location of the robot does not have to be specified and,
second, they provide an additional level of robustness, due to their ability to recover from
localization failures. Among the global approaches those using metric representations of
the space such as MCL and [6,5] can deal with a wider variety of environments than the
methods relying on topological maps. For example, they are not restricted to orthogonal
environments containing pre-defined features such as corridors, intersections and doors.

The issue of cooperation between multiple mobile robots has gained increased inter-
est in the past. In this context most work on localization has focused on the question of
how to reduce the odometry error using a cooperative team of robots [19, 24, 1]. While
these approaches are very successful in reducing the odometry error, none of them in-
corporates environmental feedback into the estimation. Even if the initial locations of
all robots are known, they ultimately will get lost although at a slower pace than a
comparable single robot. The problem addressed here differs in that we are interested
in collaborative localization in a global frame of reference, not just reducing odometry
error.

7 Conclusions

In this paper, we presented a probabilistic method for collaborative mobile robot lo-
calization. At its core, our approach uses probability density functions to represent the
robots’ estimates as to where they are. To avoid exponential complexity in the number
of robots, a factorial representation is advocated where each robot maintains its own,
local belief function. A fast, universal sampling-based scheme is employed to approx-
imate beliefs. The probabilistic nature of our approach makes it possible that teams
of robots perform global localization, i.e., they can localize themselves from scratch
without initial knowledge as to where they are.

During localization, detections are used to introduce additional probabilistic con-
straints between the individual belief states of the robots. As a result, our approach
makes it possible to amortize data collected at multiple platforms. This is particularly
attractive for heterogeneous robot teams, where only a small number of robots may be
equipped with high-precision sensors.

Experimental results, carried out in a typical office environment, demonstrate that
our approach can reduce the uncertainty in localization significantly, when compared
to conventional single robot localization. Thus, when teams of robots are placed in a
known environmentwith unknown starting locations, our approach can yield much faster
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localization at approximate equal computation costs and relatively small communication
overhead.

The approach described here possesses several limitations that warrant future re-
search. First, in our current system, only “positive” detections are processed. Not seeing
another robot is also informative, and the incorporation of such negative detections is
generally possible in the context of our statistical framework. Another limitation of the
current approach arises from the fact that our detection approach must be able to identify
individual robots. The ability to integrate over the beliefs of all other robots is a natural
extension of our approach although it increases the amount of information communicated
between the robots. Furthermore, the collaboration described here is purely passive, in
that robots combine information collected locally, but they do not change their course
of action so as to aid localization as, for example, described in [14]. Finally, the robots
update their belief instantly whenever they perceive another robot. In situations in which
both robots are highly uncertain at the time of the detection it might be more appropriate
to delay the update and synchronize the beliefs when one robot has become more certain
about its position.

Despite these open research areas, our approach provides a sound statistical basis for
information exchange during collaborative localization, and empirical results illustrate
its appropriateness in practice. While we were forced to carry out this research on two
platforms only, we conjecture that the benefits of collaborative multi-robot localization
increase with the number of available robots.
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Abstract. An object classification system built of a simple colour based visual
attention method, and a prototype based hierarchical classifier is established as
a link between subsymbolic and symbolic data processing. During learning the
classifier generates a hierarchy of prototypes. These prototypes constitute a taxon-
omy of objects. By assigning confidence values to the prototypes a classification
request may also return symbols with confidence values.
For performance evaluation the classifier was applied to the task of visual object
categorization of three data sets, two real–world and one artificial. Orientation
histograms on subimages were utilized as features. With the currently very simple
feature extraction method, classification accuracies in the range of 69% to 90%
were attained.

1 Introduction

The object classifier is part of the autonomous vehicle developed by the Collaborative
Research Center 527 at the University of Ulm, Germany. The main topic of this project
is to study the organisation of useful interactions between methods of subsymbolic and
symbolic information processing, in particular neural networks and knowledge based
systems, in an autonomous vehicle [6]. It is intented to construct an artificial sensorimotor
system that – within the next years – should be able to react quickly to unexpected
changes in an office environment, to make strategic plans, and to gather experience from
its environment, i.e. to exhibit adaptive or learning behaviour. For many of the planned
tasks an object classificatation and recognition system, which provides a link to higher
symbolic information processing layers, is indespensable.
Even more so, such an object classifier system has to find one or more regions within the
camera image that contain objects of interest, as objects typically do not appear centered
on the image, furthermore multiple objects within a single image need to be handled. As
the system imposes strong computational requirements, the colour based mechanism of
visual attention is simple and the classification is based on prototypes.
This motivated the development of the presented hierarchical neural object classifier
system.
Prototypes, which represent both symbols and points in feature space, are the basis of
the link to the symbolic information processing layers. By utilizing a nearest neighbour
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rule, dichotomic regions of the feature space may be assigned to these prototypes. By
further refining these regions, a hierarchical classifier structure is generated, which in
turn allows the assignment of confidence values for sub- and super-classes.
A brief overview of the preprocessing via orientation histograms will be given in the next
section. After that, a simple colour based method for visual attention will be introduced.
The subsequent sections will center on the hierarchical classification of object images,
both real and artificially generated.

2 Preprocessing

The image is subdivided into n× n non–overlapping subimages and for each subimage
the orientation histogram of eight orientations (range: 0 − 2π, dark/light edges) is cal-
culated [8] from the gray valued image. The orientation histograms of all subimages are
concatenated into the characterizing feature vector (Fig. 1).

Fig. 1. Elements of the feature extraction method. The grey valued image (left) is convolved with
the masks Sx and Sy resulting in the gradient image (right, center; absolute value of the gradient).
Orientation histograms (encircling the gradient image) of non–overlapping subimages constitute
the feature vector.

The gradient of an image f(x, y) at location (x, y) is the two dimensional vector

(
Gx
Gy

)
=

(
∂f
∂x
∂f
∂y

)
≈
(
f ∗ Sx
f ∗ Sy

)

(∗ denotes the convolution operation). Gradient directions for the data described in Sect.
5 were calculated with modified 5× 5 Sobel operators

Sx =

− 1 − 1 − 2 − 1 − 1
− 1 − 2 − 3 − 2 − 1

0 0 0 0 0
1 2 3 2 1
1 1 2 1 1

Sy =

− 1 − 1 0 1 1
− 1 − 2 0 2 1
− 2 − 3 0 3 2
− 1 − 2 0 2 1
− 1 − 1 0 1 1
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and 3 × 3 Sobel operators. The gradient directions are calculated with respect to the
x-axis:

α(x, y) = atan2 (f ∗ Sy, f ∗ Sx)

The atan2 function corresponds to the atan but additionally uses the sign of the arguments
to determine the quadrant of the result. The eight bins of the histogram all have equal size
(2π/8). The histogram values are calculated by counting the number of angles falling
into the respective bin. Histograms are normalized to the size of their subimages.

3 Regions of Interest

Visual classification of objects implies their reasonable delimitation from background.
A possible way to achieve this is to locate regions of interest (ROI), that is regions of
single objects in the image, and to preprocess subimages containing these regions.

Fig. 2. Succession of image pro-
cessing steps: The pixels in the
image center mark a colour blob
found as a possible region of in-
terest (ROI). The light rectangular
area shows the resulting bounding
box of the ROI.

In contrast to high–level methods for handling visual
attention, like saliency-based methods [3,4], we cur-
rently use a simple colour-based approach for the de-
tection of possible ROIs in the actual camera image
as computational requirements are tight. After down-
sampling the original camera image (by a factor de-
pending on the image size, 4 in the case of a 768 ×
576 image), the resulting image (192 × 144 pixel)
is transformed from RGB (red, green, blue) to HSV-
colour space (hue, saturation, value) [10]. We use the
HSV colour space, because this colour model makes
it very easy to describe colour ranges independent of
saturation and lightness. Downsampling has the effect
of a low pass filtering and also reduces the compu-
tational complexity. After downsampling and colour
space transformation, we mark each pixel inside a
valid colour range (Table 1) and then search for re-
gions of connected pixels of the same colour range
(colour blobs, see Fig. 2). For every found blob the
colour range and number of pixels is determined. If
the number of pixel of a blob is larger then a threshold
value (200 pixel in the case of a 768 × 576 image), a
bounding box is calculated.
In addition to these, the following heuristics for merg-
ing regions are applied: (a) In an initial step, bounding
boxes which are contained in larger ones are merged.
This is typically applied to objects, whose colour
range does not match one of the valid ranges, but
matches two. In this case one part of the object be-
longs to another blob than the rest. (b) After that, the

distances between centers of regions within the same colour range are calculated. If the
distance between two regions is less then 48 pixel, they will be merged. This is useful
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for merging small colour blobs, for example bottles, whose colour regions are usually
separated by the label of the bottle.
In a last step, bounding boxes are rescaled to match the original image size and are
enlarged (32 pixel in the case of a 768 × 576 image). From the so extracted region the
feature vector is calculated by the method of Sect. 2.

4 Hierarchical Classifier

Neural networks are used in different applications for classification tasks [1]. Typically,
in this kind of application the neural network performs a mapping from the feature
space IRn into a finite set of classes C = {1, 2, . . . , l}. During the training phase of a
supervised learning algorithm the parameters of the network are adapted by presenting a
set of training examples to the network. The training setS := {(xµ, tµ) | µ = 1, . . . ,M}
in a supervised learning scenario consists of feature vectorsxµ ∈ IRn each labeled with a
class membership tµ ∈ C. After the training procedure – in the recall phase – unlabeled
observations x ∈ IRn are presented to the trained network. A class z ∈ C is returned as
the estimated output corresponding to the input x.
A hierarchical network architecture is used, as misclassifications of patterns typically
take place only between a subset of all classes and not between the whole set of classes
[9]. Thus, it should be possible to construct specialized classifiers that handle only a
part of the patterns.This is in contrast to tree–based classifiers such as CART [2] which
primarily divide the feature space into axis–parallel subregions. This motivation lead us
to the construction of a hierachical neural network based on a first level network for the
coarse classification of the patterns and a set of networks each recursively refining the
discrimination of patterns from their confusion class (see Sect. 4.2).

4.1 Supervised Learning Vector Quantization (LVQ)

An LVQ network is a competitive neural network consisting of a single layer of k
neurons. The neurons have binary valued outputs, where yj = 1 stands for an active
neuron and yj = 0 for a silent one. The synaptic weight vectors c1, . . . , ck ∈ IRn of an
LVQ network divide the input space into k disjoint regions R1, . . . , Rk ⊂ IRn, where
each set Rj is defined by

Rj = {x ∈ IRn | ‖x− cj‖ = min
i=1...,k

‖x− ci‖}. (1)

Here ‖ · ‖ denotes the Euclidean norm. Such a partition is called a Voronoi tesselation
of the input space. The weight vector cj is also called a prototype vector of region Rj .
When presenting an input vector xµ ∈ IRn to the net, all neurons j = 1, . . . , k de-
termine their Euclidean distance dj = ‖x − cj‖ to the input x. The competition be-
tween the neurons is realized by searching for the prototype with minimum distance:
dj∗ = minj=1...,k dj . In LVQ-networks each prototype vector cj is labeled with its class
membership yj ∈ C. In LVQ1 training – the simplest version of LVQ-training – only
the neuron j∗ – the winning neuron – is adapted according to the learning rule:

∆cj∗ =
{

η(t)(x − cj∗) : class(x) = class(cj∗)
−η(t)(x − cj∗) : class(x) �= class(cj∗)

(2)



Object Classification Using Simple, Colour Based Visual Attention 271

where class(.) denotes the class membership of a prototype or training sample. η > 0 is
a decreasing sequence of learning rates and t the number of presented training samples.
This competitive learning algorithm has been suggested ([5]) for vector quantization
and classification tasks. From this algorithm, Kohonen derived the OLVQ1, LVQ2 and
LVQ3 network training procedures, which are useful algorithms for the fine-tuning of
a pre-trained LVQ1 network. Here, OLVQ1 is used which realizes prototype depending
learning rates which are adapted during training.
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Fig. 3. Confidence tree resulting from the classification of a bottle. The floating point numbers de-
note confidence values. Labels are given as integer numbers: 0 cone, 1 pyramid, 2 cube, 3 cylinder,
4 bowl, 5 table, 6 chair, 7-10 different bottles, 11 tetrahedron, 12 octahedron, 13 dodecahedron,
14 gem, 15 coffee mug, 16 column, 17 clipped column, 18 office chair, 19 monitor, 20 bucket, 21
office table and 22 drawer

4.2 Calculation of Confusion Classes

Based on the confusion matrix V , resulting from the nearest neighbour classification of
a prototype, and a thresholdΘ > 0 the Boolean l × l-matrix V ′ is calculated:

V ′
ij =

{
1 : Vij > Θ
0 : otherwise

An entry V ′
ij = 1 indicates a confusion from target class j to class i. A set of confusion

classes K1, . . . ,Kp is defined by V ′. Each confusion class Kν is a nonempty subset
of the set of classes C. The number p of confusion classes depends on V ′. The set of
confusion classes is defined by the following relations:

1. V ′
ij = 1, i �= j implies ∃ p : {i, j} ⊂ Kp (symmetry)

2. V ′
ij = V ′

jk = 1, i �= j, j �= k implies ∃ p : {i, j, k} ⊂ Kp (transitivity)
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At classification the nearest prototype either maps the input pattern xµ to a confusion
class Kν or to its class–label z ∈ C, i.e. a leaf of the classification hierarchy.
In the case where confusions appear between many different classes, the transitivity
condition may lead to the trivial solution of a single confusion class containing all
classes. If the training data is distorted by a lot of noise, this effect can be controlled by
settingΘ to a larger positive value. This was used as a stopping criterion in the classifier
construction process because this means, that the classifier hierarchy cannot further be
refined; the resulting subclassifier would be identical to the current one.

4.3 Training and Recall

Training. In this section the training algorithm of the hierarchical neural network clas-
sifier is described. The recursive training phase of this network with a training set S and
a set of classes C contains the following steps:

train HC(S,C):
train LVQ(S,C)
V:=ConfusionMat(S,C)
Calculate confusion classes and sub-training sets:

(S_i,K_i); i=1,...,p
FOREACH i:=1,...,p: train HC(S_i,K_i)

In the first step of this training procedure a Learning Vector Quantization (LVQ) network
[5] is trained with the training set S. After this, the classification performance of the
LVQ network is tested on the training set. The result of this classification is represented
by a l × l confusion matrix V . In every recursion step for each confusion class Ki, a
finer tesselation of the feature space is generated by LVQ–learning. The training set Si
is given by the subset of training samples xµ ∈ S with label tµ ∈ Ki.
Recall. In order to achieve a simple subsymbolic–symbolic coupling together with the
traversing of a taxonomy, confidence- or belief–values bj are assigned to every prototype
cj (or confusion class Kj) during classification of an unknown input pattern x ∈ IRn,
see Fig. 3. Via these belief–values it is possible, depending on the classification task, to
traverse the taxonomy which has been built in the training phase. The confidence values
are assigned as follows:

• Determine the Euclidean distance of the unknown input patternx to every prototype.
• Select the nearest class specific prototypes j (one for every class).
• Assign a confidence value bj to each of these prototypes:

bj =
∆max −∆j∑l

i=1 (∆max −∆i)

∆max denotes the maximal distance of the class specific prototypes to the unknown
input pattern x, ∆j is the distance of the nearest class specific prototype j to the
feature vector x. Obviously

∑l
j=1 bj = 1 and bj ∈ [0, 1].

• Assign the sum of the confidence of the individual prototypes to their super–proto-
type (in Fig. 3. "bottles")
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In the case of a perfect match of the unknown input pattern x with the prototype k, i.e.
∆k = 0, bk is assigned the maximal belief value.

Here, the classification process was realized as stepwise sequential decision making
according to the confidence values of the respective protoypes until a leaf of the hierarchy
was reached. This is illustrated by the following example on the artificial data set (Sect.
5: Depending on the requested confidence, the classification result could either be a class
label or a confusion class. If a threshold depending on the class probability (in this case
1
23 for uniform distributed data) is used, a decision criterion would be available.
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Fig. 4. Example of an orientation histogram:
office chair

Fig. 5. Example of the variation inside the
class "office chair"

Fig. 6. Examples of all 23 classes. Labels are from top left to right bottom: cone, pyramid, cube,
cylinder, bowl, table, chair, bottle 1 to 4, tetrahedron, octahedron, dodecahedron, gem, coffee mug,
column, clipped column, office chair, monitor, bucket, office table and drawer
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If Θ = 2
23 is selected as a threshold, in Fig. 3 the result would be class 9 = bottle 3,

because b9 = 0.09598 > Θ. In case of a threshold of Θ = 3
23 the result would be

super–class bottle.

5 Data

Three different data sets were used in performance evaluation of the classifier, artificially
generated and real–world.
Artificial data: 5920 Images of 23 different objects were generated with the raytrac-
ing software PoV–Ray [7] (cone, pyramid, cube, cylinder, bowl, table, chair, bottle 1 to
4, tetrahedron, octahedron, dodecahedron, gem, coffee mug, column, clipped column,
office chair, monitor, bucket, office table and drawer, class 0 to 5: 250 images; class
6 to 22: 260 images, see Fig. 6). Images (256 × 256 pixel) were created through a
virtual helical movement of the observer around the object (constant distance). The
azimuth angle, was varied in steps of 36◦(0◦to 360◦) with reference to the object.

Fig. 7. Examples of all four classes of the real–
world data A. The images give an impression
of the variation within one class (columns) and
across classes (rows).

The declination angle was varied in
steps of 1.5◦(0◦to 15◦). A point light
source made the same circular movement
45◦ahead of the observer but at a con-
stant declination angle of 45◦. During
this "movement" the objects were rotated
at random (uniform distribution) around
their vertical axis, the scaling of the ob-
jects (x,y,z -axis) was varied uniformly
distributed in the range of 0.7 to 1.3 and the
ambient light was varied at random (uni-
form) in the range of 0.2 to 0.6. An ex-
ample of the variation within one class is
given in Fig. 5. From all images, 5×5 ori-
entation histograms (modified 5× 5 Sobel
operator, see Sect. 2) were concatenated
into a feature vector.
Real–world data A: Manual determi-
nation of regions Camera images were
recorded for four different 3-D objects (0 cone, 1 pyramid, 2 cube, 3 cylinder), see
Figs. 7 and 5. The test scenes were acquired under two different illumination conditions:
(1) natural illumination by sunlight passing through a nearby window, and (2) mixed
natural and artificial lighting. In the latter condition an overhead neon lamp was added
as an additional light source. The objects were registered in an upright or lying position.
The 1315 images were labeled by hand (class 0: 229, class 1: 257, class 2: 385, class
3: 444), and had an initial resolution of 240×256 pixels, which was then reduced to
200×200 pixels by manually cutting out the region of interest. Features were calculated
from empirically determined, concatenated 8×8 orientation histograms (modified 5 ×
5 Sobel operator, see Sect. 2).
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Fig. 8. Example of a recording sequence of the real–world data A which was used for labeling.

Table 1. Color ranges used for detecting regions of interest in real–world data set B. Hue (H)
values are in the range 0...359, saturation (S) and value (V) in the interval [0, 1].

Colour lower bound upper bound
H S V H S V

yellow 16 0,59 0,26 68 1 0,91
red 345 0,2 0,14 15 1 0,91
blue 200 0,47 0,26 240 1 0,91

Real–world data B: Automatic determination of regions Camera images were recorded
for five different 3-D objects (coke bottle, orange juice bottle, cylinder, ball and bucket)
with an initial resolution of 768×576 pixels. To these five objects twelve classes were
assigned (bottle full/empty, bottle lying/upright, cylinder lying/upright). The test scenes
were acquired under mixed natural and artificial lighting. Regions of interest where cal-
culated from 653 images using the colour blob detection method described in Sect. 3.
These regions where checked and labeled by hand, 399 images remained for training (
coke bottle empty upright: 7, coke bottle empty lying: 15, coke bottle full upright: 6,
coke bottle full lying: 14, juice bottle empty upright: 4, juice bottle empty lying: 9, juice
bottle full upright: 14, juice bottle full lying: 62, cylinder upright: 64, cylinder lying:
141, bucket: 42, ball: 21). Features were calculated from concatenated 3×3 histograms
(3× 3 Sobel operator, see Sect. 2). Figure 9 gives an impression of the variability within
one class of the original camera images. Regions of interest are detected using three
colour ranges, one for red (bucket, cylinder, ball, label of coke bottle), blue (cylinder)
and yellow (cylinder, bucket, orange juice). See Table 1 for details about the used colour
ranges. The images in Fig. 10 show the automatically extracted regions of interest for
some of the bucket-images, they correspond to those of Fig. 9.

6 Results

The classifier was tested on the set of artificial data, containing 5920 images of twenty-
three objects. The top-level network started with seven prototypes/class. This number
was increased by 50% in each recursion step, so the resulting second level networks
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Fig. 9. Examples of class bucket of the real–world data set B. The images give an impression of
the variation within one class.

contained 10 prototypes/class. Based on the obtained confusions, multiple confusion
classes were generated (Fig. 3.). Table 2 shows the cross–validation errors of the runs.
The results given in Table 2 show a very stable performance across different cross-
validation runs.

In the case of the real–world data set A, a classification accuracy in the range of 93.5%
to 94.6% (97.1% to 97.3% on the training set) was attained, see Table 3. These are the
results of three five–fold cross–validation runs with eight prototypes/class.

Classification results of the real–world data set B are based on three ten–fold cross–
validation runs, see Table 4. Due to the small number of samples, only five proto-
types/class are used. In this case a classification accuracy in the range of 68.7% to
72.4% (94.8% to 95.2% on the training set) was attained.
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Table 2. Cumulated results of three five-fold cross–validation runs on the artificial data. The
absolute number of samples classified, the number of misclassified samples, the mean, the standard
deviation and the minimum and maximum misclassification rates of the individual cross–validation
runs are given.

cross validation 1 cross validation 2 cross validation 3

training set test set training set test set training set test set

number of samples 23680 5920 23680 5920 23680 5920
misclassified 2379 1099 2311 1117 2298 1073
mean error 0.10047 0.18564 0.09759 0.18868 0.09704 0.18125
std. dev. of error 0.00263 0.01510 0.00426 0.01094 0.00297 0.01564
minimum error 0.09671 0.17145 0.09438 0.17230 0.09396 0.15710
maximum error 0.10367 0.20608 0.10367 0.20101 0.10030 0.19595

Table 3. Cumulated results of three five-fold cross–validation runs on the four-class real–world
data A (Fig. 7, 1315 images). The absolute number of samples classified, the number of misclassi-
fied samples, the mean, the standard deviation and the minimum and maximum misclassification
rates of the individual cross–validation runs are given.

cross validation 1 cross validation 2 cross validation 3

training set test set training set test set training set test set

number of samples 5260 1315 5260 1315 5260 1315
misclassified 144 85 143 70 154 79
mean error 0.02738 0.06464 0.02719 0.053231 0.02928 0.06008
std. dev. of error 0.00677 0.00892 0.00883 0.02048 0.00246 0.00867
minimum error 0.01616 0.05703 0.01711 0.02661 0.02662 0.04943
maximum error 0.03423 0.07605 0.03992 0.07985 0.03327 0.07224

Table 4. Cumulated results of three ten-fold cross–validation runs on the real world data set
B. The absolute number of samples classified, the number of misclassified samples, the mean,
the standard deviation and the minimum and maximum misclassification rates of the individual
cross–validation runs are given.

cross validation 1 cross validation 2 cross validation 3

training set test set training set test set training set test set

number of samples 3591 399 3591 399 3591 399
misclassified 184 110 174 111 177 125
mean error 0.05124 0.27571 0.04845 0.27827 0.04929 0.31301
std. dev. 0.01781 0.08082 0.01429 0.07338 0.01385 0.08279
minimum error 0.02786 0.125 0.03621 0.2 0.02786 0.20512
maximum error 0.08357 0.35 0.07520 0.45 0.07520 0.45
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Fig. 10. Calculated regions of interest of the camera images of Fig. 9.

7 Conclusions

In this study we presented a system for object classification consisting of a simple colour
based visual attention method and a very simple hierarchical classifier. This hierarchical
classifier leads to a subsymbolic–symbolic coupling via a hierarchy of prototypes as a
first step to more detailed investigations. The results obtained are both remarkable and
astonishing, that with such a simple preprocessing (orientation histograms) procedure
and a conceptually easy hierarchical classifier these classification accuracies were possi-
ble on data sets with a high intra–class variability (see Figs. 5, 7 and 9). How symbols are
assigned to intermediate confusion classes still needs to be defined. The classification
accuracies on artificial data and real–world data (set A) proved to be very stable across
the different cross–validation runs. The high accuracy on the training set B, but low
accuracy on the cross–validation run suggest that there are too few samples to describe
the problem domain sufficiently. Another problem are flat hierarchies observed with data
sets with a very high intra– and extra–class variability. This is caused by the transitivity
relation described in Sect. 4.2. This might be overcome by additional features as colour,
corners etc., which may be fused to the existing ones.
Even though the simplicity of the methods used, calculation times are still a problem
for the deployment in a real–time environment. The calculation of ROIs within an high
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resolution camera image sized 768 × 576 pixel currently takes about 1.1 seconds on
a PowerMacintosh 7500/200 (64 MByte RAM, 200 MHz PPC604e processor). On the
same computer a classification throughput of about 300 classifications/second is ob-
tained. Although these results are promising, further research in speeding up the image
processing is neccessary.
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A Flexible Architecture for Driver Assistance
Systems?
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Introduction. The problems encountered in building a driver assistance system
are numerous. The collection of information about real environment by sensors is
erroneous and incomplete. When the sensors are mounted on a moving observer
it is difficult to find out whether a detected motion was caused by ego-motion
or by an independent object moving. The collected data can be analyzed by
several algorithms with different features designed for different tasks. To gain
the demanded information their results have to be integrated and interpreted. In
order to achieve an increase in reliability of information a stabilization over time
and knowledge about important features have to be applied. Different soluti-
ons for driver assistance systems have been published. An approach proposed by
Rossi et al. [8] showed an application for a security system. An application being
tested on highways has been presented by Bertozzi and Broggi [1]. Dickmanns
et al. presented a driving assistance system based on a 4D-approach [2]. Those
systems were mainly designed for highway scenarios, while the architecture pre-
sented by Franke and Görzig [3] has been tested in urban environment.

Architecture. In contrast, the content of this paper concentrates on a flexible,
modular architecture of a driver assistance system working on evaluation and
integration of the actual information gained from different sensors. The modu-
les of the architecture are represented by the object-related analysis, the scene
interpretation and the behavior planning (fig. 1). The accumulated knowledge
is organized in the knowledge base. The presented architecture is able to handle
different tasks. New requirements to the system can be integrated easily. The
proposed architecture is intended to produce different kinds of behavior accor-
ding to given tasks. Information about the actual state of the environment is
perceived by the system’s sensors. The data collected by each sensor have to be
processed and interpreted to gain the desired information for the actual task.

Object-related Analysis. The object-related analysis can be subdivided into
a sensor information processing and a representational part. In the sensor infor-
mation processing part the collected sensor data are preprocessed (e.g. segmenta-
tion, classification of regions of interest (ROI) or lane detection) and interpreted
according to their capabilities. The processing can be performed for each sensor
as well as information from different sensors can be fused [7]. Objects are ex-
tracted by segmentation, classification and tracking (fig. 2). The results of the
sensor information processing stage are stabilized in movement-sensitive repre-
sentations by introducing the time dimension. In this sense, a ROI is accepted
? Extended abstract of the paper Eine flexible Architektur für Fahrerassistenzsy-

steme [6] accepted by the DAGM-99 for the common part of the DAGM-99 and
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Fig. 1. Architecture for a driver assistance system

Fig. 2. Vision-based object detection, object classification and object tracking

as a valid hypothesis only if it has a consistent history. This is implemented
by spatio-temporal accumulation using different representations with predefi-
ned sensitivities. The sensitivities are functions of the objects’ supposed relative
velocity and of the distance to the observer (fig. 3). In order to apply a time

Fig. 3. Image and representation: prediction and object detection of oncoming vehicles

stabilization to these regions and to decide whether they are valid or not, a
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prediction of their position in the knowledge integration part is realized. A com-
petition between the different representations and a winner-takes-all mechanism
ensures reliable object detection. An implementation of an object-related analy-
sis on vision data has been presented in [4]. The results are passed to the scene
interpretation.

Scene Interpretation. The scene interpretation interprets and integrates the
different sensor results to extract consistent, behavior-based information. The
scene interpretation is subdivided into a behavior-based representational and
a scene analysis part. Objects and lane information are transformed to world
coordinates with respect to the moving observer. The positions of the detected
objects are determined in a bird’s eye view of the driving plane. This dynamically
organized representation is shown in fig. 4. The transformation rules follow the
given position of the CCD camera in the car and the position of the car on the
lane. The physical laws are given by the transformation equations for the camera
and physical considerations of the movement and position of potential objects.
The transformation also depends on constant data (e.g. length of a vehicle ac-
cording to its classification). The scene analysis sustains the driver assistance

Fig. 4. Image with objects and bird’s eye view

by evaluating the actual traffic condition as well as the scenery. According to
the actual traffic condition and the planned behavior a risk-factor for actions is
estimated. The determination of the traffic condition is performed by evaluating
the information from scene interpretation. This is done by counting the objects,
evaluating their relative speed and the movement according to their class. The
scenario can be determined using GPS and street maps for investigating the kind
of street, e.g. highway, country road or urban traffic. According to these scenarios
different objectives have to be taken into consideration. The determined traffic
condition as well as the classified scenario are proposed to the behavior planning.

Behavior Planning. The behavior planning depends on the given task and on
the scene interpretation. Different solutions for the planning task are possible. A
rule-based fuzzy-logic approach is described in [10]. An expert system is shown
in [9]. In the present system an intelligent cruise control system was integrated.
Behavior planning for the observer results in advices to the driver which are
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not only based on the intention to follow the leader but on regards concerning
the safety of the own vehicle. This means that the object cannot be followed or
might be lost in case of other objects or obstacles endangering the observer. The
signal behavior for the main tasks is determined by a flow diagram shown in [5].

Knowledge Base. The knowledge needed for the evaluation of the data and for
information management is given by the efforts of the task of driver assistance,
by physical laws and traffic rules. An improvement of the results can be achie-
ved by the information of the knowledge base. In the knowledge base static and
dynamic knowledge is represented. Static knowledge is known in advance inde-
pendently of the scenery of movement (e.g. physical laws, traffic rules). Dynamic
knowledge (e.g. actual traffic situation, scenery) is knowledge changing with the
actual information or with the task to be performed (e.g. objects in front of
the car). Dynamic knowledge can also be influenced by external knowledge like
GPS-information.

Conclusion. The proposed architecture has been tested on a simulation surface.
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The objective of this paper is to study causal inference as an issue of common
sense reasoning. It is well known that causal inference cannot be represented by
classical implication which has a number of properties not correct for causal
implication, such as monotonicity, contraposition or transitivity. In several fields
of artificial intelligence, causality has been represented in different ways, by
conditional-type operators [5,9,10], by modal operators [2,14,6], by meta-rules
[13,3] and by means of non-logical predicates [7].

We define causal rules as pairs of propositional formulas, written as α ≈>β
and meaning “If α is true then this causes β to be true. Inference rules for causal
rules allow to deduce new causal rules. The following inference rules are defined
using assertions about causal rules (α ≈>β) and about classical propositional
validity (|= γ):

LLE if α ≈>β and |= α ↔ γ then γ ≈>β
RW if α ≈>β and |= β → γ then α ≈>γ
AND if α ≈>β and α ≈>γ then α ≈>β ∧ γ
OR if α ≈>β and γ ≈>β then α ∨ γ ≈>β

Definition 1 The causal closure
≈>
C of a set of causal rules C is the smallest

set of causal rules closed under the application of the three inference rules LLE,

AND and OR. A set of causal rules is called closed iff
≈>
C = C

Given a set of causal rules C and an inference rule c, we denote by C c the
c-clusure of C .

Causal rules apply to a propositional base (B ), and allow to infer new pro-
positional formulas from B , which are caused in B . We define an ordering ≺
on the set of causal rules, where c ≺ c′ means that c is preferred to c′ whenen-
ver both can be applied. A causal rule α ≈>β applies to a propositional base
B whenever α ∈ B and allows to infer β, provided β is not already in B and ¬β
cannot be inferred. If two causal rules c and c′, can both be applied to B , and
c ≺ c′, then only c, which is preferred according to the order ≺, will be applied.

Definition 2 A causal base CB is a triplet (B , C , ≺), where B is a set of pro-
positional formulas, C is a set of causal rules and ≺ is a strict partial order on
C . A causal base CB = (B , C , ≺) is closed whenever C is closed.

In order to express what can be inferred from a knowledge base by means of
causal rules, we introduce the notion of extension. There are known variants of
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default logic, where a notion of priority of defaults based on an ordering relation
exists. In this present work, we adopt Brewka’s formalism for priority in defaut
logic [1].

Definition 3 Let B be a set of propositional formulas and c = (α ≈>β) a causal
rule. We say that c can be applied to B iff α ∈ B and β 6∈ B and ¬β 6∈ B

Definition 4 Let CB = (B , C , ≺) be a (prioritized) causal base, � a strict
total order containing ≺. E is an extension of CB iff E =

⋃
Ei, where

1. E0 = Th(B )
2. Ei+1 = Th(Ei) if no causal rule can be applied to Ei
3. Ei+1 = Th(Ei) ∪ {β} if c = α ≈>β can be applied to Ei and there is no

c′ ∈ C such that c′ can be applied to Ei and c′ � c

The set of extensions of a causal theory CB is denoted E (CB). The set of
causal rules applied for the generation of an extension E is denoted GR(E).

The following example shows how priority can block unintuitive extensions.

Example 1 CB = (B , C ,≺)
C = {rain ≈>wet, rain ∧ umbrella ≈>¬wet, rain ∧ umbrella ∧ broken ≈>wet}
B = {rain, umbrella, broken}
(rain∧umbrella∧ broken ≈>wet) ≺ (rain∧umbrella ≈>¬wet) ≺ (rain ≈>wet)
Here, priority is based on specificity: the causal rule with a more specific pre-
condition is preferred to one with a less specific precondition. CB has one ex-
tension E = Th(B ∪ {wet}). Only the most specific causal rule is applied,
namely “rain ∧ umbrella ∧ broken ≈>wet” and the set of generating rules is
GR(E) = {rain ∧ umbrella ∧ broken ≈>wet}.

The theory CB1 = (B 1, C , ≺) where B 1 = {rain, umbrella} with the same
set of causal rules C has the extension E1 = Th(B ∪ {¬wet}). Here, the most
preferred rule is “rain ∧ umbrella ≈>¬wet” and the set of generating rules is
GR(E1) = {rain ∧ umbrella ≈>¬wet}.

The theory CB2 = (B 2, C , ≺) where B 2 = {rain} with the same set of
causal rules C has the extension E2 = Th(B ∪ {wet}). Here, the most preferred
rule is “rain ≈>wet” and the set of generating rules is GR(E1) = {rain ≈>wet}.
Without priorities, we would get two extensions for CB and also for CB1, namely
Th(B ∪ {¬wet}) and Th(B ∪ {wet}). In CB, wet holds because it rains and
the umbrella is broken, whereas in CB2, wet holds because it rains.

The notion of extension of a causal base defines an equivalence relation on
causal bases, according to extensions: two causal bases are equivalent if they
have the same extensions.

Definition 5 Two causal bases CB and CB′ are equivalent, CB ∼ CB′, if
E (CB) = E (CB′).

It is easy to see that ∼ is an equivalence relation. As shows the following theorem,
LLE and AND are implicitely applied with respect to extensions.
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Theorem 1 Let (B , C , ≺) be a causal base. Then

1. If α ≈>β ∈ C and |= α ↔ γ then (B , C ∪ {γ ≈>β}, ≺) ∼ (B , C ,≺)
2. If α ≈>β ∈ C and α ≈>γ ∈ C , then (B , C ∪{α ≈>(β∧γ)}, ≺) ∼ (B , C , ≺)

The following two examples show that neither OR nor RW are implicitely
applied as are LLE and AND.

Example 2 We consider a suitcase with two latches, which is closed whenever
at least one of the latches is down.

CB = (B , C , ≺)
B = {down1 ∨ down2}
C = {down1 ≈>closed, down2 ≈>closed}

Since neither down1 nor down2 follow from B , none of the causal rules can
be applied. CB has the only extension Th(B ). The causal theory without the
inference rule OR behaves like default theory and it is well known that in default
logics reasoning by case cannot be taken into account. If we apply the inference
rule OR to the causal rules down1 ≈>closed and down2 ≈>closed, we obtain
the rule down1 ∨ down2 ≈>closed. If we add this derived rule to C , we get one
extension containing closed, since B contains the precondition of the new rule,
namely down1 ∨ down2.

Example 3

CB = (B , C )
C = {D ≈>B, C ≈>¬B}
B = {D, A ∨ B → C}

CB has the only extension Th(B ∪{B, C}). But CB′ = (B , C ∪{D ≈>A∨B}),
obtained by applying RW to D ≈>B has the extensions Th(B ∪ {B, C}) and
Th(B ∪{¬B, C}). As an immediate consequence of theorem 1 and the previous
two examples we get

Corollary 1 A causal base CB = (B , C ) is closed iff C is closed with respect
to RW and OR.

The priority ordering ≺ on the set of causal rules extends as follows to RW-
derived rules.

Definition 6 Let C be a set of causal rules and c, c′ ∈ C such that c ≺ c′. Then
∀c′′ ∈ RW (c), c′′ ≺ c′. The extended relation is denoted by ≺RW

The derived rule OR(c, c′) is not inserted into the ≺ −relation, because it is
possible that for two rules c1 = α ≈>β and c2 = γ ≈>β, there is a causal rule c,
such that c1 ≺ c and c ≺ c2 (see example 1). Therefore it seems impossible to
relate OR(c1, c2) to c.

The definitions of applicability and of extension can be extended taking di-
rectly into account the inference rules OR and RW (see [12].
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In [11], an exhaustive comparison of approaches to actions and causality can
be found [10,13,8].

The causal consequence notion defined by us in this paper is nonmonoto-
nic, not transitive and not reflexive. It admits conjunction of consequences and
reasoning by case without admitting contraposition.

The next step of this research is to study causality on the object language
level, which would permit to consider imbricated causal implications like e.g.
(A CAUSES B) CAUSES C.
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and information science, 4(4), 1999.

12. C. Schwind. Non-monotonic causal logic. Technical report, LIM, april 1999.
13. Michael Thielscher. Ramification and causality. Artificial Intelligence, 89(1-2):317–

364, 1997.
14. Hudson Turner. A logic of universal causation. Artificial Intelligence, to appear,

1999.



Systematic vs. Local Search for SAT

Holger H. Hoos1 and Thomas Stützle2
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Abstract. Traditionally, the propositional satisfiability problem (SAT)
was attacked with systematic search algorithms, but more recently, local
search methods were shown to be very effective for solving large and hard
SAT instances. Generally, it is not well understood which type of algo-
rithm performs best on a specific type of SAT instances. Here, we present
results of a comprehensive empirical study, comparing the performance
of some of the best performing stochastic local search and systematic
search algorithms for SAT on a wide range of problem instances. Our
experimental results suggest that, considering the specific strengths and
weaknesses of both approaches, hybrid algorithms or portfolio combina-
tions might be most effective for solving SAT problems in practice.

1 Introduction

(SAT) is a central problem in logic, artificial intelligence, theoretical computer
science, and many applications. Therefore, much effort has been invested on
improving known solution methods and designing new techniques for its solution
which led to a continuously increasing ability to solve large SAT instances.

Traditionally, SAT instances are solved by systematic search algorithms of
which the most efficient ones are recent variants of the Davis-Putnam (DP)
procedure. These algorithms systematically examine the entire solution space
defined by the given problem instance to prove that either a given formula is
unsatisfiable or that it has a model. Only recently it was found that stochastic
local search (SLS) algorithms can be efficiently applied to find models for hard,
satisfiable SAT instances. SLS algorithms start typically with some randomly
generated truth assignment and try to reduce the number of violated clauses
by iteratively flipping some variable’s truth value. While SLS algorithms cannot
prove unsatisfiability, in the past they have been found to outperform systematic
SAT algorithms on hard subclasses of satisfiable SAT instances.

Both techniques are largely different and comprehensive comparisons invol-
ving both types of algorithms are rather rare. In particular, it is not well under-
stood which type of algorithm should be applied to specific types of formulae.
To reduce this gap in our current knowledge we compare systematic and local
search algorithms on a wide range of benchmark instances. To limit the compu-
tational burden of the study we focussed our investigation to the best performing
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systematic and local search algorithms currently available. In particular, from
the competitive systematic search algorithms available we tested SATZ [9] and
REL SAT [1], from the SLS algorithms we used those based on the WalkSAT
architecture [10].

2 Empirical Methodology

Because SLS algorithms cannot be used to prove the unsatisfiability of a given
SAT formula, we restrict our comparisons to satisfiable instances. The bench-
mark instances are taken from a benchmark suite containing a broad variety of
problem types and mainly focussed on benchmark instances which are relati-
vely hard for both types of search techniques. This benchmark suite comprises
Random-3-SAT instances sampled from the phase transition region, test-sets
obtained by SAT-encodings of randomly generated hard Graph Colouring pro-
blems (GCPs), SAT-encoded instances from AI planning domains, and satisfiable
instances from the Second DIMACS Challenge benchmark collection. All pro-
blem instances and algorithms used are publically available through SATLIB
(http://www.informatik.tu-darmstadt.de/AI/SATLIB).

For our empirical study we measured and compared algorithmic performance
in terms of CPU-time as well as by using machine and implementation indepen-
dent operation counts. Additionally, where possible, we compare the scaling be-
haviour of both types of algorithms based on implementation-independent cost
measures. For all WalkSAT algorithms, the operations counted are local search
steps. In preliminary runs we optimised the parameter settings for the SLS al-
gorithms and, due to the inherent randomness of the algorithm, we determine
the expected search cost for each instance by running each algorithm at least
100 times. An analogous technique is used for REL SAT, which also involves
randomised decisions. For SATZ, we measure the number of search steps; since
the algorithm is completely deterministic, the search cost per instance can be
determined from a single run.

3 Experimental Results

In the following, we outline the most significant results of our empirical study.
A complete description can be found in [6].

Hard Random-3-SAT problems have been frequently used for empirically
investigating the behaviour of SAT algorithms. Comparing the performance of
R-Novelty+, the best performing SLS algorithm for this subclass of SAT [5,7],
with that of SATZ, one of the best-performing systematic algorithms for this
problem class (which is superior to REL SAT on hard Random-3-SAT instances
[9]), we find the following situation (see Figure 1). For a major part of the test-
set, R-Novelty+ is significantly more efficient with respect to absolute CPU-
time than SATZ; in particular, for about 95% of the test-set, R-Novelty+ is
up to one order of magnitude faster than SATZ. Notably, while for different
SLS algorithms for SAT, the same instances tend to be hard for all algorithms
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Fig. 1. Left: Correlation between mean local search cost and systematic search cost
across Random-3-SAT test-set of 1,000 instances with 100 variables, 430 clauses each;
each data point corresponds to one instance; search cost measured in expected number
of flips per solution for R-Novelty+, and number of search steps for SATZ. The line
indicates points of equal CPU-time for the two algorithms. Right: Scaling of search
cost with problem size for Random-3-SAT test-sets from the solubility phase transition
region (≥ 100 instances each).

WalkSAT SATZ REL SAT
instance #vars #clauses strategy avg.
ips secs #steps secs #lab. vars secs

bw large.b.cnf 1,087 13,772 Tabu 152,104 1.62 544 < 0:1 8,818.5 0.48
bw large.c.cnf 3,016 50,457 Tabu 2:5 � 106 72.9 3,563 2.74 252,646 23.77

logistics.c.cnf 1,141 10,719 Rnov+ 66,013 0.66 179,679 1.76 6:5 � 106 344.94
logistics.d.cnf 4,713 21,991 Nov+ 121,391 1.96 4:4 � 107 87.58 31,550.4 1.28

Table 1. Comparison of solution times of WalkSAT, SATZ, and REL SAT on SAT-
encoded instances of the Blocks World and Logistics Planning problems. The com-
putation times are measured on a 300MHz Pentium II PC with 320M RAM under
Linux.

[5,7], no such correlation is observed between R-Novelty+ and SATZ. Next we
investigated the scaling behaviour of search cost with problem size. Figure 1
shows the scaling of the median and the 0.95 percentile of the mean search
cost per instance measured across test-sets of hard Random-3-SAT instances.
We observed that for the median search cost the advantage of R-Novelty+ over
SATZ increases significantly with problem size. However, when comparing the
0.95 percentiles, such differences cannot be observed. Further analysis suggests
that median search cost for R-Novelty+ and SATZ might grow polynomially
with problem size while the 0.95 percentile clearly shows exponential growth.

In analogous experiments with SAT-encoded, randomly generated 3-colourable
hard GCPs we found a very weak negative correlation between the search cost
for Novelty+, the best performing SLS algorithm for these instances, and SATZ.
When comparing CPU-times, Novelty+ is more efficient than SATZ on a sig-
nificant part of the test-set of graphs with 100 vertices. Yet, a scaling analysis
revealed that SATZ appears to scale better with problem size. Further analy-
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sis showed that, different from the Random-3-SAT instances, for the GCP, all
percentiles seem to show exponential scaling with problem size. When applied
to SAT-encoded AI Planning instances (see Table 1 for some computational re-
sults) or instances from the DIMACS Benchmark set, the relative performance
of SLS and systematic algorithms depends very strongly on the instance class.
For example, for the planning instance from the Blocks World planning domain,
both SATZ and REL SAT show a significantly better performance than the best
WalkSAT variant, while SLS algorithms appear to be preferable on the instances
of the Logistics domain.

4 Conclusions

In this paper, we summarised our extensive comparative study of some of the
best currently known systematic and local search algorithms for SAT. For the
full version of this study, the interested reader is referred to [6]. Our results
clearly indicate that currently, none of the two approaches dominates the other
w.r.t. performance over the full benchmark suite. Instead, we observed a ten-
dency that SLS algorithms show superior performance for problems containing
random structure (as in Random-3-SAT) and rather local constraints (as in the
DIMACS Graph Colouring instances or the logistics planning domain), while sy-
stematic search might have advantages for structured instances with more global
constraints. This view is supported by recent findings in studying a spectrum of
graph colouring instances with varying degree of structural regularity [4].

The results we obtained suggest that combining the advantages of systema-
tic and local search methods is a promising approach. Such combinations could
either be in the form of algorithm portfolios [3], or as truly hybrid algorithms.
In this context, it would be interesting to extend our investigation to recently
introduced randomised variants of systematic search methods, which show im-
proved performance over pure systematic search under certain conditions [2].
Another issue which should be included in future research on SAT algorithms is
the investigation of polynomial simplification strategies (like unit propagation,
subsumption, restricted forms of resolution), which, when used as preprocessing
steps, have been shown to be very effective in increasing the efficiency of SLS
and systematic search methods in solving structured SAT instances [8].
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Abstract. For biological agents, the perceived world does not consist of
other agents only. Also software agents can have a shared world model
they operate on. In this paper we discuss information systems as an
important part of software agents’ environment and try to identify the
corresponding demands, leading us to build an information system for
software agents on top of a conventional database. Thus we were able to
add “agentified” access to the advantages of current information systems
like reliability and speed.

1 Introduction

The COMRIS project aims to develop, demonstrate and experimentally evaluate
a scalable approach to integrating the inhabited information spaces schema with
a concept of software agents. The COMRIS vision of co-habited mixed-reality
information spaces emphasizes the co-habitation of software and human agents in
a pair of closely coupled spaces, a virtual and a real one. The COMRIS project
uses a conference center as the thematic space and concrete context of work.
Each participant wears his personal assistant, an electronic badge and ear-phone
device, wirelessly hooked into an Intranet. This personal assistant – the COMRIS
parrot – realizes a bidirectional link between the real and the virtual space. It
observes what is going on around its host (whereabouts, activities, other people
around), and it informs its host about potentially useful encounters, ongoing
demonstrations that may be worthwhile attending, and so on. This information is
gathered by several personal representatives, the software agents that participate
in the virtual conference on behalf of a real person. Each of these has the purpose
to represent and further a particular interest or objective of the real participant,
including those interests that this participant is not explicitly attending to.

In the COMRIS and similar agent scenarios, information systems can take
over two important roles: Firstly, information systems can serve as the world
abstraction for software agents. Thus a virtual environment that does not consist
of other agents only can be created: Passive objects like the COMRIS conference
schedule and other general conference information are not modeled as agents but
stored in an agentified information system. Using an web interface, also human
users can access this information. Secondly, information systems can serve as a
“blackboard” [HR85] [KHM99] system for software agents. COMRIS information
gathering agents are helping the personal representative agents (PRA) [PANS98]
improving the matchmaking process between participants. These two types of
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agents do not communicate directly: In order to become more independent from
the current access characteristics of the world wide web the gatherers are already
collecting information about the known participants before the conference starts.
The results are stored persistently in the information system and are available
immediately when demanded by PRAs. The persistent storage capabilities can
also be used to save the state of an agents easily.

2 Existing Solutions

The first solution we considered was a set of tables in a conventional relational
database. Normalization [Ull88] provides a more or less clear and unambigous
way to come from the conference ontology to a set of tables. The first problem
we encountered was that several concepts of our domain ontology are inherited
from other concepts. Inheritance of concepts suggests that an Object–Oriented
Database Management System (OODBMS) could be a more suitable solution.
Also with introduction of sets as table fields [Wag98], it is possible to encode
relations to sets containing references to related objects instead of table joins,
which overcomes a general performance problem in traditional databases [LP83]
The disadvantage of having more possibilities to model relations is that all per-
sons involved in modeling would not only have to agree on a domain ontology,
but also on the concrete implementation in an object–oriented database. Al-
ready [The90] explicitly addresses a similar point: “Performance indicators have
almost nothing to do with data models and must not appear in them”.

The Object Database Mangement Group (ODMG) standard [Cat97] seems
clearer in this point by removing SQL concepts like tables and rows and replacing
them by classes and instances, but ODMG carries around its own baggage from
its persistent object storage roots. The conceptual overload raises not only nego-
tiation problems but also makes it more difficult to provide agents with domain
independent capabilities like general reasoning or learning. Additionally, also
knowledge about the “implementation” of the ontology into a database schema
would have to be maintained somehow1.

Frame systems [Min85] [BS85] are the initial root of object oriented program-
ming and are theroretically also able to serve as an information system for our
agents. A very relevant example for a frame system is Ontobroker [DEFS99]. On-
tobroker is an ontology–based tool for accessing distributed and semi-structured
information developed at the AIFB institute of the University of Karlsruhe.
Ontobroker stores knowledge in a central frame system and provides a query
interface to the stored data. Data collection from the web is delegated to wrap-
pers, accessing external databases, and the “Ontocrawler”. The “Ontocrawler”
is a program that is able to extract information from specially annotated web-
pages. Our problem – not only concerning Ontobroker but frame systems in
general – is that we are performing all reasoning in the agents, and therefore we
do not need advanced reasoning and classification capabilities in the information
1 A good example that it makes sense to reduce conceptional overload may be the

JAVA programming language compared to C++
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system, mixing up the storage and application layer. In frame systems we have
a better logical foundation than in OODBMS, but we are not willing to trade
off performance.

3 The COMRIS Information Layer

Because of the raised problems, we did not want to use an existing information
system without any adaption. So we decided to build our information system on
top of a conventional database. The additions we made are an agent communi-
cation interface and the introduction of relations as first class members of the
data model: Thus the characteristics of relations can be specified directly like
in class diagrams of the Unified Modelling Language (UML) [FS97] instead of
explicitly using container classes like the ODMG standard. The corresponding
subset of UML class diagrams may be used to specify the ontology and thus
also the data model. So the modeling process is able to concentrate on the “real
work” instead of problems like choosing the “right” data structures etc.

For the agent communication, a direct mapping from the ontology to an XML
encoding is used, embedded in an XML encoded FIPA ACL frame [Fou97]. XML
can be parsed easily in several programming languages. Using stylesheets, XML
can be displayed by any webbrowser in the near future, enabling the software
agents to send messages to “human agents” directly. An XML structure can be
extended easily by adding XML-attributes without changing the general XML
element structure, thus e.g. enabling propabilistic agents to communicate with
non-propabilisting services without the need of two completely different content
languages.

Utilizing the simplicity of the data model, we were able to develop an instance
browser and a web interface for the COMRIS information layer without great
effort. The instance browser can be used to inspect and modify the whole content
of the information system avoiding possibilities of syntactical errors completely.
It also provides the advantages of a graphical user interface like selection lists for
relations etc. The web interface of the information system can be used to make
information like the conference schedule etc. accessible for human users directly.

4 Conclusion

With an agentified interface, information systems can play an important role
in the environmemt of software agents. Beneath beeing a part of the perceived
world of the agents, information systems can provide services like persistent
storage and blackboard functionality that helps agent designers to focus on their
main objectives and design agents as lean and powerful entities. In multi–agent
systems, where agents are designed by different vendors, a simple data model
directly derived from the domain ontology can reduce negotiation demands.

A more detailed technical documentation of the COMRIS information layer
is available at:

http://www-ai.cs.uni-dortmund.de/FORSCHUNG/VERFAHREN/IL
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1   Introduction
A common way to express incomplete qualitative knowledge about an order of occur-
ring events is Allen’s interval algebra A [1]. Unfortunately, the main reasoning tasks of
A, consistency checking ISAT and strongest implied relation computation ISI, are in-
tractable [10]. To overcome this, some tractable subclasses of A have been identified,
e.g., the continuous algebra C [9], the pointisable algebra P [7], and the ORD-Horn al-
gebra H [8]. These subalgebras form a strict hierarchy with H as the largest tractable
subalgebra that contains all thirteen basic relations [8]. To solve ISAT(H) and ISI(H),
several approaches like constraint propagation [8], linear programming [3], or graph
oriented approaches [2] have been presented.

The best ISAT(H) algorithms yet presented accomplish O(n2, dn)-time where n is the
number of interval variables and d is the number of constraints included in H \ C. The
most efficient ISI(H) algorithms yet presented require O(n4, dn3)-time (see [6] and [3]).
In this paper, we argue that the main shortcoming of most traditional approaches is their
usage of time points as time primitives while reasoning. We present a graph oriented
approach using a representation we call instantiation intervals that accomplishes O(n2)-
time performance for ISAT(H) and ISI(H).

2   Instantiation Intervals
Consider a time point variable A that is qualitatively constrained by other time point
variables. In general, the time period in which A can be consistently instantiated is most
adequately describable by an interval. In the following, we will call this time point rep-
resentation an instantiation interval. Since ISAT and ISI contain no quantitative infor-
mation, the instantiation interval’s endpoints (II-endpoints) have to be qualitatively
expressed in relation to other II-endpoints (see [5] for a similar approach). The first step
of our reasoning algorithm is the transformation of all interval constraints into con-
straints relating pairs of interval endpoints. This is in accordance with most other tradi-
tional approaches (see [3] for an example). Many resulting constraints can be expressed
within time point algebra TP [10] comprising the three basic relations {<, =, >}.2 After-
wards, we mimick the construction of all possible instantiations in qualitative terms.

1. This research has been supported by the Bundesminister fuer Bildung, Wissenschaft,
Forschung und Technologie (BMBF) under the grant 01 IN 509 D 0, INDIA - Intel-
ligente Diagnose in der Anwendung.

2. In Section 4, we illustrate how constraints included in H \ P are treated.
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With the successive insertion of the given time point constraints’ information, a graph
based on [2] is built up.For example, Figure 1 depicts the transformation into time point
relations and their qualitative instantiation of A{before, meets}B P.

Figure 1.  Transformation and qualitative instantiation of A{before, meets}B

With II-endpoints as time primitives, we can accomplish the expressiveness of TP. Ta-
ble 1 presents the necessary set of three relations (a, b are arbitrary II-endpoints, P de-
notes the time point the respective II-endpoint represents).

Time point constraints of the form  cannot be expressed with II-endpoint rela-
tions of this form. We therefore define relation type 3 on the time point level.

With II-endpoints as reasoning time primitives, we can omit the computationally
costly transformations of [2] to make implicit information explicit within the graph. In-
stead, we directly build up our corresponding graph we call II-graph with the successive
insertion of the given time point constraints’ information. Thus, we have to process ev-
ery given time point constraint only once to obtain a solution for ISAT resulting in a
reasoning algorithm of O(n2)-time. Furthermore, instantiation intervals represent all
possible instantiations of the given time points in a qualitative way. Therefore, the pos-
sible basic relations between pairs of time points, i.e., the solution for ISI, is given again
without further transformations in O(n2)-time.

3   Constructing Instantiation Interval Graphs
We subsequently present an II-graph construction example. Figure 2 shows a time point
constraint net and its corresponding strongest implied relations.

Figure 2.  Constraint network example and its strongest implied relations

Table 1.  II-endpoint relations and their semantics

Type 1 2 3

Relation

Semantics

∈

As Ae Bs Be

Transfor-

A{b, m}B
As{<}Ae
Ae{<,=}Bs
Bs{<}Be

Graphical

Qualitative
Instantiation

Interpretation

Symbolic
Expression

As Ae Bs BeA B

P TP

As〈 | As| 〉 Ae〈 |
Ae| 〉
Bs〈 |

--------- Bs| 〉 Be〈 | Be| 〉⋅ ⋅ ⋅ ⋅ ⋅ ⋅

Instantiation Intervals

mation

a b⋅ a
b
--- a b±

a b< a b= P a( ) P b( )≠
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≤
≤
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≠ <

Strongest implied relationsConstraint network
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In Table 3, we show the stepwise construction of a semantically equivalent II-graph.

The first step, inserting , is obvious due to the instantiation interval relations in-
troduced in Section 2. The following two constraints are inserted in a similar way. The
next constraint  is more difficult to integrate because both constraint variables are
already instantiated. Since  is still a possible time point relation and the moving
of  does not disable any valid time point relations, the type 2 relation of  and
is realized without moving . The constraint  is integrated in the same way.
The insertion of the last constraint  is obvious due to the instantiation interval
semantics.

Most interesting are the strongest implied relations between S and T. From our II-
graph, we can conclude that S can be instantiated before T but not after T. Additionally,
S and T cannot be instantiated at the same time point because V and W would also be
instantiated at the same time point leading to a contradiction because of .

4   Treating Disjunctive Information
Constraints in H \ P contain disjunctive information that cannot be expressed within

TP. Fortunately, in H, disjunctions only occur in a very restricted way. A constraint
 is included in H \ P if its transformation into time point constraints results in a

conjunction of time point constraints and a binary disjunctive constraint
, where  are Allen interval endpoints of C. The end-

point pairs  and  are not of the same Allen interval. Also, two of the trans-
formed time point constraints have the form and .

To cope with such a disjunctive constraint, we split both pairs of time point variables
into four constraints , , , and . We have to store the
disjunctive constraint as time order information parallel to our II-graph. The following
computational effort additionally occurs within the graph:

• (While building up the II-graph) If the insertion of a further constraint results in
, we have fulfilled the disjunctive constraint  which can

be deleted. Furthermore, for both pairs of instantiation interval endpoints
and , we respectively delete the II-endpoint that lesser constrains B.

• (After building up the II-graph) All disjunctive constraints not deleted after the
insertion of the last time point constraint affect ISAT(H) if

Table 2.  Construction example of an II-graph

Constraint
to instantiate

II-graph

Constraint
to instantiate

II-graph

S W≤ S V≤ S T≤

S〈 | S| 〉
W〈 |

-------- W| 〉⋅ ⋅ S〈 | S| 〉
W〈 | V〈 |

----------------
W| 〉
V| 〉

⋅ ⋅
S〈 | S| 〉

W〈 | V〈 | T〈 |
-----------------------

W| 〉
V| 〉
T| 〉

⋅ ⋅

V T≤ W T≤ V W≠

S〈 | S| 〉

W〈 | V〈 | T〈 |
V| 〉
-------

------------------------
W| 〉
T| 〉

⋅ ⋅ S〈 | S| 〉

W〈 | V〈 | T〈 |
V| 〉 W| 〉
----------------
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W V±〈 | V W±〈 | T〈 |
V W±| 〉 W V±| 〉
---------------------------------

-------------------------------------------------------------------- T| 〉⋅ ⋅
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V T≤
S T=
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V W≠

V W≠

C A∈

A1 B1< A2 B2<∨ A1 A2 B1 B2, , ,
A1 B1, A2 B2,

A1 B1≤ A2 B2≤

A1 B11≤ A1 B12< A2 B21≤ A2 B22<
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holds for the constructed II-graph with the disjunctive constraint
. In this case, we have a contradiction.

For example, Figure 3 depicts the transformation process of A{s, o, fi}B which is in H \
P.

Figure 3.  Transformation process of A{s, o, fi}B

Otherwise, constraints in H \ P do not further differ in their treatment by the II-graph
construction algorithm.
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Abstract. In modern societies the demand for mobility is increasing
daily. One challenge to researchers dealing with transportation is to find
efficient ways to model and predict traffic flow, even if the behaviour of
people in traffic is not a trivial problem. The social nature of traffic (e.g.
coordinated decisions) seems to be a key question, not well explored.
We aim at creating a model of drivers as social agents, thus allowing
their behaviour to be predicted and considered in the simulation. This
may, on its turn, improve the accuracy of the existing Advanced Travel
Information Systems (ATIS).

1 Introduction

Daily traffic jams reflect the fact that the capacities of the road network are
satisfied or even exceeded. Thus, the modelling and prediction of traffic flow
is one of science’s future challenges. To be effective, such models have to make
assumptions about the travel demand, and hence about travel choices and traffic
behaviour. As obvious as it is, not so much attention has been paid to the social
properties of traffic systems, in spite of their inherent social nature. However,
the interdependence of actions associated with dynamic route guidance systems
for example, lead to an increasing frequency of coordinated decisions. The use of
such systems has the potential to change the nature of private car travelling in
a yet unknown way. One typical scenario is the broadcasting of traffic messages
to commuters. It is known that they have an impact on driver’s behaviour, but
currently drivers’ reaction is neither registered nor considered in any forecast
system.

The present work does not deal with the classical case of route choice simu-
lation. There, the focus is on the individual driver without consideration of the
interaction caused by coordinated decisions on the system as a whole. Hence, we
depart from the classical view of route choice as an individual issue, and opt to
study the social aspects of the problem.

Modelling of traffic scenarios with multi–agent systems (MAS) techniques is
not new. However, the focus has been mainly in logistics regarding transportation
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c© Springer-Verlag Berlin Heidelberg 1999



304 A.L.C. Bazzan, J. Wahle, and F. Klügl

scenarios, or coarse–grained level regarding traffic problems as e.g. traffic agents
monitoring problem areas. The work proposed here focuses on a fine–grained
level (traffic flow control). At this level, few works exist. For instance, Bazzan
([1997]) discusses a mechanism for the coordination of traffic signal. However,
this paper deals mainly with the tactical level.

Artificial intelligence (AI) and, in particular, MAS techniques open the pos-
sibility to model the strategical level (as for instance the behaviour of drivers)
in a more realistic way, at a level closer to the deliberative and social one. In the
present work we focus on the use of mental states like beliefs and intentions.

2 The Tactical Layer

There are mainly two approaches to the modelling of traffic: the macroscopic
and the microscopic. In the former, it is not possible to individualise classes
of behaviours. In microscopic approaches, each individual can be described as
detailed as desired, thus permitting the model of drivers’ behaviours. To meet
computational constraints, one basic idea of traffic flow modelling is to describe
its dynamics as simple as possible. In this spirit, cellular automaton (CA) models
were introduced by Nagel and Schreckenberg ([1992]) to describe the vehicular
motion. This is implemented by means of four rules in the CA: collision–free
acceleration, interaction,randomisation, and movement. A typical application is
the on–line simulation of traffic in downtown Duisburg (http://www.traffic.uni-
duisburg.de/OLSIM/).

The Nagel–Schreckenberg CA can be directly interpreted as a multi–agent
system with reactive agents. This was done using the multi–agent simulation
environment SeSAm (Shell for Simulated Multi–Agent Systems), described in
Klügl and Puppe ([1998]). In several simulation experiments we were able to
show that the multi–agent model of the Nagel–Schreckenberg cellular automaton
reproduces the original model’s behaviour with sufficient accuracy.

3 Social Agents and the Strategical Layer

As explained above, the use of microscopic traffic simulators allows travel and/or
route choices to be considered. However, it is important to notice that such choi-
ces seem not to be influenced by the same attributes as is rational optimisation.
The decision–making process in human beings uses not only logical elements, but
also involves some emotional components that are typically non–logical. As a re-
sult, behaviour can be also explained by other approaches, which additionally
consider emotion, intentions, beliefs, motives, cultural and social constraints,
impulsive actions, and even simply willingness to try.

Dynamic route guidance systems will soon be available for a huge number
of the road users. The influence of these systems on the actual traffic state can-
not be modelled with the methods described above since they assume rational
agents. Understanding travellers’ route choice behaviour is an important con-
sideration for the development and effectiveness of such systems. This is done
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BELIEFS DESIRES
BEL (usual route (R)) DES (min time)
BEL (roadwork (R)) DES (on time)
BEL (roadwork (R)) ⇒ BEL (congested (R)) DES (¬jam)
BEL (alt route (A)) DES (few lights)
BEL (congested (R)) ⇒ BEL (choose (A)) DES (via highway)
BEL (alt route (A)) ⇒ BEL (many lights (A)) DES (¬stop)
BEL (broadcast (R, ‘jam’)) ⇒ BEL (congested (R)) DES (¬roadwork (R) ∧

usual route (R))
BEL (¬broadcast (R) , ‘any’) ⇒ BEL(¬congested (R)) DES (choose (R) ∧

usual route (R))
BEL (leave later) ⇒ BEL (¬on time) DES (leave later)

Table 1. Partial Knowledge Base for Agent Ag1.

by combining traffic messages generated by the CA–based simulation tool with
a BDI formalism. The latter is based on the formalism of Rao and Georgeff
([1991]), i.e. based on the modalities for belief, goal, and intention.

To illustrate its use, we discuss a well–known scenario: the day–to–day travel
choice of commuters. For simplicity, we assume that there are two possible routes,
namely R and A, connecting the places of interest. Route R is shorter than
alternative A but a heavy roadwork is announced for R. In this scenario, there is
no optimal solution to the problem. If a significant number of commuters follow
the recommendation and use alternative A, route R might be still faster. On the
other hand, many drivers think the same way and stay with their typical choice.

To implement such a scenario using the BDI formalism, a typical agent has
a knowledge base (KB) like that shown in Table 1. Others have similar KB’s.
The beliefs set is represented by formulae describing the world. Desires are all
possible states that the agent can achieve. Notice that they can be conflicting,
like DES (on time) and DES (leave later), or nearly unachievable as e.g. DES
(¬stop). Goals are desires that are consistent with the beliefs, not conflicting, and
believed to be achievable. Therefore, the set of goals is not necessarily a singleton.
A similar relationship exists between plans and intentions. Hence, an agent can
have many plans, each to achieve a given state, but only plans believed to be
achievable will form intentions. Besides, intentions must be mutually consistent.
Table 1 shows part of an agent KB. For the sake of simplicity, the identification
of the agents is omitted from the logical declarations. This states that the agent
Ag1 believes that R is its usual route in this commuting scenario. The sixth line
of the beliefs column states that if it is believed that A is an alternative route
(to R), then it is believed that the agent will have to drive along a road with
many traffic lights. Ag1 has a set of desires, not all consistent with the beliefs.
As it is believed that there is a roadwork on R, the usual route, R is believed
to be congested, and an alternative route A should be chosen. These beliefs are
definitively not consistent with the six last desires. As for DES(min time) and
DES(on time), these are consistent as long as no broadcast over route A means
that A is not congested. Hence Ag1 can still be on time and the journey will
take the minimum time for that route.
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4 Conclusions

This paper discusses the need to change the modelling paradigm of a driver in
an intelligent transportation system. No traffic forecast system is currently able
to represent drivers as more than rational decision–makers who merely perceive
small parts of their environment and react according to pre–established rules.
Hence, this work extends the existing systems first by modelling a driver as a
social agent based on multi–agent systems techniques, and second by generating
a feedback to the simulation tool from such a model.

We have started with an existing microscopic traffic simulation tool, the
CA–based Nagel–Schreckenberg model, and its interpretation as a multi–agent
system. However, such sub–cognitive multi–agent implementation is valid mainly
at a tactical level. In order to tackle the strategical one, we have developed a more
deliberative model of agents, able to deal with not completely rational decision–
making. To achieve this, we have used mental states like emotions, preferences,
intentions, etc. Such mental states play a key role especially in a commuting–
like scenario, since the actions tend to be repeated and the knowledge of the
driver accumulates with time. Another important characteristic of this scenario,
to which the BDI formalism fits very well, is its social nature. The individual
decision has no optimal solution. If a significant number of commuters follow the
route recommendation broadcasted, there is no guarantee that the recommended
route will be a better choice.

In short, we have present two possible layers of a multi–agent system designed
to simulate traffic flow and to model drivers. While the former can be tackled
by a tactical level (where sub–cognition is enough to make drivers act), in the
latter it is essential to embed not only cognition but also more sophisticated
forms of decision–making involving the mental states mentioned above. The
next challenge of the work is to integrate both tools and environments.
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Abstract. For the implementation of time-critical decision support al-
gorithms in a clinical information system (CIS) a precise relation between
medical interventions and effects needs to be established. We evaluated
for selected drugs and infusions the relation in time between charted dose
and effect on on-line hemodynamic variables. The time of the intervention
was compared with the onset of the change of the hemodynamic variables
as determined by new time series methods. The average time difference
between intervention and calculated hemodynamic effect was 13.23 min
(0 - 29) which did not differ significantly between different interventions.
The marked lag between intervention and effect and the great variance
of this lag pose an important problem for time-critical decision support.
Even after optimizing data acquisition important factors will remain un-
accounted for. Therefore, decision support systems may need extensive
testing with real-world data before they are released into clinical practice.
(supported by the Deutsche Forschungsgemeinschaft, Sonderforschungs-
bereich 475 ”Complexity Reduction in Multivariate Data Structures”)

1 Introduction

Clinical Information Systems (CIS) can today provide the health care professio-
nal with the complete Electronic Patient Record (EPR) at the point of care. This
data may include vital signs (e.g. heart rate, blood pressure), fluid intake and
output, medications as well as entire clinical pathways. These CIS are complex
database systems with sometimes more than 2,000 variables for each patient
[3,4,5]. Over the last couple of years knowledge-based systems have been deve-
loped that use CIS data to support medical decision making [9]. Especially in
operation-critical decision support such as in intensive care medicine a strong
influence of the timing of interventions can be assumed. Therefore, in the imple-
mentation of time-critical decision support algorithms in a CIS a precise relation
between medical intervention (time, dose) and effect needs to be established. For
selected drugs and infusions we evaluated the relation in time between charted
dose and effect on hemodynamic variables.

W. Burgard, T. Christaller, A.B. Cremers (Eds.), KI-99, LNAI 1701, pp. 307–310, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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2 Methods

On a 16-bed surgical ICU all medication data was charted with a CIS, allowing
the user 1 minute time resolution for all data. The system configuration was
comprised of the CIS (Emtek Continuum 2000, Version 4.1M3), a Decision Sup-
port System (Sybase SQL server 4.9.2), and Statistical Software (SPSS version
6.1, SAS version 6.12) runnung on Sun Sparc under Sun Solaris 1.1.2 and 2.5.
On-line monitoring data was acquired from 148 consecutive critically ill patients
(53 female, 95 male, mean age 64.1 years) with extended hemodynamic monito-
ring requiring pulmonary artery catheters in one minute intervals from the CIS.
At total of 11,339 hours of monitoring of heart rate (HR), arterial mean pressure
(MAP), and pulmonary artery mean pressure (MPAP) were analyzed.
Effects of interventions were defined as certain patterns of change in the time
series of HR, MAP, and MPAP. Those were identified based on second order
autoregressive (AR) time series models [6]. Each univariate time series was split
into 90 minutes intervals starting with the first observation. The first 60 minutes
of each interval were used as the estimation period of the respective AR-model,
while the last 30 minutes of each interval served as the prediction period. This 90
minute window was moved over the entire time series in 30 minute increments.
For each estimation period a second order autoregressive model was fitted and
applied to the prediction period. The actual measurements were compared to the
95% confidence intervals (CI) for the prediction period. Values outside the CI
were classified as an outlier, if less than 5 consecutive observations (= minutes)
were outside the CI, and as a level change by 5 or more consecutive observations
outside the CI. Only prediction periods that showed just one pattern were inclu-
ded. Only level changes of more than 5% were included in the analysis, because
even with the 95% CI the pattern recognition discovered also some clinically
non-relevant level changes. The time of the onset of a level change was defined
by the first observation of this level change outside the CI. Level changes follo-
wing this definition constituted what we call an effect here on the hemodynamic
variables.
The time of the intervention was compared with the onset of the identified effect
on the hemodynamic variables as determined by the time series analysis descri-
bed above. Only time differences of less than 30 minutes were included, because
of the 30 minute overlap between the time series window.
An intervention was defined by a change in the dose rate of dobutamine, adrena-
line, noradrenaline, nitroglycerin, or by a change of the fluid balance by more
than 500 cc in less than 10 minutes. Only effects that could be pharmacologically
attributed to the respective intervention were included in the final analysis. The
time of the intervention as it was charted in the CIS was compared with the
onset of the identified change of the hemodynamic variables.

3 Results

From a total of 80,752 time series analyses, 12,599 included catecholamine or
fluid interventions, of which 2.608 intervention-effect pairs met the inclusion cri-
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teria for further analysis. The average time difference between intervention as
charted and detected hemodynamic effect was 13.23 minutes (0 - 29 min). This
time lag did not differ significantly between catecholamines, vasodilators, and
rapid infusions. The 90% percentiles for most intervention-effect combinations
ranged from 0 to over 25 minutes. Only the median time lag between increase of
vasopressors and increase of blood pressure was lower. Changes of fluid balance
showed an especially wide variation in their time lag to the associated effect.
The largest number of observations involved rapid fluid changes. As expected,
a wide variation of time lags can be found here. Interestingly, the time lags for
fluid interventions did not differ markedly from those of most drug interventions.
As the half-lifes of the investigated drugs are longer than their action times and
removal of fluids takes more time than administration, it could be expected that
a decrease of an intervention would show a longer time lag than the respective
increase. Except for adrenaline and noradrenaline this could not be confirmed.
In summary, the time lags between medical interventions as charted and hemo-
dynamic effects showed a wide variation. Although there was a tendency that the
time lag between catecholamine dosage changes and pressure changes was shorter
on the average, there were no relevant differences between any intervention-effect
pair. These observations cannot be sufficiently explained by the pharmacological
and physiologic properties of the drugs and infusions studied.

4 Discussion

CIS have improved precision and volume of bedside documentation in high acuity
areas as shown in several studies [2,4]. Investigations in dose documentation with
CIS show a 99% accuracy in drug documentation [8]. Therefore, documentation
with a CIS can be considered highly accurate for non time-critical items.
No study known to the authors addresses the issue of time-critical documenta-
tion in the ICU. This may be surprising as recent publications emphasize the
significance of time-oriented data for clinical decision support [10]. It is pointed
out that correct documentation of temporal patterns is essential for decision
support in critical care [7].
Our study investigates strong temporal relationships in hemodynamic therapy
of the critically ill. It can be expected that changes of catecholamine drips and
rapid fluid challenges have an immediate effect within a few minutes on hemo-
dynamic variables, such as heart rate or blood pressure [1].
Surprisingly, our study finds an average latency between the documented change
of a drug and the hemodynamic effect of about 13 minutes. Although the average
time between increase of vasopressors (adrenaline, noradrenaline) and changes
in arterial pressure was shorter at 7.5 minutes, the most striking finding re-
mains the wide variation with a range of over 20 minutes for all interventions.
This wide variation may be attributable to several factors: (a) Inaccurate time
entries for dose changes or IV fluids by the user. (b) Gradual response of the
patient, or rather his/her cardiovascular system, to the intervention which may
take time to be recognized by a pattern recognition algorithm that is based on
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thresholds. (c) Interindividual differences in the reactivity of patients towards a
certain drug. (d) Technical issues of drug and fluid application.
Thus several factors that introduce significant variance in the documentation of
temporal patterns may be beyond the user’s influence. This time variance can
significantly affect the performance of time-oriented decision support algorithms
[7,10]. Some of the time variation may be reduced by improvements in data
acquisition and processing: (a) Automatic data transfer from bedside devices
wherever possible. (b) Training of users and standardization of charting proce-
dures. (c) Optimization of algorithms for the detection of patterns and change
points in time series data. (d) Adaptation of decision support algorithms to ac-
count for the variance in temporal patterns.
In summary, the relation in time between interventions and effects shows a large
variance which poses a major problem for the implementation of time-critical
decision support algorithms. While some of the variation may be reduced by
interfacing IV devices with CIS and educating users in more precise documen-
tation, important technical, physiological and pharmacological factors remain
unaccounted for. This emphasizes the necessity to test decision support systems
extensively with real-world data before they are released into clinical practice.
Here further research is needed in time-oriented clinical decision support.
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