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Preface

This is our second book related to intelligent information and knowledge management
which is based on the concept of developing a platform to share ideas. The contribu-
tors to this book, the authors of carefully selected and peer revived Chapters, are aca-
demics, educators, and practitioners who are researching and implementing in real life
exciting developments associated with our never ending quest to vanquish challenges
of our knowledge-based society.

The opening Chapter of the book titled Immuno-Inspired Knowledge Management
for Ad Hoc Wireless Networks is authored by Martin Drozda, Sven Schaust, and He-
lena Szczerbicka. The Authors present the cutting edge research in the new, still
emerging area of biologically inspired immune systems development. This research
has already showed promising results in the field of smart misbehavior detection and
classification of data in general. In this Chapter the Authors perform a very compre-
hensive overview of the recent developments in the area of biologically inspired clas-
sification approaches to detect possible threats and misbehavior, especially in the area
of ad hoc networks. They also discuss exciting challenges in translating functionality
of biological immune system to technical systems. The Chapter that follows is titled
Immune Decomposition and Decomposability Analysis of Complex Design Problems
with a Graph Theoretic Complexity Measure and is authored by Mahmoud Efat-
maneshnik, Carl Reidsema, Jacek Marczyk, and Asghar Tabatabaei Balaei. The au-
thors introduce a new approach to decomposition challenge of large, complex prob-
lems in general, and design problems in particular. A measure of decomposition qual-
ity is introduced and its application in problem classification is highlighted. The
measure proposed by the Authors is complexity based (real complexity) and can be
employed for both disjoint and overlap decompositions. After discussing the advan-
tages of their approach and illustrating it with examples, the Authors conclude with
distinct future directions of their research. The next Chapter is titled Towards a For-
mal Model of Knowledge Sharing in Complex Systems and is authored by Nadim
Obeid and Asma Moubaiddin. The Authors develop and discuss a novel multi-agent
system that assists in the process of knowledge sharing between various groups of
workers and decision-makers. In the proposed platform each agent is a knowledge
broker and controller responsible for specialized knowledge needs. The Authors use
Partial Information State approach for agents’ knowledge representation and present a
multi-agent based model of argumentation and dialogue for knowledge sharing. The
approach is illustrated with examples and the Chapter concludes with clear vision of
further research towards application of the proposed platform to support strategic and
tactic reasoning for rational agents. The Chapter that follows is titled Influence of the
Working Strategy on A-Team Performance and is authored by Dariusz Barbucha,
Ireneusz Czarnowski, Piotr Jedrzejowicz, Ewa Ratajczak-Ropel, and Iza Wierz-
bowska. The Authors first introduce and discuss the issues related to A-Team (defined
as a problem solving system of autonomous agents and common memory) perform-
ance during the process of agents’ cooperation in an attempt to improve a solution to a
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given problem. Then the Chapter focuses on investigation of influence of different
strategies on A-Team performance. To implement various strategies the A-Team plat-
form called JABAT is used by the Authors. Different working strategies are evaluated
by computational experiment using several benchmark data sets. The Authors show
that designing effective working strategy can considerably improve the performance
of an A-Team system and formulate some rules useful in A-Team development and
implementation. The next Chapter is titled Incremental Declarative Process Mining
and is authored by Massimiliano Cattafi, Evelina Lamma, Fabrizio Riguzzi, and Ser-
gio Storari. In this Chapter the Authors introduce and discuss the current state of the
art in research developments and directions related to the area of Business Processes
Management (BPM) that studies how to describe, analyze, preserve and improve or-
ganisational processes. They focus on subfield of BPM called Process Mining (PM)
which aims at inferring a model of the processes from past experience. The Authors
introduce and define a novel activity as part of PM — Incremental Process Mining. To
solve this problem, they modify the process mining that actually performs theory revi-
sion. Through the illustrative experimental results the Authors show that incremental
revision of an existing theory or a model can be superior over learning or developing a
new one from scratch. Conclusions of the Chapter define new research directions
leading to even deeper understanding of the difference between learning from scratch
and revision. The following Chapter titled A Survey on Recommender Systems for
News Data is authored by Hugo L. Borges and Ana C. Lorena. The Chapter intro-
duces to the reader the research area called Recommender Systems (RS) which fo-
cuses on the structure of evaluations. The Authors present and discuss very rich and
interesting origins of RS that are linked to cognitive science, approximation theory,
information retrieval, prediction theories and are also related to management science
and to the process of modelling options made by consumers in marketing. Next they
introduce formal definition of RS and show that it is one of the major tools that helps
to reduce information overload by acting as a filter and by customizing content for the
final user. The Authors illustrate their arguments with some interesting news recom-
mendation related cases. The next Chapter is titled Negotiation Strategies with In-
complete Information and Social and Cognitive System for Intelligent Human-Agent
Interaction and authored by Amine Chohra, Arash Bahrammirzaee, and Kurosh Ma-
dani. The Authors divide their Chapter into two parts. The first part aims to develop
negotiation strategies for autonomous agents with incomplete information, where
negotiation behaviors are suggested to be used in combination. The suggested combi-
nation of behaviors allows agents to improve the negotiation process in terms of agent
utilities, number of rounds, and percentage of agreements that were reached. The
second part of this Chapter aims to develop a SOcial and COgnitive SYStem
(SOCOSYS) for learning negotiation strategies from human-agent or agent-agent
interactions. Both parts of the Chapter suggest interesting avenues of future research
toward development of fully intelligent negotiation system that should combine in an
efficient way behaviours developed in this Chapter in the first and second part with
fuzzy and prediction behaviours. The following Chapter is titled Intelligent Knowl-
edge-Based Model for IT Support Organization Evolution and is authored by Jakub
Chabik, Cezary Ortowski, and Tomasz Sitek. The Authors develop, from conceptuali-
zation to implementation, a smart knowledge-based model for predicting the state of
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the IT support organization. As such organizations face the complex problem of pre-
dicting and managing their transformation process, the focus of the Authors of this
Chapter is to develop support tools that can add the above tasks. The tools the Authors
propose are based on fuzzy modeling mechanisms and reasoning using uncertain and
incomplete knowledge and information. After developing the tools, the Authors illus-
trate their application through the experimental case study related to the banking sec-
tor. The next Chapter addresses one of the fascinating future challenges of our digital
society — digital preservation. It is titled Modeling Context for Digital Preservation
and authored by Holger Brocks, Alfred Kranstedt, Gerald Jdschke and Matthias
Hemmje. The Authors, after introducing the notion of context in digital preservation,
identify relevant components of context and the interrelationship between the different
aspects of context, and propose a generic model to represent the required context
information. They chose the Open Archival Information System (OAIS) as the con-
ceptual framework for introducing context to digital preservation. The formalism the
Authors propose in a very comprehensive way relates to ontologies and business proc-
ess models. The Chapter presents exemplary illustrations of the proposed formalism.
The two cases presented are the scenarios in the domain of document production,
archival, access and reuse within digital archives and libraries. The scenarios show
that the context of archiving process adds eminent information with respect to preser-
vation. This context information should be modeled and preserved together with the
content data as an essential prerequisite for future access, understanding and reuse of
data. The Chapter that follows is titled UML2SQL—a Tool for Model-Driven Devel-
opment of Data Access Layer and authored by Leszek Siwik, Krzysztof Lewandowski,
Adam Wos, Rafal Drezewski, and Marek Kisiel-Dorohinicki. The Authors of this
Chapter address a number of issues related to a tool that is used for model driven
development of data access layer. The tool is called UML2SQL which is an open
source application and includes an object query language allowing for behavior mod-
eling based on Unified Modelling Language (UML) activity diagrams, and thus effec-
tively linking structural and behavioral aspects of the system development. The Au-
thors present and discuss in a comprehensive way the UML2SQL architecture, its
processes and schemes which make this tool a distinct one in the data access domain.
The Chapter includes also an illustrative example of UML2SQL implementation. The
next Chapter is titled Fuzzy Motivations in Behavior Based Agents and authored by
Tomas V. Arredondo. The Author presents a fuzzy logic based approach for providing
biologically inspired motivations to be used by agents in evolutionary behaviour learn-
ing. In the presented approach, fuzzy logic provides a fitness measure used in the
generation of agents with complex behaviours which respond to user expectations of
previously specified motivations. The developed technique is shown as a simple but
very powerful method for agents to acquire diverse behaviours as well as providing an
intuitive user interface framework. The approach developed is supported by illustra-
tive examples related to navigation, route planning, and robotics. The following Chap-
ter is titled Designing optimal operational-point trajectories using an intelligent sub-
strategy agent-based approach and authored by Zdzislaw Kowalczuk and Krzysztof
E. Olinski. The Chapter introduces and discusses an intelligent sub-strategy agent-
based approach to optimization, in which the search for the optimal solution is per-
formed simultaneously by a group of agents. In this novel approach presented by the
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Authors, compilation of the partial solutions delivered by the agents, which results in
shifting the operational point from the initial to the designed terminal point, forms the
final solution being sought. The Chapter includes illustrative examples and discusses
further research steps that would consider sensitivity of this approach to the specifica-
tion of elementary control strategies and to the applied arrangement of the decision
points in the state space. Another direction suggested by the Authors of further devel-
opments in this area relates to more complex agent behaviours and interacting mecha-
nisms at higher level of intelligence. The Chapter that comes next is titled An Ontol-
ogy-based System for Knowledge Management and Learning in Neuropediatric
Physiotherapy and authored by Luciana V. Castilho and Heitor S. Lopes. The Authors
begin with very comprehensive literature review in the area of knowledge manage-
ment and ontologies setting the research needs and background for their own proposi-
tion. Next, they propose a novel methodology for modelling and developing an ontol-
ogy-based system for knowledge management in the domain of Neuropediatric
Physiotherapy together with its application aiming at supporting learning in this do-
main. The related knowledge acquisition process involved knowledge capture from
domain experts and compilation of information that could be gathered from reference
textbooks. The knowledge that was captured was represented as ontology. Knowledge
base was developed allowing for its reuse for substantial enhancement of educational
and learning processes in the area of Physiotherapy. The last Chapter of this selection
is titled Mining Causal Relationships in Multidimensional Time Series and authored
by Yasser Mohammad and Toyoaki Nishida. The Authors develop and introduce a
novel approach to mine multidimensional time-series data for causal relationships.
The idea of analyzing meaningful events in the time series rather than by analyzing the
time series numerical values directly is the main novelty feature of the proposed sys-
tem. The Authors include mechanisms supporting discovery of causal relations based
on automatically discovered recurring patterns in the input time series. The mecha-
nisms are integrated variety of data mining techniques. The proposed approach is
evaluated using both synthetic and real world data showing its superiority over stan-
dard procedures that are currently used. Comprehensive conclusion of the Chapter
discusses future directions of this promising research.

The very briefly introduced Chapters of this book represent a sample of an effort
to provide guidelines to develop tools for intelligent processing of knowledge and
information that is available to decision makers acting in information rich environ-
ments of our knowledge based society. The guide does not presume to give ultimate
answers but it poses models, approaches, and case studies to explore, explain and
address the complexities and challenges of modern knowledge administration issues.

Edward Szczerbicki
Gdansk University of Technology, Gdansk, Poland

Ngoc Thanh Nguyen
Wroclaw University of Technology, Wroclaw, Poland
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Immuno-inspired Knowledge Management for
Ad Hoc Wireless Networks

Martin Drozda, Sven Schaust, and Helena Szczerbicka

Simulation and Modeling Group
Dept. of Computer Science
Leibniz University of Hannover
Welfengarten 1, 30167 Hannover, Germany
{drozda,svs,hsz}@sim.uni-hannover.de

Abstract. During the last years approaches inspired by biological im-
mune systems showed promising results in the field of misbehavior de-
tection and classification of data in general. In this chapter we give a
comprehensive overview on the recent developments in the area of bio-
logically inspired classification approaches of possible threats and misbe-
havior, especially in the area of ad hoc networks. We discuss numerous
immuno related approaches, such as negative selection, B-cell cloning,
Dendritic cell algorithm or Danger signals. We review present approaches
and address their applicability to ad hoc networks. We further discuss
challenges in translating functionality of the biological immune system
to technical systems.

1 Introduction

The Biological immune system (BIS) protects its host against extraneous agents
that could cause harm. The BIS can be found in living organisms ranging from
plants to vertebrates. Even though the BIS complexity in these various life forms
can be very different, the common goal is to sustain survival in often unforesee-
able conditions. The BIS can be succinctly described as a protection system
that is based both on prior experience possibly accumulated over an evolution-
ary time span and short-term adaptation that occurs during the lifetime of the
host. Whereas for example plants only rely on the former type of protection, the
innate immunity, more complex life forms additionally employ the latter type,
the adaptive immunity. It is important to note that the existence of the adaptive
immune system, its internal mechanisms and interplay with the innate immunity
is also a result of evolutionary priming.

Due to the efficiency in protecting its host, the BIS has become an inspiration
for designing protection systems. Besides this area, it has become an inspiration
in areas such as machine learning, optimization, scheduling etc. The technical
counterpart of the BIS, Artificial Immune Systems (AISs) have become an inde-
pendent research direction within the field of computational intelligence.

Computer and network security is an area which gained an increased interest,
manly due to the omnipresence of the Internet. It is the role of secure protocols to

E. Szczerbicki & N.T. Nguyen (Eds.): Smart Infor. & Knowledge Management, SCI 260, pp. 1
springerlink.com © Springer-Verlag Berlin Heidelberg 2010



2 M. Drozda, S. Schaust, and H. Szczerbicka

guarantee data integrity and user authentication. Unfortunately, flaws in secure
protocols are continuously being found and exploited as the Internet experience
shows. The history of security of home and small mobile computing platforms
points out that such attacks can disrupt or even completely interrupt the normal
operations of networks [I]. There are several thousand families of viruses and
worms recorded. Some of these families consist of several thousands or even tens
of thousand viruses that were created by virus kits, a specialized software aimed
at automated virus creation.

Ad hoc wireless networks do not rely on any centralized or fixed infrastructure.
Instead each participating wireless device acts as a router for forwarding data
packets. The advantage of such an architecture is the ease of deployment. This
advantage is however at the cost of a more complex maintenance. Additionally,
in many scenarios it is expected that the participating wireless devices will be
resource restricted due to their reliance on battery power. This further implicates
energy aware hardware with a lesser computational throughput.

The above limitations establish the basic motivation for designing autonomous
detection and response systems that aim at offering an additional line of defense
to the employed secure protocols. Such systems should provide several layers of
functionality including the following [2]:

(i) distributed self-learning and self-tuning with the aspiration to minimize the
need for human intervention and maintenance,

(ii) active response with focus on attenuation and possibly elimination of nega-
tive effects of misbehavior on the network.

In the following we will introduce the basic concepts of the Biological immune
system, related computational paradigms and applications to the security of ad
hoc wireless networks.

2 The Biological Immune System

The Biological immune system (BIS) of vertebrates is a remarkable defense sys-
tem, able to quickly recognize the presence of foreign microorganisms and there-
after eliminate these pathogens. Pathogens are common microorganisms such as
viruses, bacteria, fungi or parasites. To protect the human body against dis-
eases the immune system must, according to Janeway [3], fulfill four main tasks:
Immunological recognition, Immune effector functions, Immune regulation and
Immune memory. These tasks are fulfilled by the following two parts of the BIS:

— the innate immune system, which is able to recognize the presence of a
pathogen or tissue injury, and is able to signal this to the adaptive immune
system.

— the adaptive immune system, which can develop an immunological memory
after exposure to a pathogen. Such an immunological memory serves as a
basis for a stronger immune response, should a re-exposure happen.
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2.1 Innate Immune System

The innate immune system offers a rapid response on exposure to an infectious
microorganism. The reaction is based on the availability of phagocytes such as
neutrophils, macrophages, mast cells and dendritic cells which can be found
in almost all tissues and in the blood circulation. As most infections occur in
the tissues, it is the neutrophils and macrophages which act as the ”second”
line of defense, right after the skin which prevents pathogens from entering the
body. Once a pathogen has entered the body, it is surrounded and enclosed by
the present neutrophils and macrophages. The process of enclosure causes the
macrophages to secrete cytokines and chemokines. These two classes of proteins
are able to attract even more neutrophils and similar cells in order to contain the
area of infection. This can eventually lead to a more specific immune reaction.
This process is called inflammation.

Macrophages are cells which reside in most of the body’s tissue and are there-
fore one of the first cells that make contact with foreign microorganisms. Im-
mediately after a pathogen has entered the body by passing its initial barriers,
such as the skin, macrophages are able to recognize the cell and start an immune
reaction. This reaction is typically the enclosure of the foreign cell and the elim-
ination with toxic forms of oxygen. At the same time the macrophages mobilize
more cells of the innate and adaptive immune systems by secreting cytokines
and other stimulating proteins. This process attracts several other innate im-
mune cells such as natural killer cells or dendritic cells. Once these cells get into
the infected area and therefore become exposed to the pathogen, the adaptive
immune system gets stimulated by the dendritic cells reaction. Macrophages also
act as antigen presenting cells (APC) stimulating the adaptive immune system,
displaying cell fragments of the pathogen on their surface. Antigen is that part
of a pathogen that can be easily processed by an APC. An example of antigen
are cell coats, capsules or cell walls.

Dendritic Cells are also part of the innate immune system and also act as
APCs stimulating the adaptive immune system. They exist in small quantities
in the tissues and in the blood. Dendritic cells (DCs) [4] induce immunological
tolerance, and activate and regulate the adaptive system. DCs exist in several
stages. In the precursor stage, they are able to secrete inflammatory or anti-viral
cytokines. Immature DCs can capture and analyze a foreign cell. Upon contact
with a pathogen, they are activated and differentiate into either a specialized
APC or a mature DC. Secretion of inflammatory cytokines helps expose presence
of harmful pathogens in the body. Once DCs are activated they migrate into
lymphatic tissue areas where they interact with the specific cells of the adaptive
immune system.

2.2 Inflammatory Signals

As mentioned before several inflammatory signals are used to activate and attract
cells from the immune system. Typically these signals are based upon cytokines
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and chemokines. Chemokines are a group of about 50 different proteins with
different receptor capabilities. Their role is for example to start the production
of toxic forms of oxygen in order to eliminate pathogens and to attract more im-
mune cells. Cytokines are also responsible for the inflammation in the infected
area and for attracting and activating more immune cells. The process of inflam-
mation is necessary to contain the infected area and to stimulate specific actions
against the detected microorganisms.

2.3 Adaptive Immune System

Besides the innate immune reactions, vertebrates have developed a more specific
system able to combat microorganisms which get past the first and second line
of defense. Part of this system are lymphocytes which recirculate in the blood
and the lymphatic system, hence their name. These types of cells have specific
receptors on their surface, thus recognizing only specific pathogens.

The lymphatic system is a network of tissues and vessels. This network trans-
ports extracellular fluids through the body. Part of the system are lymphoid or-
gans and lymph nodes, which are areas of tissue convergence. Thymus and bone
marrow are the central lymphoid organs, playing a major role in the production
of T- and B-lymphocytes (T-cells and B-cells). Both cells migrate from these
areas into the bloodstream which transports them towards the lymph nodes,
where they leave the bloodstream and enter the lymph node. Lymphocytes re-
circulate between the blood and these organs until they are exposed to their
specific APCs. APCs from the innate system travel to the lymph nodes and in-
duce the activation of the pathogen specific lymphocytes. After the activation,
lymphocytes undergo a period of proliferation and mutation, leaving afterwards
the lymph node towards the infectious area.

B-cells are able to recognize pathogens without the extra help of an APC. Once
a B-cell binds to an antigen, it will proliferate and differentiate into a plasma cell.
These cells are able to produce specific antibodies, which will mark an infected
cell as a pathogen. This significantly streamlines pathogen elimination. Anti-
bodies are therefore found in the fluid component of blood and in extracellular
fluids. Once they recognize a pathogen they bind it, effectively preventing any
pathogen replication. In case of bacteria the binding is not sufficient as they still
can replicate. It is therefore necessary that the antibodies attract phagocytes to
eliminate the pathogen.

T-cells are able to recognize pathogen fragments produced by APCs. When a
positive recognition occurs, a signaling process, that can mobilize other players of
the BIS, is performed. A T-cells gets activated by the first encounter with anti-
gen, and thereafter proliferates and differentiates into one of its different func-
tional types. These functional types are cytozic (killer) T-cells, activating helper
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T-cells and controlling requlatory T-cells. While the first type kills infected cells
and intercellular pathogens, helper T-cells offer essential stimulation signals that
activate B-cells to differentiate and produce antibodies. The regulatory T-cell sup-
presses the activity of lymphocytes and helps control the immune response.

A schematic overview of the immune response mechanism is shown in Fig. [l
This figure depicts different evolution pathways of T-cells and B-cells as well as
the interdependence of these two types of lymphocytes. Notice that a pathogen
detection and elimination is often done in an orchestrated way in which various
immune cells cooperate. Such a cooperation has a tremendous impact on the
robustness and reliability of the BIS. In fact, a pathogen elimination by either
the innate or adaptive immune system often requires some form of mutual stim-
ulation or co-stimulation. For example, a pathogen does not get eliminated by a
player of the adaptive immune system as long as a co-stimulation is not received
from the innate immune system. Such a co-stimulation can indicate that the
given pathogen causes harm to the host and thus must be eliminated.

The guiding role of the innate immune system was investigated by Charles
Janeway in late 1980” [3]. It led to the formulation of the infectious non-self model.
This theory states that only infectious foreign cells will get eliminated by the
BIS. Non-self cells are cells that are foreign to the body, whereas self cells are
a body’s own cells such as immune cells, blood cells etc. Based on the observa-
tions of Janeway, Polly Matzinger formulated the Danger theory [5]. Her theory
recognizes the role of danger signals emitted by cells undergoing injury, stress or
death. The Danger theory challenged the predominant “self vs non-self” model

Antigen

evolves evolves

Plasma cell memory B-cell wan - memory T-cell prrr Activated T-cell
produce Bind infected
Antibodies cells

s stimulates

Fig. 1. Schematic of the immune responses [7].
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due to F.M. Burnet from the 1950’ [6]. The “self vs non-self” model claimed that
all non-self cells get eliminated by the BIS.

2.4 Memory of the Adaptive Immune System

In order to provide a more efficient immunological response after a re-exposure
to a pathogen, both B-cells and T-cells can mature and become memory B-cells
and memory T-cells. In contrast to normal B- and T-cells, memory cells live
much longer, thus allowing the host to keep its immunological memory over a
long period.

2.5 Selection Principles of the Immune System

Pathogen recognition is based on pattern matching and key-lock mechanisms.
Positive and negative selection principles are used for priming T-cells and B-cells.

T-cells mature in the thymus in two stages called (i) positive and (ii) negative
selection.

(i) Immature T-cells in the thymus get first tested on self cell reactivity. T-cells
that do not react with self cells at all are subject to removal.

(ii) T-cells that survived the first step are tested on whether they can react with
self cells too strongly. If this is true, the result is again removal.

Remaining T-cells are released into the body. Such T-cells are mature but remain
naive until their activation. In order these two stages to be achievable, the thymus
is protected by a blood-thymic barrier that is able to keep this organ pathogen-
free. As a result, mature T-cells are reactive with cells that could not be present
in the thymus, i.e. with non-self cells. They are also weakly self reactive but they
are unable to get activated by a self cell. Unfortunately, the repertoire of self cells
in thymus does not have to be always complete. This can lead to reactivity with
self cells, i.e. to autoimmune reactions (false positives). The weak self reactivity
of T-cells makes interaction with other immuno-cells possible.

Creating of new B-cells with an improved pathogen recognition ability is done
through cloning. Cloning of B-cells allows for some “error”. This error is believed
to be inversely proportional to the matching ability of a given B-cell. The weaker
is the ability, the greater is the error allowance. The process of B-cell cloning
with an error allowance is called somatic hypermutation. The purpose of somatic
hypermutation is to diversify the matching ability of B-cells.

Both T-cells and B-cells that were not able to recognize any pathogen get
removed. This happens to most B-cells and T-cells and can be understood as an
instance of positive selection (only the fittest stay).

3 Computational Paradigms

3.1 Negative Selection

Negative selection is a learning mechanism applied in training and priming of
T-cells in the thymus. In the computational approach to negative selection due
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to D’haeseleer et al. [§], a complement to an n-dimensional vector set is con-
structed. This is done by producing random vectors and testing them against
vectors in the original vector set. If a random vector does not match anything in
the original set, according to some matching rule, it becomes a member of the
complement (detector) set. These vectors are then used to identify anomalies
(faults/misbehavior). The negative selection algorithm has thus two phases:

(i) Learning (detector generation) phase.
(ii) Detection phase.

Elberfeld and Textor [9] recently showed that negative selection can be done in
polynomial time, if the n-dimensional vectors are represented as bit vectors, and
the matching and testing is done using the r-contiguous bits matching rule [§].

Definition 1. Two bit strings of equal length match under the r-contiguous
matching rule if there exists a substring of length r at position p in each of
them and these substrings are identical.

Although negative selection based on bit vectors was shown to be computable in
polynomial time, whether an efficient algorithm will ever be proposed for other
types of negative selection is not clear. For example, there is no efficient approach
for negative selection based on real-valued vectors due to Ji and Dasgupta [10].

3.2 B-Cell Cloning Algorithm

The B-Cell Algorithm (BCA) was introduced by Kelsey and Timmis [I1] as a new
immune system inspired approach to solve optimization problems using popula-
tion generation with a special form of mutation. Each B-cell is a n-dimensional
bit vector. Each B-cell within the BCA is evaluated by an objective function
g(z). Once a B-cell has been evaluated, it is cloned, placing its clones into a
clonal pool. Mutation and adaption is done only within this pool. According
to [I1]] the size of the population and the clonal pool are typically identical. Di-
versity is maintained by selecting one clone at random, randomly changing each
element of the vector with a predefined probability. The algorithm then uses a
mutation operator called contiguous somatic hypermutation. This approach is
based on randomly selecting a start point of a contiguous region together with
a random length. This area of the bit vector is then subject to mutation. This
is in contrast to selecting multiple random entries over the complete vector, as
performed by other mutation approaches. Finally each clone is evaluated with
respect to g(x), replacing its parent when having a better fitness value.

3.3 Danger Theory and Dendritic Cell Algorithm

The computational counterpart to the Danger theory of Matzinger was formu-
lated by Aickelin et al. [I2]. Within the Danger theory the following types of
signals were proposed:
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(i) PAMP (pathogen associated molecular pattern) signal: connected with
pathogen (misbehavior) presence.
(ii) Danger signal: connected with a sudden change in behavior.
(iii) Safe signal: connected with the expected system’s behavior.
(iv) Amplifying signal: this signal can amplify the effects of the previous three
signals.

The amplifying signal is inspired by the function of cytokines in activating and
attracting immune cells to the area of infection.

Motivated by the role of dendritic cells in processing the signals produced
within the BIS, Greensmith et al. [13] proposed the Dendritic cell algorithm.
By computing the output signal concentration, it models the various maturity
stages of dendritic cells, taking into consideration several different signals and
their weights:

(WpCp) + (WsCs) + (WpCp)(1 + IC)

Ccemsemima = 1
[esmm, semi,mat] Wp+Ws+Wp W)

where

Cp = PAMP signal, Wp = PAMP signal weight

Cs = safe signal, Wg = safe signal weight

Cp = danger signal, Wp = danger signal weight

IC = amplifying (inflammatory cytokine) signal

Cesm, Csemi, Cmat 18 signal concentration corresponding to the three differ-
ent maturity stages of dendritic cells, where csm = co-stimulatory, semi =
semi-mature, mat = mature.

The Dendritic cell algorithm is thus based on a signal processing function with
signals and their weights corresponding to features (network measurements) and
their relevance. This algorithm proceeds as follows. A pool of dendritic cells is
created. A small subset of these dendritic cells is presented with an antigen
(feature vector). The output of Eq. [l gets computed. Based on predefined fuzzy
thresholds, the dendritic cells either default to the co-stimulatory stage or will
migrate to semi-mature or mature stage. If an antigen drives a significant number
of dendritic cells into the mature stage, it will be marked as malignant, i.e.
representing a misbehavior. Mapping features to the various types of signals and
suggesting maturation thresholds is problem specific.

4 The Problem of Misbehavior Detection in Ad Hoc
Networks

In this section a brief introduction to ad hoc networks and related protocols is
given. We also review several misbehavior types and give an assessment of their
applicability to ad hoc networks.
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Definition 2. Let N = (n(t),e(t)) be a net where n(t), e(t) are the set of nodes
and edges at time t, respectively. Nodes correspond to wireless devices that wish
to communicate with each other. An edge between two nodes A and B is said to
exist when A is within the radio transmission range of B and vice versa.

Besides general ad hoc networks we also will take into consideration a subclass
which is known as sensor networks.

Definition 3. A sensor network is a static ad hoc network deployed with the goal
to monitor environmental or physical conditions such as humidity, temperature,
motion or noise. Within a sensor network, nodes are assumed to have energy
and computational constraints.

Each node in an ad hoc wireless network has the ability to observe a variety
of protocol states and events. Based on these states and events, performance
measures or features can be computed.

4.1 Protocols and Assumptions

We now review several protocols, mechanisms, assumptions and definitions.

AODV [14] is an on-demand routing protocol that starts a route search only
when a route to a destination is needed. This is done by flooding the network
with RREQ (= Route Request) control packets. The destination node or an
intermediate node that knows a route to the destination will reply with a RREP
(= Route Reply) control packet. This RREP follows the route back to the source
node and updates routing tables at each node that it traverses. A RERR (=
Route Error) packet is sent to the connection originator when a node finds out
that the next node on the forwarding path is not replying.

At the MAC (Medium access control) layer, the medium reservation is often
contention based. In order to transmit a data packet, the IEEE 802.11 MAC pro-
tocol [I5] uses carrier sensing with an RTS-CTS-DATA-ACK handshake (RTS
= Ready to send, CTS = Clear to send, ACK = Acknowledgment). Should
the medium not be available or the handshake fails, an exponential back-off
algorithm is used. This algorithm computes the size of a contention window.
From this window a random value is drawn and this determines when the data
packet transmission will be again attempted. This is additionally combined with
a mechanism that makes it easier for neighboring nodes to estimate transmis-
sion durations. This is done by exchange of duration values and their subsequent
storing in a data structure known as Network allocation vector (NAV).

In promiscuous mode, a node listens to the on-going traffic among other
nodes in the neighborhood and collects information from the overheard packets.
Promiscuous mode is energy inefficient because it prevents the wireless interface
from entering sleep mode, forcing it into either idle or receive mode. There is
also extra overhead caused by analyzing all overheard packets. According to [16],
power consumption in idle and receive modes is about 12-20 higher than in sleep
mode. Promiscuous mode requires that omnidirectional antennas are used.
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Depending on the capabilities of the network nodes, the Transmission control
protocol (TCP) [I7] can be also part of the protocol stack used. Its task is to
provide a reliable end-to-end connection control. TCP provides mechanisms for
opening and closing connections among nodes. The reception of each data packet
gets acknowledged by the destination node. TCP uses a congestion window which
determines the number of data packets that can be sent to a destination without
an acknowledgment. The congestion window size gets increased, if data packets
get timely acknowledged. In the presence of congestion, the congestion window
size gets decreased. The congestion window is thus an adaptive mechanism for
controlling the number of data packets that are allowed to traverse a network at
the same time without an acknowledgment.

4.2 Misbehavior

None of the protocols just discussed can prevent the occurrence of misuse or
attack. Unfortunately, there is a large number of misbehavior types towards net-
works and communication in general. We will now present some misbehavior
examples which either aim at disrupting data traffic or at gaining some unde-
served advantage.

The most simplistic misbehavior type is the packet forwarding misbehavior,
where a node is either dropping, delaying, duplicating or jamming a received
data packet. One possibility for enforcing correct data packet forwarding is data
transmission overhearing by neighboring nodes in promiscuous mode [I8]. This
possibility is, as we already pointed out, energy inefficient.

A selfish node might wish to gain an exclusive access to the wireless medium.
This behavior can be achieved through manipulation of the network allocation
vector as defined in IEEE 802.11 class of protocols or through manipulation of
the contention window. At the transport layer, manipulation of the congestion
window of a TCP connection can have similar effects. Another possibility for
executing selfishness is to ignore incoming communication requests from other
nodes (RTS). A motivation for such a behavior can be to save battery power
and thus to gain a longer lifespan [19].

In overloading an attacker injects data packets that he knows are invalid (e.g.
with an incorrect correction code). A node being a target of this misbehavior
will get into a busy-trashing mode [20].

Several other attacks target routing tables and route caches in order to create
network inconsistencies. This can be done by injecting bogus RREP packets or by
advertising unreachable nodes as the next hop [2TI22I23/24]. Another example
of routing manipulation is the gratuitous detour attack [25]. The goal of this
attack is to make routes over the attacking node to appear longer. Since many
routing protocols would choose the shortest path between a connection source
and destination, this node can avoid forwarding data packets and thus save
battery power.

Impersonification or IP spoofing is another prominent class of attacks. An
instance of this attack is manipulation of the data packet origin [21]]. Instead
of hiding behind the address of an existing node, an attacker might also create
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several fictitious nodes. This is called the Sybil attack [26]. Fictitious nodes can
increase the hop count from the source to the destination node. Again, since
many routing protocols favor the shortest route for data packet forwarding, the
attacking node might be able to avoid data packet forwarding. This attack can
additionally lead to damaging network inconsistencies.

In a black or gray hole attack [25], the attacking node would reply to any
received RREQ packet with a RREP packet. This increases the probability that
this node would lie on an active forwarding route. This distorts the distances in
the network and allows the attacking node to drop data packets. In a black hole
attack all data packets get dropped, whereas in a gray hole attack data packets
would get dropped according to a dropping probability or in an adaptive way.

Rushing attacks were introduced in [27]. This type of misbehavior can be
used together with routing protocols that utilize the RREQ-RREP handshake.
It is prescribed that only the first RREQ packet is broadcast by a given node.
This means, a node that manages to broadcast a RREQ packet as the first one,
will most likely be included in a forwarding route. In this attack RREQ packet
broadcasting gets done with different priorities, i.e. some RREQ packets get
delayed whereas others get immediately sent or rushed.

Attacks can not only be performed by a single node but also by several nodes in
collusion. Wormholes [28] are an example of this type of attacks. In the wormhole
attack, two nodes are linked with a private high-speed data connection. This
can potentially distort the topology of the network and attackers may be able
to create a virtual cut vertex. This attack can also be combined with black or
grey holes, as these first attract the traffic, allowing the wormhole to transfer
the traffic via the private link.

At the transport layer, a well-known denial-of-service (DOS) attack is pos-
sible. In the TCP SYN flooding attack, an attacker attempts to open a large
number of connections, strictly larger than what the destination can serve. The
connection buffer of the host overflows. As a consequence, it is not possible to
serve any legitimate connections [2930]. Another attack is possible through the
manipulation of the TCP acknowledgment mechanism: ACK division, DupACK
spoofing, and optimistic ACKing. This can have an impact on the size of the
congestion window and thus impact the data throughput of a given network.
JellyFish attacks were introduced in [3I]. They also target the congestion con-
trol of TCP-like protocols. These attacks obey all the rules of TCP. Three kinds
of JellyFish (JF) attacks were discussed in [3I]: JF reorder attack, JF periodic
dropping attack, and JF delay variance attack.

Different kinds of attacks have been presented in this section to motivate
the necessity of mechanisms which try to detect and mitigate misbehavior in
(ad-hoc) networks.

4.3 Applying AIS to Misbehavior Detection

In this section several AIS based approaches for misbehavior detection and net-
work security in general will be presented.
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Applying Self/Non-self Discrimination to Network Security: The pi-
oneering work in adapting the BIS to networking has been done by Stephanie
Forrest and her group at the University of New Mexico. In one of the first BIS
inspired works, Hofmeyr and Forrest [32] described an AIS able to detect anoma-
lies in a wired TCP/IP network. Co-stimulation was in their setup done by a
human operator who was given 24 hours to confirm a detected attack.

Applying AIS to mobile Ad Hoc Networks: Sarafijanovi¢ and Le Boudec
[33I34] introduced an AIS for misbehavior detection in mobile ad hoc wireless
networks. They used four different features based on the network layer of the OSI
protocol stack. They were able to achieve a detection rate of about 55%; they
only considered simple packet dropping with different rates as misbehavior. A
co-stimulation in the form of a danger signal emitted by a connection source was
used to inform nodes on the forwarding path about perceived data packet loss.
Such signal could then be correlated with local detection results and suppress
false positives.

The AIS architecture of Sarafijanovi¢ and Le Boudec is shown in Fig.[2l The
main modules are Virtual thymus module, Danger signal module, Clustering
module and Clonal selection module. The Virtual thymus module implements
the negative selection process. Its purpose is to prime misbehavior detectors.
The Danger signal module emits a danger signal, if a connection source node
receives no data packet acknowledgment as prescribed by the TCP protocol.
The Clustering module is basically a statistical analysis module. It implements
a data clustering algorithm that is used to determine whether an observed
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Fig. 2. AIS as proposed by Sarafijanovi¢ and Le Boudec.
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behavior can be classified as misbehavior. The Clonal selection module attempts
to improve the quality of the computed detectors. Other parts of their AIS allow
for (received) danger signal processing, feature computation and other necessary
information flow.

Applying AIS to Wireless Sensor Networks: An AIS for sensor networks
was proposed by Drozda et al. in [35l36]. The implemented misbehavior was
packet dropping; the detection rate was about 70%. The negative selection pro-
cess was used to compute misbehavior detectors. They observed that only a small
fraction of detectors was ever used in the misbehavior detection. This is due to
the limiting nature of communication protocols that severely restrict the possible
state space. The notion of complementary features was introduced. A feature is
said to be complementary, if it depends on another feature in a significant way.
An example of complementary features are features that

(i) measure wireless medium contention and
(ii) actual data packet dropping.

If sufficiently many data packets get dropped, it will result in a decrease in wire-
less medium contention. Clearly such two features are expected to be correlated.
This means, an attacker that does data packet dropping must also manipulate
the level of medium contention in order to stay unnoticed. This makes the de-
tection process more robust and suggests that using highly correlated features
can be of advantage. This principle was investigated in [37] but could not be
demonstrated under a data traffic model with a low data packet injection rate.

Schaust et al. [38] investigated the influence of various data traffic models
and injection rates on the performance of the AIS introduced in [35J36]. This
AITS is available as AIS-Lib [2], an add-on module to the Jist/SWANS network
simulator [39)].

Applying AIS to Hybrid Sensor Networks: Bokareva et al. [40] proposed
a self-healing hybrid sensor network architecture using several mechanisms from
the adaptive immune system. The architecture consists of simple sensing nodes,
advanced monitoring nodes, a base station (data collection point) and high-
performance databases (computers). The latter two entities are inspired by the
role of the thymus and lymph nodes in the BIS. The goal was to achieve a system
that incorporates fault tolerance and adaptability to pathogens. Therefore sensor
nodes are watched by monitoring nodes. Monitoring nodes have the capability
to communicate directly with the base station. The task of the base station is
to collect the data from the network and then to coordinate possible reactions
to a discovered misbehavior.

Applying AIS to Secure a Routing Protocol: Mazahr and Farooq [41]
proposed an AIS based approach to secure a mobile ad hoc network routing pro-
tocol called BeeAdHoc. The system makes use of the negative selection mech-
anism together with a learning phase and a detection phase as proposed by
D’haeseleer et al. [§]. Three types of antigens were modeled: scout antigen and
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two types of forager antigens. The purpose of these antigens is to estimate ab-
normalities within their BeeAdHoc protocol. All antigens are represented as bit
strings consisting of four features with the same length. Detectors are bit strings
of the same size as the antigens. The matching between antigens and detectors is
performed using a matching function with either Euclidean, Hamming or Man-
hattan distance as a measure. A mobile ad hoc network consisting of 49 nodes
was simulated and evaluated.

The classification techniques proposed in [B2I3336l41] are based on negative
selection. An approach based solely on the Danger theory avoiding the ineffi-
ciency of the negative selection was proposed by Kim et al. in [42]. Several types
of danger signals, each having a different function are employed in order to detect
routing manipulation in sensor wireless networks. The authors did not undertake
any performance analysis of their approach.

Drozda et al. [37] investigated the suitability of a feature evaluation process
based on a wrapper approach [43] to produce a suitable set of features for misbe-
havior detection. A co-stimulation inspired architecture with the aim to decrease
the false positives rate while stimulating energy efficiency is proposed and eval-
uated. This architecture is further discussed in Section Bl

We would like to note that even though the BIS seems to offer a good in-
spiration for improving misbehavior detection in ad hoc and sensor networks,
approaches based on machine learning and similar methods received much more
attention; see [44[45/46] and the references therein.

4.4 Other Application Areas

In this section some approaches which do not aim at network security are pre-
sented. This demonstrates the general applicability of the AIS approach towards
different kinds of problems.

Applying Innate Immunity to Specknets: Davoudani et al. [47] investi-
gated the applicability of the innate immune system mechanisms to miniature
device networks (Specknets). Their goals was to compute the state of a moni-
tored environment. Specknets consist of tiny devices (specks), which are able to
sense and process data, and to communicate over a short range. The function-
ality of dendritic cells was mapped onto scouting messages (SMs). Specks were
classified into tissue specks and integration specks. Tissue specks contain sensors
for monitoring the environment, whereas integration specks collect information
from SMs, analyze it and determine an appropriate response. SMs originate at
integration specks, traverse the network, collect data from tissue specks, and
eventually return to its start point.

Applying Adaptive Immunity to Data Gathering in WSN: Atakan and
Akan [48] proposed a method to determine a minimum number of nodes nec-
essary to transmit data to a sink or base station in a wireless sensor network.
The approach is based on the adaptive immune system and a B-cell stimula-
tion model. The resulting method is called Distributed Node and Rate Selection
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(DNRS). DNRS selects the most appropriate sensor node for transmission and,
at the same time, regulates its reporting frequencies. B-cells are mapped to sen-
sor nodes and antibodies to sensor data. The antibody density is mapped to the
reporting frequency rate, while pathogens are mapped to event sources. Natural
cell extinction is mapped to packet loss.

Applying AIS to Wireless Discussion Forums: Albergante [49] described
a protocol for moderating Wireless Discussion Forums (WDF). This protocol is
based on AIS principles. Participants of the WDF are mapped to cells, whereas
the AIS has the role of detecting infected cells, which in the case of a WDF is a
participant which ignores the rules of a forum. A negative and a positive feedback
mechanism is used to model the stimulation of immune system cells. An artificial
lymphatic system was introduced to control the lifespan of immune cells.

A publications mindmap of the approaches discussed in this section is shown
in Fig. B
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5 A Co-stimulation Based Approach

So far we have briefly introduced and discussed several approaches which take
advantage of the biological immune system mechanisms to achieve either some
form of misbehavior detection or to use the BIS as an inspiration for communi-
cation. In this section we present a more detailed case study which is inspired by
the co-stimulation mechanism within the BIS. This approach intends to increase
the detection performance, taking into consideration the specific limitations such
as energy constraints of the underlying ad hoc network.

5.1 Architecture

To achieve a robust detection performance, a co-stimulation inspired mechanism
is considered in [37]. This mechanism attempts to mimic the ability of communi-
cation between various players of the innate and adaptive immune system. More
specifically, the inspiration was based upon the observation that a cell will not
be marked as foreign and thus eliminated as long as a co-stimulation from other
BIS players is not received. Thus by analogy:

Definition 4 (Co-stimulation). A node should not mark another node as mis-
behaving as long as it does not receive a co-stimulatory signal from other parts
of the network.

The co-stimulation inspired approach is depicted in Fig. @l Each node in the
network computes two qualitatively different feature sets fy and f;. In order to
classify a node as misbehaving, it is necessary that both of these feature sets
indicate an anomalous behavior.

The feature set fy consists of features that can be computed strictly locally
by each node s; participating in the network. Strictly locally refers to the fact
that such a computation does not require cooperation from any other node, i.e.
only traffic measurements done by node s; are necessary. The negative side is the
necessity to operate in promiscuous mode. An example of a feature that belongs
to the fy feature set is the watchdog feature described in [I8].

Let S, 51, ..., Siy Sit1, Sit2, ..., D be the path from S to D determined by a
routing protocol, where S is the source node, D is the destination node. The
watchdog feature is said to be the ratio of data packets sent from s; to s;11 and
then subsequently forwarded to s;;o. Whether a given data packet is further
forwarded to s;+2 is determined by s; in promiscuous node by overhearing the
traffic between s;11 and s;49.

To the f; feature set belong features that need to be computed at several
nodes and then subsequently jointly evaluated. An example is a feature that
measures the data packet interarrival delay at a node. It is clear that if the node
si+1 drops a data packet, this will be reflected in an increased interarrival delay
at the node s;42. This measurement has to be compared with the corresponding
measurement at the node s; in order to be able to conclude whether the increase
in interarrival delay was significant. Besides energy efficiency, the feature sets fj
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Fig. 4. Immuno-inspired misbehavior detection approach.

and f1 have a very different expressive power. For example to show that s;11 is
misbehaving, either f; computed at s; is necessary or f; computed at both s;
and s;yo is necessary.

Definition 5. Strictly local (or point) detection is done by a single node s; with-
out any cooperation with other nodes. The node s; thus only computes features
based on the properties of (i) its own data traffic, or (ii) neighboring nodes’ data
traffic observed in promiscuous mode.

Definition 6. Local detection is done co-operatively by several nodes through
exchange of data traffic measurements. Such data traffic measurements need to
be jointly evaluated by one of the participating nodes.

Drozda et al. [37] investigated 24 different point and local features with respect
to their suitability for misbehavior detection, protocol requirements and energy
efficiency.

A co-stimulation is introduced in the following way. Each node in the network
computes the feature set fi. This feature set is then proliferated upstream (to-
wards the connection source); see Fig.[@|(a). Each f; travels exactly two hops; in
our example from s;49 to s;. If s; receives fi originating at one of its neighbors,
it will forward f; in the upstream direction. If f; is not originating at one of its
neighbors, it is used but not forwarded.

Since the computation of f; is time window based, the frequency with which
f1 gets sent depends on the time window size. Upon receiving f1 from a two-
hop neighbor, the node s; combines and evaluates it with its own f; sample;
see Fig. @(b). Based on this, a behavior classification with respect to the node
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Si+1 is done. If s; classifies s;11 as misbehaving, then it computes a sample
based on the fy feature set. This means, a co-stimulation from the f; based
classification approach is needed in order to activate the energy less efficient fy
based classification approach; see Fig. Hl(c). If misbehavior gets confirmed, the
node s;41 is marked as misbehaving. Note that s; can receive f; samples from
several two-hop neighbors; see Fig. [d{(d) for an example.

The proliferation of f; can be implemented without adding any extra commu-
nication complexity by attaching this information to CTS or ACK MAC packets
(this would require a modification in the MAC protocol). As long as there are
DATA packets being forwarded on this connection, the feature set can be prop-
agated. If there is no DATA traffic on the connection (and thus no CTS/ACK
packets exchanged), the relative necessity to detect the possibly misbehaving
node s;;+1 decreases. Optionally, proliferation of f; can be implemented by in-
creasing the radio radius at s;;2, by broadcasting it with a lower time-to-live
value or by using a standalone packet type.

If the node s; 1 decides not to cooperate in forwarding the feature set informa-
tion, the node s; will switch, after a time-out, to the feature set fy computation.
In this respect, not receiving a packet with the feature set f; can be interpreted
as a form of negative co-stimulation. If the goal is to detect a misbehaving node,
it is important that the originator of f; can be unambiguously identified, i.e.
strict authentication is necessary. An additional requirement is the use of se-
quence numbers for feature sets fi. Otherwise, the misbehaving node s;41 could
interfere with the mechanism by forwarding outdated cached feature sets fi.

We introduce the following notation in order to keep track of composite feature
sets computed at the nodes s; and s;42: F;' = fiUf;"">. The feature set f,;"** is
a co-stimulatory feature set computed by s;12 and sent over to s;. For simplicity,
we will omit the the superscripts indicating the feature set origin. The purpose
of F1 is to provide a co-stimulation to the less energy efficient feature set f.
The features in the fy and f; feature sets are to be computed over a (sliding)
time window.

5.2 Communication and Learning Complexity Trade-Offs

In [37] it was concluded that as the size of the time window decreases, the
classification ability of the feature sets fo and F; will equalize. That is:

~lim  class. error(Fy) = class. error(fo) (2)
win. size—0

where class. error is defined as the sum of false positives and false negatives
divided by the number of samples. The above equation is a natural consequence
of the fact that instead of observing a data packet’s delivery in promiscuous
mode by the node s;, it can be equally well done in a cooperative way by s;
and s;4o, if the window size (sampling frequency) is small. In other words, if
the time window is small enough that it always includes only a single event,
the relationship between events at s; and s;42 becomes explicit. This is however
connected with a high communication cost (each packet arrival at s;;2 must be
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ACK
\ ~
Si > Si+1 > Si+2 Si > Si+1 > Si+2
(a) Promiscous mode: s; overhears the (b) Sampling with a small time win-
data traffic between s;11 and s;12.  dow: each data packet arrival at s;yo
is explicitely reported to s;.

Fig. 5. Promiscous mode vs sampling with a small time window.

Sif2

explicitely reported to s;); see Fig. [l Since both f;* and f,""* consist of several
features, a F7 based misbehavior detection can also be viewed as multiple input-
output black box identification. In our case, only a single node is part of the
observed black box. Notice that, in general, ad hoc wireless networks are an
inherently non-linear system [50].

The following observations can be formulated:

— If using fp, the threshold for a watchdog feature can be set directly. For
example, the desired data packet delivery can be set to 0.90 (90% data
packets must be correctly forwarded) in order to classify s,11 as misbehavior
free.

— If using F; with win. size > 0, learning based on data traffic at both s;
and s;1o must be done. Feature averaging over a time window increases
the classification task complexity. Frequency of the extra communication
between s; and s;12 depends on the time window size.

The above two observations and Eq. [J offer a rough characterization of the trade-
offs between detection approaches executed by a single node and by several nodes
in cooperation.

5.3 Two Immuno-inspired Algorithms

The rule formulated in Eq. 2l motivates the following strategy: compute an ap-
proximation of fy using F;. In Fig. [l an algorithm that builds around this idea
is introduced. The feasibility of this algorithm is based on the assumption that
the classification error increases monotonically with the time window size.

1. Pre-processing: each node collects fo and F; based samples. Label these
samples using pre-existing misbehavior signatures. Based on these two
labeled sample sets, compute two distinct classifiers.

2. Use the F; based classifier computed in the above step to classify any
fresh F1 samples.

3. Co-stimulation: if the F1 based classification hints a possibility of misbe-
havior then employ the fo based classifier to get a more reliable prediction.
A computation of a fresh fy based sample is necessary.

Fig. 6. Co-stimulation algorithm
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There are two basic reasons for applying this strategy: (i) computing F; is
more energy efficient and (ii) it delivers the desired co-stimulatory effect. Unlike
when fo gets exclusively applied, in this approach fy will get used only if (i) a
true positive was detected by F or (ii) a false positive was mistakenly detected
by Fi. This means, for a misbehavior free ad hoc network, the energy saving
over an exclusive fy approach is proportional to 1 — F'P rate, where F'P rate is
the false positives rate.

According to [10], the energy consumption when using fp (promiscous mode)
grows linearly with the number of data packets that need to be overheard. The
energy consumption when using F; grows, on the other hand, linearly with the
number of f;*** sent over two hops to s;. This must, however, be followed by at
least a 50-second fj based co-stimulation. Such a co-stimulation happens with
probability F'P rate in a misbehavior free network. For a 500-second time win-
dow used for F; computation, 0.5 packet/second injection rate and 1kB data
packet size, the potential energy saving effect is nearly two orders of magni-
tude. For a smaller data packet size of 64 bytes, more typical for wireless sensor
networks, the potential energy saving is about one order of magnitude. The re-
sults reported in [37] also document that the final false positives rate could be
dramatically reduced with this two-stage algorithm.

The Co-stimulation algorithm assumes that each node is able to acquire
enough traffic samples, compute all the features and employ a learning algo-
rithm to build a classifier. In practical terms, it means that a sufficient number
of traffic samples labeled as either representing normal network operation or mis-
behavior must be available. This implies either an existing misbehavior signature
knowledge base or the ability to prime the network with (generic) examples of
the normal behavior and misbehavior.

Drozda et al. [51] proposed an algorithm inspired by the tissue injury signaling
role of the innate immune system. The goal of the algorithm is to enforce a
network operational strategy in an energy efficient way. An operational strategy,
or priming, can impose performance limits in the form of e.g. a maximum data
packet loss at a node. Unlike in the Co-stimulation algorithm where fy and
JF1 are learned in an independent way, this algorithm uses priming to assist in
initial sample labeling. Then it takes advantage of Eq. 2lin order to propagate
the associated classification error induced by this procedure onto the energy
efficient F; feature set.

Definition 7 (Priming). Priming is an initial stimulus that induces a mini-
mum level of systemic resistance against misbehavior.

The Error propagation algorithm is described in Fig. [ and schematically de-
picted in Fig. B[(a). The priming step reflects the desired capability to detect
any node operation that deviates from the prescribed behavior. The error prop-
agation step utilizes the rule described in Eq. Bl The classification error induced
by thresh gets this way propagated onto the F; feature set. Since for practical
reasons win. size > 0 must hold, a co-stimulation (F; — fo) is necessary
for improving the classification performance. The less energy effcient f, based
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1. Priming: choose desired levels (thresholds) for one or several point detec-
tion features. We denote thresh to be the vector of such threshold values.

2. The network starts operating. Allow all nodes to use promiscuous mode.
Each node computes both fo and F; based sample sets. Disable promis-
cuous mode at a node, when the sample set size reaches a target value.

3. Label the F1 based samples. A F1 based sample will be labeled as “nor-
mal”, if in the fo based sample from the corresponding time window, no
undesired behavior with respect to thresh was observed, and as “misbe-
havior” otherwise.

4. Error propagation: compute a classifier by using only the samples based
on Fi.

5. Use the F; based classifier computed in the above step to classify any fresh
JF1 samples. Co-stimulation: if a sample gets classified as “misbehavior”,
allow s; to compute a fo sample in promiscuous node.

6. Classification: apply thresh to the fresh fy based sample. If the “misbe-
havior” classification gets confirmed, mark s;41 as misbehaving. Normal
behavior can get classified in a similar way.

Fig. 7. Error propagation algorithm

classification is thus used only if a co-stimulation from its F; based counterpart
is present. In other words, any detection based on F; (adaptive immunity) must
coincide with some damage being explicitely detected. This damage detection is
based on fy (innate immunity).

The rule in Eq. 2 implicates that the final classification performance should
equal the (initial) classification ability of the thresh threshold vector, if a small
time window is applied. This implies that the values for thresh must be reason-
ably chosen in order to keep the classification error low.

The error propagation algorithm can be extended with an optimization phase;
see Fig.B(b). The classification outcome can be used to find new thresholds for
thresh with the goal to minimize the classification error. In this case, the thresh
threshold vector serves as a seed for the whole process. Then it is possible to
relabel the F; samples and to recompute the related classifier. Co-stimulation
and classification phases are then executed. In general, any suitable optimization
procedure with several optimization and error propagation cycles could be ap-
plied. In order to use this extended approach in a distributed way, an estimation
of natural packet losses (noise) at nodes must be done.

Example: For the results published in [5I] the following two thresholds were
used. Max. data packet loss at a node was set to 2.5% and max. data packet
delay at a node was set to 4ms. A sufficient quantity of fy and F; based samples
was computed. In the same time window, a F; based sample was labeled accord-
ing to whether the fy based sample would fullfil both of the requirements or not,
thus labeling the sample as “normal” or “misbehavior”, respectivelly. Based on
a labeled JF7 based sample set, a classifier was computed. Any freshly computed
F; based sample was then classified using this classifier. If it pointed to a mis-
behavior, the co-stimulation phase was applied in order to make a final decision.



22 M. Drozda, S. Schaust, and H. Szczerbicka
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(a) An approach with error propagation and co-stimulation.
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(b) An approach extended with optimization.

Fig. 8. Flow graph of the error propagation algorithm.

Safe, danger or PAMP signal

~
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Fig.9. Safe, danger and PAMP signals for enabling or disabling adaptive learning
at s; k.

As shown in Fig. f(d), any F; computation is also based on the information
available at s;19. This two-hop dependency can be compared to synapses among
neurons. Under this comparison, our extended approach bears a certain similar-
ity to the backpropagation algorithm for artificial neural networks [52]. Unlike
in the backpropagation algorithm where edge weights must be recomputed in
order to reflect the classification error, in our case the adjustment is done by a
repeated computation of a classifier at each node (wireless device).

As we have already mentioned, co-stimulation seems to have a very positive
effect on controlling false positives rate. This is a very good news, since the
ambition of detection systems is to provide a solid detection rate while keeping
the false positives rate at minimum. The false positives suppressing effect can
be of tremendous advantage, if any form of adaptive learning should be applied.

Fig. @ shows how a node could be alerted by means of safe, danger or PAMP
signals originating at s;. Such signals could not only enable or disable adaptive
learning at that node but also provide an excellent basis for sophisticated prim-
ing. Additionally, it could help identify conditions when the last resort, a human
operator, must get notified about adverse conditions reigning in the network.
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6 Conclusions

The BIS is an inherently distributed system with functionality that can be very
hard to mimic. For example, the success of the negative selection, a learning
mechanism applied in training and priming of T-cells in the thymus, rests on
the efficiency of the blood-thymic barrier that guarantees that the thymus stays
pathogen free at all times. This implies that T-cells being trained in the thymus
never encounter any type of pathogen before released into the body. This helps
tremendously in detecting foreign cells. Mapping functionality of the BIS to a
computational paradigm is a hot topic within the AIS community. Our goal was
to review mechanisms with affinity to misbehavior detection in ad hoc wireless
networks.

A limiting factor in translating the functionality of the BIS to technical sys-
tems remains our narrow knowledge of the BIS. Immunology is a research area
with a large number of experimental results published every year. These results
are however often very specific to the life form in investigation. As an example,
we cite a recent result on priming of plant immunity [53].

The success of the BIS in protecting its host often benefits from the effi-
ciency of underlying chemical reactions at molecular level. Such an efficiency
has often no obvious computational parallel. For example, the negative selec-
tion process required 15 years until an efficient computational counterpart could
be presented [9]. On the other hand, mimicking the somatic hypermutation of
B-cells was a less intricate task [L].

Recent immuno-inspired approaches for ad hoc wireless networks [47I37] sug-
gest that the focus of research in this area shifts towards more generic immune
principles such as, for example, the regulatory and activating tasks of dendritic
cells or the role of co-stimulation in increasing the robustness of the BIS.
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Abstract. Large scale problems need to be decomposed for tractability
purposes. The decomposition process needs to be carefully managed to
minimize the interdependencies between sub-problems. A measure of
partitioning quality is introduced and its application in problem classification is
highlighted. The measure is complexity based (real complexity) and can be
employed for both disjoint and overlap decompositions. The measure shows
that decomposition increases the overall complexity of the problem, which can
be taken as the measure’s viability indicator. The real complexity can also
indicate the decomposability of the design problem, when the complexity of the
whole after decomposition is less than the complexity sum of sub-problems.
As such, real complexity can specify the necessary paradigm shift from
decomposition based problem solving to evolutionary and holistic problem
solving.

Keywords: Real Complexity, Design Complexity, Design Decomposition,
Decomposability of Design Problems.

1 Introduction

A design problem is a statement of the requirements, needs, functions, or objectives
of design. The design problem is a structured representation of the specific question
or situation that must be considered, answered, or solved by the designer [2]. Design
problem solving is the process of assigning values to the design parameters in
accordance with the given design requirements, constraints, and optimization criterion
[3]. The design variable sets include subsets of sizing variables, shape variables,
topologies and process knowledge and manufacturing variables such as process
capabilities [4]. The Design Structure Matrix displays the relationships between
components of a system in a compact, visual, and analytically advantageous format as
a square matrix with identical row and column labels [5]. Parameter-based Design
Structure Matrix (PDSM) is used for modelling low-level relationships between
design decisions and parameters, systems of equations, subroutine parameter
exchanges which represents the product architecture [5]. For example PDSM of an
aircraft at the conceptual level must address how the wing configuration might affect
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Table 1. An example PDSM that will be used throughout the paper.

vi V2 V3 V4 Vs V6 V7 V8 V9 Vio
\31 0 076 045 0.6 022 077 012 00l 0 0
V2 076 0 011 065 044  0.78 0 0 0 0.18
V3 045 0.1 0 064 011 031  0.02 0 0.15 0
V4 016 065 064 0 045 034 0 0 0 0
V5 022 044 011 045 0 0 0 0.01 0 0.01
V6 077 078 031 034 0 0 0 0 0 0
Vi o012 0 0.02 0 0 0 0 0.2 0.7 0.1
V8 001 0 0 0 0.01 0 0.2 0 0.2 0.8
% 0 0 0.15 0 0 0 0.7 0.2 0 0.9

V10 0 0.18 0 0 0.01 0 0.1 0.8 0.9 0

the cruise speed and fuel consumption of the aircraft. PDSM is the upstream
information in the design process about the product and is achieved through the
design of experiments, expert suggestions, simulation techniques (in particular
statistical Monte Carlo Simulation), and the combination of all/some of these
techniques. PDSM can be represented via a graph which, in this paper, is referred to
as the self map of the product (Table 1).

A graph G is specified by its vertex set, V = {I,...,n}, and edge set E. The total
number of nodes in G is denoted by |G| and referred to as the order of G. The number
of edges in G is the size of G and is denoted by E(G). G (n, m) is a graph of order n
and size m. The most natural matrix to associate with G is its adjacency matrix, Ag,
whose entries a;; are given by:

ayy = {* GV EE (M)

For un-weighted graphs all w;;=1, and in undirected graphs for all (i,j) € E, a;; =
a;;. Another matrix that can be associated with graphs is the Laplacian matrix which
is defined as L(G) = D — A; where D is n x n diagonal matrix with entries D;; = d;
and d; is the degree of the vertex i defined as the total number of edges (or sum of the
weights of the edges) that touch the vertex.

In the domain of the problem solving, every node or vertex of the graph represents
a variable of the system/problem and every edge of the graph suggests that two
parameters of the system are dependent on each other. The strength of the relationship
between the pairs of variables is the corresponding edge weight. An undirected graph
as the self map of the system indicates that the variables affect one another mutually
and equally. Although this assumption is restrictive and may not always be valid, in
this paper it is deemed to hold.
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2 Decomposition

Decomposition is a means of reducing the complexity of the main problem to several
sub-problems. This is a reductionist approach which reduces complex things to their
constituent parts and their interactions in order to understand their nature. In contrast
holism is an approach to problem solving that emphasizes the study of complex
systems as wholes. “In the design community, decomposition and partitioning of
design problems has been attended for the purpose of improving coordination and
information transfer across multiple disciplines and for streamlining the design
process by adequate arrangement of the multiple design activities and tasks” [6].
“For a complex product, such as an automobile, a computer, or an airplane, there are
thousands of possible decompositions which may be considered; each of these
alternative decompositions defines a different set of integration challenges at the
(design) organizational level” [7].

Alexander [8] posed that design decomposition (or partitioning) must be performed
in a way that the resulting sub-problems are minimally coupled (least dependent). In
the literature this is also referred to as optimal decomposition [6] and robust
decomposition [9]. Simon [10] made the strong suggestion that complex design
problems could be better explained when considered as ‘“hierarchical structures
consisting of nearly decomposable systems organized such that the strongest
interactions occur within groups and only weaker interactions occur among groups” .
More coupled sub-problems usually lead to more process iterations and rework,
because conflicts may arise when dependency (edges) in between the subsystems
exists. A conflict is when the solution to one sub-problem is in contrast with the
solutions to another sub-problem(s). An important conflict resolution technique is
negotiation. Negotiation leads to iteration in the design process. Obviously a design
process with least number of iterations is more desirable, and to do this
decomposition must be performed in way that the entire system after decomposition
has less coupling (see Fig. 1).

Problem decomposition and partitioning of the self map of the system fits in the
area of graph partitioning. A k-partitioning divides the vertices of the graph into k
non-empty sets P = {P; , P, ,...,P.}. A problem decomposition is defined as
partitioning the corresponding graph or adjacency matrix of the problem (PDSM). As
mentioned before a graph can be partitioned in many different ways. The sub-graphs
can be regarded as subsystems or sub-problems or agents [11]. The notion of agency
implies that the sub-problems are solved more or less independently from each other.
Each design team has autonomy to explore parts of the solution space that is of
interest to its own assigned sub-problem (agent). The system/problem is fully
decomposable if there is no edge in between the sub-systems. In this case the
corresponding design process can be made fully concurrent: problems are solved
separately and solutions are added together.

A two stage algorithm is usually used to decompose a design problem into sub-
problems that are less coupled [11, 12]. These stages are:

1. To diagonalize the PDSM of the problem (or the adjacency matrix of the
corresponding graph). This requires a diagonalization algorithm.
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Fig. 1. More coupled sub-problems increase the number of process iterations.

2. To cut the diagonalized PDSM from the appropriate points. For optimal
or robust decomposition, cutting is usually performed to assure the
minization of a partitioning quality criterion.

In this paper we propose a spectral partitioning diagonalization algorithm along with a
complexity based and graph theoretic quality partitioning criterion. This measure
indicates the fact that decomposition increases the overall complexity, and whilst it is
a suitable tool for large scale systems, it might not be overtly employed for highly
complex problems. This result is consistent with the recent arguments from complex
systems researchers (e.g. Bar-Yam [13]) who argue against the decomposition based
techniques for complex systems design. Alternative and holistic techniques (such as
evolutionary engineering) for the design of complex systems must be deployed. One
important utility of our measure is to capture the essentiality of the paradigm shift
from reductionist to holistic problem solving.

The organization of the paper is as follows. In the remaining of the Section 2. the
spectral diagonalization technique, as well as the available graph theoretic quality
partitioning criteria are explained. This section ends with a literature review of
complexity measures as partitioning criterion especially in mechanical design context.
First part of Section 3. contains the main properties that a complexity measure must
possess, accompanied with a deep perspective on complexity as a phenomenon. In the
next part of the Section 3. a graph theoretic complexity measure and its application as
quality partitioning criterion (real complexity) are proposed. Also the application of
real complexity for overlap decompositions is highlighted. Section 4. is a reflection on
decomposability analysis with real complexity and some useful interpretations.
Section 5. closes the paper by some open ended remarks on the utility of
decomposition as a main tool for the management of complex and large scale systems
engineering.
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2.1 Spectral Diagonalization Technique

Several methods exist for diagonalization including integer programing [11], genetic
algorithms [14] and spectral methods. Spectral graph theory uses the eigenvalues and
eigenvectors of the adjacency and Laplacian matrices. The eigenvectors of adjacency
matrix and Laplacians can be used to diagonalize the adjacency matrices of both
weighted and un-weighted graphs. Consider A to be the adjacency matrix of an
undirected, weighed graph (G). An automorphism of a graph G is a permutation g of
the vertex set of G with the property that, for any vertices u and v, we have ug ~ vg if
and only if u ~ v. “vg” is the image of the vertex v under the permutation g and (~)
denotes equivalence. Automorphisms of graph G produce isomorphic graphs [15].
The first step in spectral partitioning of graphs is to sort the eigenvectors of the
adjacency and Laplacian matrices in ascending order, and then to permute G by those
indices of the sorted eigenvectors. Some of these permutations (by different sorted
eigenvectors) are diagonalized. Initially it was thought that only the eigenvector of the
second eigenvalue of the Laplacian (known corresponding as the Fiedler vector and
Fiedler value) has the property of diagonalization; but later it was shown that using
other eigenvectors (of both adjacency and Laplacian) can outperform the Fiedler
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Fig. 2. Shows the adjacency matrices of a graph (a) and its spectral permutations by various
eigevectors that are diagonal automorphisms of the graph.
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vector in this regard, specifically in case of the weighted graphs [16]. Fig. 2.a shows
the graphical representation of the adjacency matrix of an un-weighted randomly
generated graph of order one hundred. Each dot points to the existence of a link
between two corresponding variables. The automorphisms of this adjacency matrix are
also shown which are permuted by Fiedler vector (Fig. 2.b), third eigenvector of the
Laplacian (Fig. 2.c), and 98" eigenvector of adjacency matrix (Fig. 2.d).

Traditionally the diagonalization was achieved through lengthy integer
programming and hefty branch and bound algorithms [11]. The spectral
diagonalization technique is already exploited extensively in the context of discrete
mathematics [16, 17], circuit design [18] data mining [19, 20] and image
segmentation [21]. This algorithm is very fast compared to the traditional integer
programming and branch and bound algorithms that were iteration based as those
reported in Kusiak [11]. The spectral diagonalization has not been reported in the
engineering design literature.

2.2 Partitioning Quality Criteria

After diagonalization, the cutting points must be determined. There must be a metric
that enables comparison between possible and distinct decompositions of a given
graph. Such metric is referred to as partitioning quality criterion. Table 2 shows some
of these metrics and their characteristics. In Table 2 k denotes the number of sub-
graphs and n is the cardinality (order) of the original graph, and /; is the i, eigenvalue
of the Laplacian matrix, E;, is sum of the weights of all edges that have only one end
in sub-graph Py;

Ep = ZiePh,jEPh a;j. 2
Also the cut size is defined as:
cut(P, Py) = Yicp, jep, Qi - 3

And finally the total edge weights in the sub-graph P, is:

E(Py) = Yiep, jep, Qij - S

For a more detailed comparison in between the performance of these metrics see
[18, 24]. The minimization of the quality partitioning criterion is an optimization
problem and requires employing the appropriate optimization techniques. There are
various spectral methods to determine the indices of cut points that can minimize
different partitioning criteria however their accuracy is disputed [16, 24]. We suggest
using exhaustive search algorithm after diagonalization.

To reduce the computational costs it is desirable to have an estimate of the number
and order of the subsystems. As a general rule, a higher number of sub-problems is
better [6]. In Section 3 a partitioning quality criterion of decompositions is presented
that amongst other advantages explicitly suggests the number of partitions that should
not be used.
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Table 2. Several partitioning quality criteria.

Name The measure Proposed by General remarks
Cut Ratio cut(Py, Pp) Spi Lower bound =
s N elman [17]
min(IPy], 1P, P Az_z
. cut(Py, Py) Lower bound =
Cut Ratio —_— Cheng and Hu [22] Az
|Py| X |P,] 2
n
MinMax Cor L Fa) , ot ) Dingetal[15]  sub-graphen ferms of
Ratio E(P) E(P,) g grap

size

. Leads to balanced
t(Py, P t(Py, P . . .
Normallz.ed cut(Pr,Py) | cut(Py, Py) Shi and Malik [21]  sub-graphs in terms of
CutRatio  E, +E(P)  E; +E(P) size

k Can lead to unbalance
Min Cut E; Alpert et al [16] sub-graphs in terms of
i=1 size
Zk_l E; Leads to balance
Cost = kl_ Yeh et al [23] sub-graphs in terms of
23K EK P x|y order
x Ei Lower bound =
Scaled Cost =1 Chan et al [18] LI
nlk—1) n(k —1)

Strong cluster

Modality Zk: <E (P) (Ei +E (PQ)Z) identification metric
i - White and Smyth [20] for very large
E(G E(G
Function © @ networks. Maximizes
atk =3.

i=1

2.3 Complexity Measure as Quality Partitioning Criterion

In engineering design, there are three elements that may be externally represented by
a designer and for which complexity can be measured: the design problem, the design
process, and the design artefact [2]. Within the problem domain, measuring
complexity has been regarded useful because it can give a quantitative estimation of
the problem solving difficulty, required problem solving effort (design effort), design
lead time, cost and risk [25]. Design risk is the probability of not satisfying the
functional requirements at the end of the design cycle. Measuring the complexity of a
design problem allows for planning by using the results (design process or design
artefact) from previous comparable complex design problems to predict necessary
resources, time, or commitment required for the new design problem [2]. It is



34 M. Efatmaneshnik et al.

important to notice that metrics in general can be either result or predictor oriented
[25]. A result metric is an observed characteristic of a completed system such as
development time and design effort [25]. A predictor metric has a strong correlation
to some further result, such as product complexity, design difficulty, etc., as they
relate to design effort or duration [25]. Complexity measures that apply to the design
problem are predictors whereas measures that apply to the design artefact are result.

Summers and Shah [2] provided an extensive literature review on the several
measures of design complexity, and process complexity. Determining the complexity
of a design process may be useful for selecting between two or more design processes
for the same design problem. The design problem’s complexity does not change, but
the complexities of the available design processes may be different. The process
complexity measures have applications in design automation where the machine
needs to decide between several available processes. It is important to note that design
problem complexity and the design process complexity are interrelated through
decomposition. As such a complexity index presented by Chen and Li [1] that was
associated with the process efficiency was the ratio of the complexity of the problem
after decomposition to that of the problem before decomposition. Obviously the index
is also a quality partitioning criterion. They claimed originality in their approach to
mitigate the design process complexity.

In Chen and Li [1] the problem was modelled as the set of design components or
physical constituents of a design (design variables), and the design attributes that
described the behavioral properties of a design (functional response). They studied the
decomposition of the incident matrix of components-attributes pair that reflects how
components influence attributes. The immediate observed drawback with this
approach is that it does not include the interactions of components-components or
attributes-attributes. They presented the following measure for the problem
complexity (before decomposition):

Com, = m X In(2"). 5)

Where m is the number of attributes and n is the number of components. The
complexity after decomposition had two sources contributing to the total complexity
of the interaction-involved matrix: the interaction part and the blocks (the resulting,
subsystems, or sub-problems):

Com = m, In(2") + ¥, m;In(2"%). (6)

where m, is the number of attributes present in the interaction part that is a number
between 2 and m, nb the number of blocks, m; the number of attributes inside the
blocks, and nc;s the number of components inside each block. The first term in
Equation (6) is the complexity of the interactions and the second term is the sum of
the complexity of the blocks (Fig. 3). Although Chen and Li [1] also presented
coupling as a original but separate measure of decomposition, their complexity
measure is not an indicator of coupling. Obviously (5) and (6) only regard the size in
measuring the complexity.
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L

Fig. 3. Shows the block and the interaction part of a decomposition of an incident matrix. From
Chen and Li [1].

Our approach to measurement of the process complexity and problem complexity
have similarities to that of [1]; although with the distinction that our partitioning
quality criterion is more holistic and does not sum up the complexity of the blocks
and interactions to arrive at the complexity of the problem after decomposition. Our
measure of complexity is a function of coupling as well as size. The importance of
this last point is demonstrated in the next section. Perhaps as the consequence of their
reductionist design complexity measure, Chen and Li [1] incorrectly argue that
decomposition can decrease the complexity. We will show that regardless of the
decomposition type, the overall complexity of the process cannot be reduced, which is
utterly rational when the ‘no free lunch theorem’' is considered.

3 Graph Theoretic Complexity Measure of Design Problem

Summers and Shah [2] posed that a design complexity measure must reflect three
intrinsic characteristics and components: solvability, size, and coupling. They
presented the following definitions:

1. Solvability is whether the design artefact may be predicted to satisfy the
design problem.

2. Size of several elemental counts including the number of design variables,
functional requirements, constraints, sub-assemblies, eftc.

3. The coupling between elements.

They extended their definition to the design problem, the design process, and the
design artefact. We believe that solvability can be represented with cyclic
dependencies or cyclomatic complexity because cycles produce emergent effects that
cannot be predicted: by presenting empirical results Watson and McCabe [26]

! No free lunch theorem is discussed in the context of optimization theory and states that if a
search algorithm achieves superior results on some problems, it must pay with inferiority on
other problems. We argue that decomposition makes a problem tractable at the price of more
overall complexity.
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reported that the number of errors in the implemented (software) systems has been in
direct proportion with the cyclomatic complexity.

3.1 A Note on Emergence

A property of a system is emergent if and only if the property is present in global
scales and cannot be traced to the local properties of parts of the system, an emergent
property is thus the global effect of local interactions. Edmonds [27] defines
complexity as:

... that property of a model which makes it difficult to formulate
its overall behaviour in a given language, even when given
reasonably complete information about its atomic components
and their inter-relations.

This definition couples complexity with emergence. Complex systems have
interconnected elements and are characterized by [28]:

1. Circular causality, feedback loops, logical paradoxes, and strange loops
2. Small change in the cause implies dramatic effects
3. Emergence and unpredictability.

According to Erdi [28] circular causality in essence is a sequence of causes and
effects whereby the explanation of a pattern leads back to the first cause and either
confirms or changes that first cause. Complexity as structure gives birth to emergent
properties that are hard to predict, if not impossible. Although we may not be able to
exactly describe the emergent property; we can argue about the potential existence of
emergent properties. Therefore a comprehensive definition of complexity would be
the intensity of emergence. This is a fundamental notion and is in accordance with the
concept introduced by Marczyk and Deshpande [29] that complexity is a potential for
creating top level properties and overall functionalities. For example a car is relatively
more complex than a bike and it has also more functionalities. So is a human
community (more complex) relative to an ant community and has relatively more
functionalities. Complexity allows the potential for emergence be it desirable
emergent properties (functionality) or catastrophic ones (surprise failure).

3.2 A Graph Theoretic Complexity Measure

With regards to the complexity of a system/problem and its structure being
represented via a graph, there are different perspectives amongst system researchers
as to what represents a system’s complexity. The general belief is that the complexity
can be fully represented by size, coupling and cyclic interactions. With regards to size
there is clearly a sense in which people use “complexity” to indicate the number of
parts [27].

Definition 1. The size of a system is the minimum number of variables that the system
can be described with. Thus the size is the order of the system’s graphical
representation.
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The notion of minimum size overcomes some of the inadequacies of mere size as a
complexity measure [27]: it avoids the possibility of needless length.

Definition 2. Coupling (or connectivity) is the sum of the densities of dependencies
between the system’s variables. The coupling is in fact the size of the system’s
graphical representation.

The coupling of a system is a strong indicator of its decomposability: it is difficult if
not impossible to decompose a system with densely interconnected
elements/components without changing the overall characteristics of the system [27].

Definition 3. The number of independent cycles is a basic graph measure sometimes
referred to as cyclomatic complexity and is the number of independent cycles or loops
in a graph [26]. Number of independent cycles is easily calculated by the formula
¢(G) = m —n + p where m is graph size, n is graph order, and p is the number of
independent components determined by multiplicity of zero in eigenvalue spectrum of
Laplacian matrix.

Since complex systems are characterized by circular causality, thus a graph theoretic
measure of complexity must point to circularity of dependencies between the system’s
variables. In general there is no direct relation between the order (number of vertices)
and the cyclomatic complexity: the number of vertices will limit the cyclomatic
complexity but this effect is only significant with very few vertices as the number of
possible edges goes up exponentially with the number of vertices [27].

Proposition 1. The complexity of the system S, C(S):R" —R with n as the size of the
system is the largest eigenvalue of Laplacian matrix of the system’s graph.

This measure pronounces all the previously stated characteristics of complexity. On
average, the measure increases with three components of complexity that are size,
coupling, and cycles (Fig. 4). In Fig. 4 each dot represents a randomly generated
graph. The notion of a randomly generated graph is quite different from the common
term random graph. A randomly generated graph is generated by random number
generators with a know probability of existence of each edge. This probability
determines and is roughly proportional to the size of the graph.

The notion of emergence thus has very close relationship with the introduced
measure. The emergence of connectivity in random graphs (Erdés—Rényi graphs) is
usually analysed in terms of the size of the largest connected subgraph (LCS) [30]. A
subgraph of a graph G is a graph whose vertex set is a subset of that of G, and whose
adjacency relation is a subset of that of G restricted to this subset. A subgraph is
connected if only if it cannot be any further partitioned into two or more independent
components (or subgraphs with no edge in between them). It is simple to see that
C(G) is equal to C(LCS). This property renders the measure more attractive since it
illustrates the reasonable argument that decomposition cannot reduce the overall
complexity.
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Fig. 4. Maximum eigenvalue of LCS is an ideal graph theoretic complexity measure, and on
average increases with size, order and cycles.

One last point before proceeding is that central to any measurement of complexity
is the employment of the entropy based mutual information as a measure of
dependency between two variables [27]. The main property of mutual information is
the ability to capture both linear and non-linear relationships, making it more
attractive than the covariance based correlation coefficient. Equation (7) shows the
entropy based mutual information between two random variables X and Y. This
requires estimation of the probability distribution of every random variable (Px(x),
Py(y)) in the data set and also the mutual probability distribution of all pairs of
random variables (Py y(x,y)).

Py y(xy)
IX,Y) = [[ Pyy(xy) x log -2 — dxdy (7)

In the section 3.3 a complexity based partitioning quality measure is introduced
that would also serve as a problem complexity measure after decomposition.

3.3 Real Complexity of Design Problems

Let S be the graphical representation of a problem with the adjacency matrix A = [a;]
and its complexity C(S) (the problem or self complexity) measured by the presented
graph theoretic complexity measure. Consider k-partitioning P = {Pj,..., P;} of the
graph S. Each of these sub-graphs is a block of the system. Let C(P;) be the
complexity of each sub-graph determined by the complexity measure.
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Fig. 5. The partitioning and block diagram of graphs.

Definition 4. A block diagram is the graph representation of partitioned graph i.e. it is
more abstract than the self of the system. As such a block diagram is the graphical
representation of the decomposed system (Fig. 5).

Definition 5.We define the k dimensional square matrix B as the Complexity Based
Adjacency Matrix of the Block Diagram with the diagonal entries as the complexity
of the sub-graphs (or blocks), and the off-diagonal entries as the sum of the weight of
the edges that have one end in each of the two corresponding sub-graphs:

c(Py) = Yiep, jepy ij
S . : (®)

ZiePl ZjePk ajj C(Py)

Definition 6. The real complexity of the block diagram C(B) is achieved by deriving
the maximum eigenvalue of the Laplacian of B. The Laplacian of B has on its
diagonal entries the sum of nodes (here subsystems) degrees and their complexities.

Other names such as design complexity or process complexity are also appropriate
for this notion. By indicating the three components of complexity, this measure is a
better measure of the design problem complexity after decomposition than the
measure of Chen and Li [1] that was only a function of size. Real complexity C(B) is
a subjective measure of the system’s complexity and is relative to how one might
decompose the system. Conversely the self complexity C(S) is an objective measure
of the system and is absolute in being independent from the type of decomposition P.
The purpose of decomposition is to reduce the initial problem complexity C(S) to a
number of sub-problems with complexity C(P;) less than self complexity C(S).
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The real complexity represents the overall complexity and the complexity of the
whole system of subsystems. While being a quality of partitioning criterion, real
complexity represents the integration effort for the whole system after decomposition
since real complexity in addition to the complexity of each sub-problem, expresses
the coupling of the system of sub-systems.

Remark 1. The integration efficiency and risk of a design system are dependent on
real complexity as much as they depend on self complexity.

Ulrich and Eppinger [31] have argued that design efficiency can be considered
directly proportional to the overall complexity of the system and decomposition
affects the design efficiency. Problem decomposition must be performed in a way that
adds least possible uncertainty to the design process. Obviously by minimizing the
real complexity the integration effort and risk is minimized. Braha and Maimon [32]
defined design information as a distinct notion, and independent of its representation;
information allows the designer to attain the design goals and has a goal satisfying
purpose. Design can be regarded as an information process in which the information
of the design increases by time: making progress and adding value (to the customer),
which in a product design system compares to producing useful information that
reduces performance risk [33]. Browning et al [33] states the performance risk
increases with product and problem complexity and complex system product design
involves enormous risk. Since decomposition increases the overall complexity, it
must, as a result, reduce design information and increase the design risk. Fig. 6
demonstrates that the Process (1), by employing a better decomposition, adds less risk
to the design process and reduces less information from it; and thus Process (1) is
likely to have higher design efficiency.

Definition 7. A decomposition with minimum real complexity is an immune
decomposition.

Remark 2. Indeed robust decomposition might be a more appropriate name and while
the immunity notion, here, conveys the intended meaning, it is not directly connected to
the notions in Natural Immune Systems. However, we believe that extremely complex
natural and organic systems are robust because they have immune systems. Thus the
complex systems researchers must have a firmer eye on immunization procedures than
before. It should also be noted that, contrary to the general belief, Artificial Immune
Systems do not necessarily need to mimic the Natural Immune Systems.

The immune decomposition is likely to lead to better, cheaper and faster production
of complex products and to enhance the design process efficiency with respect to:

1. Better products in terms of quality and robustness: Less complexity means
lower risk or rework during the design process [33] and this implies that
higher quality can be achieved with less effort. Furthermore, in terms of the
robustness of the product itself, immunity from a chaotic and overly sensitive
response to stochastic uncertainties in the manufacturing process capabilities
and during the performance cycle of the product is the direct influence of
lower complexity.
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Fig. 6. Decomposition increases risk and reduces information.

2. Cheaper product and process design costs: The lower complexity structure
implies less coupling between subsystems and that means less number of
design iterations amongst various engineering tasks in a large problem [34]
easier coordination, less conflicts arising in the integration of the product,
and all these suggest a cheaper design process.

3. Faster design process: Designing a product is a value adding process, and
that involves an accumulation of the required information to meet the design
requirements [33]. Obviously for less complex products this accumulation
happens faster because the design process system of a less complex product
would be less fragile (at lower risk) to uncertainties available in the early
stages of the design process.

Fig. 7 shows the immune decompositions of the system example in Table 1, for
various numbers of subsystems. The figure shows that amongst all decompositions 2-
partitioning has had the minimum real complexity. The spectral diagonalization
method combined with random search algorithm was used. Fig. 8 compares the
performance of real complexity against three other cut quality measures for 20000
randomly chosen and distinct decompositions of a randomly generated graph of order
100 and of the size 1500. This figure shows that real complexity has responded
differently to the number of subsystems than other measures. For this randomly
chosen graph, the minimum real complexity is the global minimum (amongst
different partition numbers) at bi-partitioning (k=2). The minimum real complexity
maximizes at the number of subsystems equal to 4. After 4-partitioning, the minimum
real complexity is inversely proportional to the number of subsystems. Other cut
quality measures show strictly decreasing linear relationship between the measures of
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minimum cut and number of partitions. Another observation and interesting
characteristic of real complexity is that its minimum for a particular number of
subsystems maximizes at a certain number of subsystems which is different for
different graphs. Amongst the quality partitioning criteria presented in Table 2 only
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modality function had this property which always maximizes at 3-partitioning. This
sophisticated and nonlinear behavior of real complexity helps in ruling out the
number of partitions that should be avoided.

3.4 Real Complexity of Overlap Decompositions

Several operation researchers have addressed the overlapping decomposition problem
and have emphasized its quality improving, lead time and cost reducing benefits [35,
36] to the extent that design process efficiency can be regarded as proportional to the
amount of the overlap between the subsystems [37]. As it will be clarified later in this
section, this statement implies that the parts of the problem that are shared between
design groups must preferably have denser connectivity (i.e. higher complexity);
otherwise perfectly overlapped sub-systems lead to identical sub-problems. Taking
the information processing view of the product design process, Krishnan et al. [36]
argued that overlap decomposition of the problems can lead to faster information
acquisition and more frequent information exchange between the subsystems enabling
the concurrent execution of coupled activities in an overlapped process. However, the
design teams can be collaborative only when the design space or problem space is
decomposed in an overlapped manner, so that the design teams share some of their
parameters, problems, and tasks. Krishnan et al. [36] however noted that the overlap
decomposition of the system must be performed very carefully as without careful
management of the overlapped product design process, the development effort and
cost may increase, and product quality may worsen. It should be noted that no
appropriate measure has yet been proposed to distinguish the overall behaviour of the
systems under a range of possible overlap decompositions.

An overall complexity measure for overlap decomposition can be readily obtained
by exploiting the real complexity. In overlap decomposition of graphs, vertices are
allowed to be shared between the sub-graphs. The measurement of the overall real
complexity of the overlap decompositions can be gained based on the formulation of
the decentralized control strategies for overlapping information sets [38]. Ikeda et al
[38] stated that:

The simple underlying idea is to expand the state space of the
original system (design space in case of the product design)
so that the overlapping subsystems appear as disjoint. The
expanded system contains all the necessary information about
the behaviour of the original system which then can be
extracted using conventional techniques devised for standard
disjoint decompositions.

Fig. 9 shows the extraction of the Complexity Based Adjacency Matrix of Block
Diagram with overlapped subsystems. It can be tested that the dimension of this
matrix is four whereas the number of subsystems are two.

In general the extended Complexity Based Adjacency Matrix of Block Diagram
with elements B=[b;;] where sub-graphs share some vertices can be defined as:

(Ci i = j,for nonoverlapping blocks
Ciap i = j,for overlapping blocks
bij = { 0 i # j, for overlapping blocks - ©)

LZkEpi Zlepi ay) i # j, for nonoverlapping blocks
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Fig. 10. Decomposition increases risk and reduces information. Overlap decomposition makes
the system to converge faster.

The effect of overlapping decomposition on the design efficiency is a very subtle
one. The integration phase of the design process is often accompanied by inadvertent
information hiding due to the asynchronous information exchanges between the
design teams, referred to as design churn effect [39]. Design churn delays the design
process convergence to a global solution. The remedy to this effect lies in overlapping
the design tasks. Overlapping leads to faster and in time information transfer between
the design teams. This is to say that overlapping can increase the design process
response and sensitivity to new information reducing design lead time and increasing
design process efficiency (Fig.10).
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Overlapping leads to more real complexity in comparison with the disjoint
decomposition of the design space, since overlapping virtually increases the
dimensionality of the problem space. Thus, it is not recommended to simply overlap
the subsystems as much as possible because it may lead to high overall complexity.
We propose two seemingly conflicting objectives when overlapping subsystems:

1. To minimize the real complexity of the whole (extracting immune
decompositions).

2. To maximize the sum complexity of the overlapped parts. The complexity sum
of the overlapped parts (Cy,,) is representative of how much the system is
overlapped.

Fig. 11 demonstrates the real complexity and the overlapping degree (complexity sum
of the overlapping parts) of many random decompositions of the example PDSM in
Table 1. This figure shows the desired and compromised region for the
decompositions, the characteristic of which is minimum overall real complexity
(maximum efficiency, minimum fragility of the corresponding design process or
immunity) and maximum overlapping complexity (high sensitivity of the design
process to new information).
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Fig. 11. Extracting the desired overlap decompositions of the example PDSM.

4 On Decomposability

Edmonds [27] provided a comprehensive literature review on the general area of
decomposability. The complexity based approach to decomposability has also been
considered in [27]. Edmonds used the analytical complexity measure to determine the
decomposability of the syntactical expressions in formal languages. The ease with
which a system can be decomposed into sub-systems has close connections with the
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real complexity which provides a medium for decomposability testing. A system that
is not decomposable is irreducible. Before proceeding lets introduce the lower bound
for the real complexity that will be used in the subsequent discussion.

Observation I: Given system S with graph Gy as its graphical representation and for
all k-partitioning P={P;,P,,...,P;} of § with i={1...k},the following is valid:

C(B)=C(S)=C (P). (10)

B is the Complexity Based Adjacency Matrix of the Block Diagram of decomposition
P on Gg Equation (10) means that the lower bounds for real complexity are the self
complexity, and also the complexity of each of the sub-systems. The equality happens
when the system can be fully decomposed. This observation is important since it
indicates that decomposition cannot decrease the overall complexity of a problem,
and the perceived complexity after decomposition: C(B) is never less than the
complexity before decomposition C(S). Note that in the block diagram the
information that indicates which nodes in different subsystems have been linked is
lost. Similarly when a system is decomposed the information indicating which
vertices are linked to which ones in other subsystems is also lost. Klir [40] states:

When a system is simplified it is unavoidable to lose some of the
information contained in the system; the amount of information
lost results in the increase of an equal amount of relevant
uncertainty. Any kind of simplification including break of the
overall system to subsystems can increase uncertainty.

More uncertainty implies more complexity and thus the lower bound for real
complexity must be and cannot be anything but the complexity of the system before
decomposition (self complexity); in other words facing more overall complexity as
the price for the tractability of sub-problems can, in fact, be regarded as a read of no
free lunch theorem. Considering decomposition P={P;, P, ,...,P;} of system S. Then
complexity of the whole for the system can be represented by the real complexity
C(B) and that of the parts by the complexity of individual subsystems C(P;). Real
complexity can then explain whether the whole is more than sum of the parts:

C(B) > X, C(P). (11

Proposition 2. A system is irreducible by decomposition P if and only if (11) holds
for that system. If (11) holds for every possible P, then the system cannot be reduced
to the sum of its constituents and therefore is irreducible.

It should be reminded that the graph theoretic complexity measure is a measure of the
intensity of emergence and possibility of emergent surprise (characteristics).
Therefore, the integration of a system, being decomposed in a way that (11) holds, is
prone to a significant amount of risk; it is very likely that the whole system of sub-
systems shows emergent properties that do not exist in the sub-problems. The
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integration, in such conditions cannot be implicitly performed while the sub-problems
are being solved concurrently because as much attention must be given to
communication between the design teams. Where all viable decompositions of a
system have the property of (11), then decomposition is not a valid and robust
methodology for problem solving (however it may not be impossible). In such cases
the whole is more than sum of the parts (regardless of what is deemed as parts), and
distributed problem solving must be forsaken; the problem may be tackled
satisfactorily as a whole utilizing several design teams working and competing
parallel to each other (with no collaboration).

When the opposite of (11) is true and a decomposition P can be found in a way that
the real complexity is less than the sum of the subsystems complexities then the
system is reducible. Under such circumstances, the complexity of the whole can be
reduced to the complexity of the individual components. The main result from here is
that the reducibility depends not only on the self complexity but on the decomposition
restrictions namely the partition size and order. Fig. 12 compares the whole and the
sum of the parts for many decompositions of the example PDSM. This system was
decomposed in 200 different ways all of which had relatively balanced subsystems
(equally ordered). The system was reducible for only a few of the viable
decompositions (i.e. the system is nearly irreducible). The systems that are contrary to
this (irreducible under only a few decomposition) can be regarded as the nearly
decomposable (reducible) systems. For strictly irreducible systems decomposition
does not lead to higher tractability. Decomposition for such systems can further
complicate the process of collaboration between design teams: the overall effort of
integrating the system of subsystems amounts to more than sum of the efforts spent
on integrating each subsystem. This notion indicates substantial amount of rework
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48 M. Efatmaneshnik et al.

and design iteration in the design of complex systems by means of decomposition. As
such the application of concurrent engineering for some highly complex systems can
be questioned.

5 Concluding Remarks

The PDSM can be decomposed in different modes as demonstrated in Table 3, which
can, for example, be decided upon based on PDSM connectivity level.

Definition 8. Problem connectivity is the total number of edges in the self map of the
product/problem divided by the total number of possible edges (which is a PDSM’s
order function).

The definition introduced for connectivity in section 3.2 basically implies the same
notion. The importance of choosing the right decomposition pattern is critical for the
efficiency of the design process and the successful management of the integration
process. Obviously choosing an integration scheme is critical in determining how
efficient or how flexible a resulting problem solving architecture will turn out to be
[4]; and depending on the flexibility of design organization, the integration schemes
can be determined by the decomposition patterns (see Table 3). This is so since the
information exchange and interactions between the design teams are more or less
determined by the problem structure.

Bar Yam [13] stressed that there are two effective strategies for achieving quality
criteria in the design of large scale systems:

1) restricting the complexity of the problems.
2) adopting an evolutionary paradigm for complex systems engineering.

Table 3. Decomposition modes and their corresponding integration schemes.

Connectivity— Very Low Low Intermediate High Very High
Suggestion| (0-0.02) (0.02-0.1) (0.1-0.2) (0.2-0.3) (0.3-1)
Possible o best Full Integrative Modular Overlap No
decomposition - . . . ..
decomposition  clustering clustering Clustering  decomposition
strategy
Illustration OOO :( \‘ @) Q
Corresponding Low level Unsupervised Information Evolutionary
. . Concurrent . . . . . .
Integration Eneineerin Integration multi agent ntensive architeture
scheme £ £ scheme system architecture (Holistic)
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The holistic approach to design relies on radically innovative solutions provided by
several design groups working parallel to each other on the same problem [13]. The
evolutionary process advocates competition (rather than collaboration) in between the
design groups for achieving higher fitness of their design solutions. The integration
scheme for routine/traditional design processes, on the other hand, uses
decomposition and collaboration at the design organization level. The routine
processes may have a high level integration team to centrally supervise the problem
solving process and through that seek the overall integration of the solutions. Another
routine process employs low level integration team: this is to utilize coordination
based decompositions that aim at decomposing the system into several relatively
independent subsystems and only one severely connected subsystem namely the
coordination block. The design team in charge for design of integrative subsystem is
then regarded as low level integration team. Since the design of the integrative
subsystem must be much more complex than the other subsystems, the integration of
the complex systems with more than a certain amount of coupling is not desirable by
coordination based decomposition. Multi agent design systems are in essence
unsupervised problem solving systems. The interaction between the design teams in
these systems are autonomous and based on agents social knowledge. The solution to
the design problems in multi agent systems is formed in a self organizing fashion and
as the emergent result of autonomous interaction of the agents; multi agent systems
respond to the modular problem decomposition where the connectivity distribution in
between the subsystems is relatively uniform. For large scale and severely coupled
problems collaborative problem solving is possible when the design space or problem
space is decomposed in an overlapped manner: the design teams explicitly share
some of their parameters, problems, and tasks. The main characteristic of this process
model is the intense collaboration between coalitions of agents making this mode an
information and knowledge intensive process. The impact of new information on the
design process in this integration scheme is relatively high; as such overlap
decomposition and its corresponding integration scheme are suitable for problems of
high complexity and self connectivity.

The fixed organization structures are sometimes hinged upon to determine the
number of subsystems in decomposition process. The computational resources and
the number of available design teams, their size and the hierarchies in the
organization, only reflect some aspects of the organizational structure. It is sometimes
feasible to form the teams after decomposition takes place. In any case, the subjective
measure of decompositions as real complexity can be employed for all the
decomposition modes and even comparison between them.

5.1 Summary and Future Work

A measure of complexity for decomposition was introduced which was based on an
spectral measure of LCS. The minimum bound for this measure is the self complexity
(complexity before decomposition). The minimization of the real complexity as a
quality partitioning criterion does not necessarily lead to balanced subsystems which
may be regarded as a disadvantage. Regardless of this, real complexity for a various
number of subsystems can be compared and the optimal decomposition can be
chosen, whether the number of subsystems is known or not. Depending on the
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complexity of the problem, real complexity can be more than the sum of the
complexities of the sub-problems. In this case decomposition cannot reduce the
problem into the sum of its parts and the problem is strictly irreducible alternative
problem solving techniques such as evolutionary design process may be used.

There are two distinct directions for this research:

1) To further investigate the emergence and some characterizations of emergent
properties, by real complexity. This needs to be a rigorous mathematical
endeavor.

2) To utilize the presented knowledge in design decision support systems. This
trend has already been to some degrees pursued by the authors. However, in
our opinion, the most interesting application of this (presented) type of design
domain knowledge should be sought in design automation systems.

3) The measure was only demonstrated for two level hierarchies; however the
real complexity can be applied to multiple hierarchal levels.
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Abstract. Knowledge sharing between various components of a system is a
prerequisite for a successful knowledge management system. A knowledge
sharing model includes providing knowledge workers with the knowledge,
experiences and insights which they need to perform their tasks. We propose a
multi-agent system that assists in the process of knowledge sharing between
concerned knowledge worker groups. Each agent is a knowledge broker and or-
ganizer for a specialized knowledge worker group involved in the operations of
a sub-system. In addition to timely access to knowledge, it should help in un-
derstanding the motivation which underlies decisions made by other groups
and/or the information/knowledge bases for such decisions. Each agent is
expected to learn about the activities, contexts of decisions, knowledge em-
ployed and experiences of other knowledge workers groups whose activities are
considered to be relevant to the group it represents. We shall employ Partial
Information State (PIS) to represent the knowledge of the agents. We shall
employ a three-valued based nonmonotonic logic for reasoning about PISs.
We present a multi-agent based model of argumentation and dialogue for
knowledge sharing.

Keywords: Knowledge Management, Knowledge Sharing, Multi-Agent Systems,
Three-Valued Logic, Nonmonotonic Reasoning, Dialogue, Argumentation.

1 Introduction

Knowledge Management (KM) allows knowledge workers and decision makers to
learn what they need, when they need it and to improve organizational performance. It
should provides relevant knowledge to assist knowledge workers in performing
knowledge intensive tasks. Knowledge is considered as a source of competitive ad-
vantage for an organization. It can be regarded as a integrated array of processes that
capture, store, and disseminate knowledge in an organization. The term organizational
knowledge refers to more than just databases and information systems involved in the
organization. It also encompasses processes and people. Knowledge is intrinsic to
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people. KM takes place when there are mechanisms that structure the entire knowl-
edge and build the corporate memory. KM is associated with constructs such as:
knowledge acquisition, information distribution, information interpretation. Extending
research prototypes to real-world solutions may requires an integration of some
basic technologies such as ontologies for Knowledge Sharing (KS) and reuse, and
collaboration support.

The notion of knowledge is a critical organizational asset integrated within the
organizational learning process. It is widely agreed that knowledge is an essential
imperative of an organization regarding growth, development, goals achievement and
having a competitive advantage [46]. Knowledge is essential for effective decision
making where there is a need for full understanding of the related domain(s). Knowl-
edge is classified into: (a) explicit knowledge [1] that can be seen, shared and com-
municated with others and (b) tacit knowledge [17] which is embedded in a person’s
memory and thus, difficult to extract and share with others such as when a senior
manager uses a particular decision theory to solve certain problems.

The study of “Organisational Knowledge” seeks to understand how knowledge is
created, stored, accessed, transformed (e.g. from tacit to explicit and vice versa),
handled and used effectively. Knowledge tasks have a collaborative feature in the
sense that an agent/process can attain and use knowledge, which it needs, by reusing
information already collected and interpreted by other agents/processes [15]. Thus,
the efficient and effective handling and communication of knowledge, experiences
and insights between Knowledge Workers (KW), such as domain experts and
decision makers is a requirement for high-quality decision-making and coordinated
organizational action [73] in organizations that deal with complex issues.

A KM system must be able to adapt to changes in the environment, to the different
needs and preferences of individual agents and work groups, and to integrate naturally
with existing methods and processes. That is, KM systems must be both reactive (e.g.,
able to respond requests or environment changes) and proactive (e.g., able to take
initiatives to attend to agents’ needs).

We make the assumptions that deep knowledge based reasoning and analytical
capability are necessary to effectively deal with various issues related to complex
systems operations that transcend the boundary of a single component/unit of the sys-
tem. A KM system should involve providing knowledge workers with the knowledge,
experiences and insights which they need to perform their tasks. These features
characterize intelligent agents, what seems to indicate the applicability of agent tech-
nology in the KM area. With agents, it is possible to capture the representation, coor-
dination, and cooperation between heterogeneous processes and other agents.

In this paper, we aim to emphasize the role of agents in the development of a col-
laborative KS system. We shall employ Partial Information State (PIS) to represent
the knowledge of the agents. We employ a three-valued based nonmonotonic logic for
reasoning about PISs. We present a multi-agent based model of argumentation and
dialogue for knowledge sharing. The paper is organized as follows: In section 2 we
discuss the basic concepts of data, information and knowledge. In Section 3 we
provide some background on KS and communication. In section 4, we present multi-
agent systems. In sections 5 and 6, we discuss the role of agents in KM and the need



Towards a Formal Model of Knowledge Sharing in Complex Systems 55

for knowledge sharing in KM. Section 7 is dedicated for reasoning with incomplete
information, context and dialogue. In section 8, we present a multi-agent based model
of argumentation and dialogue for KS.

2 Data, Information and Knowledge

To grasp the role of communication in KS, there is a need to understand the relation-
ships that exist among data, information and knowledge. Data can be defined as a “set
of discrete , objective facts and event ... and is most usefully described as structured
records of transaction” [18]. Information represents an understanding of the relation-
ships between pieces of data, or between pieces of data and other information. Infor-
mation relates to different forms of descriptions and definitions. Information is used
to make decisions. For Data to be transformed into information, some processing
must be performed while considering the context of a decision. We often have abun-
dance of data but lack relevant information. Information can be considered as knowl-
edge that can be communicated or conveyed.

Unlike information, knowledge is less tangible. It is inferred from information
(e.g., by humans) using methods of comparison, consequences, connections, and con-
versation. According to [74]:

“Knowledge is a fluid mix of framed experience, values, contextual
information, and expert insights that provides a framework for evaluat-
ing and incorporating new experiences and Information. It originates
and is embedded in the minds of knowers. In organizations, it often be-
comes embedded not only in documents or repositories but also in or-
ganizational routines, processes, practices, and norms.”

Knowledge represents a self-contextualizing pattern relation between pieces of
information and/or data. It may inform us of how the pattern it represents will evolve.
It encompasses what we may call strategies, practices, methods and principles.
Knowledge can be defined as the application of the relevant information to address
specific problems.

There are several types of knowledge and some of these types are difficult to
distinguish from information. To appreciate the degree of overlap, we only need to
consider the scope of the notion of an information system that spans database systems
and intelligent knowledge base systems. Knowledge can inform us of how the pattern
it represents will evolve. Explicit knowledge can be formally articulated, although
removed from the original context of creation or use [79]. The key aspect of explicit
knowledge is that expressed and shared. Tacit knowledge is rich in context and diffi-
cult to articulate. It is acquired through experience and action and can be shared
through interactive conversation. Context and experience are central to the concept of
tacit knowledge. Therefore, sharing tacit knowledge is difficult due to context-
dependency. There is a third type of knowledge, implicit knowledge, which may be
inferred from the behaviors of agents or individuals and in such cases KS may be per-
formed through “learning by doing” [8].

It is clear that the notion of knowledge encompasses information and data. It also
seems incomplete to organize and communicate knowledge without taking into
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consideration the possible ways it can be manipulated in order to satisfy a goal. Thus,
KS cannot disregard embedded intelligence which is associated with the principles of
generating, manipulating and applying knowledge. Furthermore, it cannot dispense
with data and information because they form the basic constituents of knowledge.
Other definitions of data, information and knowledge are found in [13].

3 Knowledge Sharing and Communication

Al researchers have recognized that capturing knowledge is the key to building large
and powerful Al systems. On the other hand, it was realized that the issue of knowl-
edge representation could be difficult and time consuming. For instance, it is straight-
forward to exploit a previously developed Knowledge Base (KB) in order to develop
a closely related Al system as one needs to understand from the KB's developer many
of the decisions she/he has made and the conventions that she/he has employed. Even
if the documentation clarifies many of these decisions and conventions, there are
always implicit conventions which are not documented but must be observed when
trying to make use of a previous KB.

The prospect of building larger systems may be hampered by the high cost of
knowledge transfer/sharing. Hence, it was necessary to find ways to overcome this
barrier and to address some important problems such as:

(1) Heterogeneous Representation Languages: Allowing for diversity in representing
the same situation is one of the keys to success in properly managing and making
an optimal use of the knowledge available. The diversity of representations al-
lows for a deeper and a better understanding of the different patterns and charac-
teristics of a situation, and, if properly handled, supports cooperative work. We
may distinguish between static (possibly timeless) representations of knowledge,
which are particularly useful for knowledge re-use and dynamic representations
of knowledge that are needed for knowledge creation. In the presence of static
diverse knowledge representation formalisms, sharing and reusing knowledge
may involve translating from one representation to another. The dynamic views
are more challenging. They are based upon ongoing re-interpretation of data, in-
formation and assumptions while pro-actively deciding how the decision-making
process should be adjusted to deal with future possibilities. They also allow for
diversity of interpretations of the same information across different contexts and
at different times.

(2) Common Ontology: Even if the KR formalism-level problems are resolved, it
can still be difficult to combine the knowledge of two process/agents or establish
effective communications between them unless they share a common ontology.
For a shared ontology to be useful, the definitions provided must include declara-
tive constraints that specify the semantics of the terms being defined, and the
ontology must provide mechanisms that impose those constraints when the terms
are used in an application.

Individual workers are the basic entities for knowledge creation in organizations [53].
The process of knowledge creation and transfer is captured in a model where tacit
knowledge is transferred to explicit and then back to tacit knowledge in a dynamic
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and on-going process depicted as an expanding spiral. An alternative model, sug-
gested by [36], is based on communication practices in communities and therefore is
highly context dependent where communication represents a continuing process by
the participants. Thus, communication is an integral part of KS. Therefore, under-
standing how information is exchanged through communicative process and trans-
formed into knowledge in organizations and in the task-directed teams may help in
developing approaches for its more effective use and potential benefits.

A proper handling of (1) and (2) enhance the usability of MAS in addressing many
real life problems: agents’ knowledge could easily be shared and agents with special-
ized reasoning capabilities that embody problem solving methods could easily be
developed. A new agent should have the ability to interoperate with existing systems
and communicate with them in order to perform some of their reasoning tasks.
In other words, declarative knowledge, problem solving techniques, and reasoning
services could all be shared among agents.

4 Multi-Agent Systems

Agents are specialized problem solving entities with well-defined boundaries with the
ability to communicate with other agents. They are designed to fulfill a specific pur-
pose and exhibit flexible and pro-active behaviour. They are autonomous in the sense
that they can operate on their own without the need for guidance. They have control
both over their internal state and over their actions. An agent can decide on its own
whether to perform a requested action. They are capable of exhibiting flexible prob-
lem solving behavior in pursuit of their objectives which they are designed to fulfill.

Autonomous agents have the possibility to interact with other agents using a spe-
cific communication language which enable them to be involved in some larger social
networks, respond to changes and/or achieve goals by simply with the help of other
agents.

A Multi-Agent System (MAS) can be defined as: a collection of agents with their
own problem solving capabilities and which are able to interact among them in order
to reach an overall goal [27].

Agents usually operate in a dynamic, non-deterministic complex environment. In
MAS environments, there is no assumption regarding global control, data centraliza-
tion and synchronization. Thus, agents in a MAS are assumed to operate with incom-
plete information or capabilities for solving the problem. Communication is then the
key for agents to share the information they collect, to co-ordinate their actions and to
increase interoperation.

The interactions between the agents can be requests for information, particular ser-
vices or an action to be performed by other agents, issues that concern cooperation,
coordination and/or negotiation in order to arrange interdependent activities.

Agent will need to interact with one another, either to achieve their individual ob-
jectives or to manage the dependencies that result from being situated in a common
environment [15, 37]. However, such interaction is conceptualized as taking place at
the knowledge level [52]. That is, it can be conceived in terms of which goals should
be followed, at what time, and by which agent. Furthermore, as agents are flexible
problem solvers that have only a partial control and partial knowledge of the
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environment in which they operate, interaction has to be handled in a flexible manner
and agents need to be able to make run-time decisions regarding whether or not to
initiate interactions and regarding the nature and scope of these interactions.

Organizations are considered to be real world complex problems that involve lots
of interactions. An essential part of a design process is finding the right models for
viewing the problem. There are many well known techniques and tools for tackling
complex, real-world problems in software. [12] identifies three such tools:

(1) Decomposition: The idea is to divide large problems is to divide them into
smaller, more manageable modules each of which can then be dealt with in
relative isolation.

(2) Abstraction: This process allows the designer to work with a simplified model
of the system that emphasizes the more relevant properties, while ignoring the
less relevant details.

(3) Organization: In this process the interrelationships between the various prob-
lem components are identified. Some of the basic components, that provide a
particular functionality, may be grouped together and considered as one unit
at a higher level.

One natural way of viewing complex systems is as subsystems, subsystem compo-
nents, interactions and organizational relationships. Agent organizations are very
much like complex systems in that they involve a number of constituent components
that act and interact according to their role within the larger enterprise. The interplay
between the subsystems and between their constituent components can naturally be
viewed in terms of high level social interactions.

Complex systems require collections of components to be treated as a single entity
when viewed from a different level of abstraction and are dynamic in terms of rela-
tionships between their various components. MAS have been proposed as a suitable
model for engineering complex, distributed systems [38] because:

(1) They can naturally represent the decentralized nature of such problems

(2) They allow for decentralized control.

(3) They allow for multiple perspectives on a situation.

(4) They provide an adequate and flexible mechanism for interaction between the
various computational entities.

(5) They allow us to explicitly represent the system’s inherent organizational
structure

In organizations, agents are expected to behave so that they achieve the objectives of
the work groups with which they are associated or as part of a more general problem
solving initiative. Interaction between agents take place in a context that defines the
nature of the relationship between them [27, 30] and reflect their functionality. Thus,
such social/functional role has to be specified explicitly. Since such relationships may
evolve with time, it is important to take into consideration the temporal aspect.

Due to the dynamic and unpredictable nature of the environment, in which organi-
zations operate, it is not possible to give, at design time, a complete specification of
all the activities that need to be performed in an organization. It is also difficult to
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predict how these activities must be ordered or what knowledge they may need. De-
centralization of the tasks and information and flexibility seem to be a reasonable way
to keep control within large complex systems and organizations. Different work
groups may be allowed relative autonomy, in the sense that they could control how
their activities are handled. This may be necessary in cases for physically distributed
organizations where attempts to maximize its capabilities and competence in line with
the overall organizational goal(s). These characteristics require an environment that
integrates the different knowledge groups, though heterogeneous, of the organization
with active support of accessing and exchanging the information, expertise and
knowledge they need. At knowledge level, integration must be based on the semantics
and the context of the problem at hand. A knowledge-level integration framework
must be able to create dynamic relationships between knowledge workers that do not
compromise the autonomy of any entity. Furthermore, there may be a need to deal
with various heterogeneous knowledge representations. To be able to support the col-
laboration of the various knowledge groups, there is a need for ontology; a common
knowledge description.

In this context, a KM system has to provide uniform access to a diversity of
knowledge and information sources and the environments must be both reactive and
proactive to adapt the different needs.

5 Agents in Knowledge Management

KM environments can be described as distributed systems where different autono-
mous agents act on behalf of a knowledge group/user while pursuing their own goals.
In such environments, uniform access to a diversity of knowledge and information
sources and the environments must be both reactive and proactive to adapt the differ-
ent needs and the ability to communicate and negotiate is essential. MAS is suitable
for KM for many reasons. Among these are:

(1) KM domains are inherently distributed regarding the available knowledge and
problem solving capabilities and responsibilities.

(2) The structure of the organization and the relative autonomy of its components
need to be preserved.

(3) Interactions in KM environments are fairly sophisticated, including negotiation,
information sharing, and coordination.

(4) In KM domains, agents can act as mediators within and between the different
knowledge groups.

(5) In KM domains, problem solvers are expected to appropriately react to changes in
the environment, handle unpredictability and to proactively take initiatives when
the need arises.

To cope with such an inherent complex process, we propose a multi-agent system that
assists in capturing the representation, coordination, collaboration and KS between
heterogeneous processes and other agents.

In KM environments, agents are expected to monitor the changing conditions of
the environment, to decide on what is needed using their reasoning ability to draw
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inferences, to be involved in solving problems and in determine actions, and finally,
act accordingly.

The employment of MAS serves two roles: (1) agents can model the organizational
environment where the KM system has to operate and (2) agents can be used to im-
plement the functionality of KM systems.

6 Need for Knowledge Sharing in KM

Organizations rely on many kinds of work groups to develop products, improve
services, and manage operations. For these groups to be effective, structures and proc-
esses must be in place to encourage them working together [16]. Numerous studies
have demonstrated benefits for work groups that engage in information exchange and
task-related communication within the group [3, 75].

Previous research has shown that KS with other groups is positively related to per-
formance [5]. It is increasingly clear that knowledge transfer, both within and outside
of groups, plays a fundamental role in the effectiveness of organizations [6, 7].

The knowledge necessary for high performance in work groups can be tacit [62],
codified [80], or embodied in routines [51]. KS is defined here as the process that
involves sending and/or receiving information or know-how concerning a task or an
issue of concern. In addition to communication and the exchange of information, KS
includes the implicit coordination of expertise [24] and information about who knows
what in the group [70]. Since different agents and/or agent groups may know different
things, exchange of information may help in eliciting new ideas and ideas and insights
from different sources of knowledge [34, 35].

The structural diversity in agent groups such as diversity in location, expertise, role
and functional responsibility of the agent could play a positive role in the value of
information exchange and collaboration. For instance, agent groups members in dif-
ferent locations also likely to need more to share knowledge and to communicate in
order to handle a task. KS in the presence of diverse expertise is essential for the inte-
gration of expertise. Advantages are realized in the case of diverse functional roles
and responsibilities, because the collaboration may draw on differences in the agents'
approaches, methods and experience [14]. Furthermore, such diversity will enrich the
communication with other agent groups. Within a group, KS may be enhanced when
an agent has to collaborate with or report to more than one agent, up the social hierar-
chy, in the group.

A KM system has to allow some flexibility to the agents. An agent should be able
to initiate a dialogue; ask for information about an issue, as how to solve/deal with an
issue, discuss replies, make proposals, challenge proposals and reply to challenges
and other proposals.

KS can be considered as an ongoing collaborative process. It is a process that may
involve determining and generating acceptable arguments and lines of reasoning un-
derlying assumptions and bodies of knowledge. KS can be regarded as a process that
encourages agents to be involved in activities such as reasoning, belief revision and
conceptual change.

We believe that there is a relation between knowledge construction and argumenta-
tion in KS situations. Collaborative argumentation allows agents to articulate and
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negotiate alternative perspectives regarding a particular task. In KS contexts, agents
may need to assess the information they receive critically, considering the problem or
question under discussion. Various perspectives can be discussed and/or elaborated
upon by the use of critical argument. Agents can verify information when they do not
fully understand information which they have received.

When agents disagree regarding previously stated information by another agent,
they can use challenges. Challenging information means that the agent poses ques-
tions which are aimed at triggering justifications.

Communication involves [76] an ability to fully, if possible, understand the con-
tent of what is being communicated from the perspective of the agent that has
proposed it and an ability to integrate it into the receiver's knowledge to make a
proper use of it. The competencies, which determine how well tasks are performed
and decisions are made, are a function of the knowledge being employed, including
understanding, expertise, experiences and skills.

Problem-solving involves activities such as communicating insights, assessments,
experiences or skills. Communication can be employed to transfer/exchange various
types of knowledge/information such as: (1) simple facts; (2) proof/recipe specifying
the steps to accomplish a task (know-how) or reach a conclusion; (3) the cause effect
relationships that concern a phenomenon and other types of knowledge. In addition to
relevant information, there may be a need to exchange contextual information and
other constraints associated with the application of the piece of knowledge being
exchanged. However, it must be to emphasized that the usefulness of the process is
reflected by the extent to which the learner acquires potentially useful knowledge and
utilizes this knowledge in its own operations.

To be able to organize the knowledge of a KM system, there is a need:

(K1) To identify, model and explicitly represent each of the agents and agent-groups
knowledge. This entails modeling its  processes, together with its control
mechanism, and its decision-making.

(K2) For the ability to handle the computational aspects of multi-agent systems such
as task allocation, interaction, coordination, process and organization represen-
tation, consistency management, protocol, adaptation and evolution of knowl-
edge.

(K3) For the ability to assess the performance parameters of the system in real time.

Some of the major problems that face KM activities and/or are associated with imme-
diate knowledge transfer between the knowledge groups are:

(D1) Agents’ ability to clarify a message or to find a weakness in an argument out-
side their specialty is rather limited.

(D2) Cooperation is necessary between the different agents in the various work
groups.

(D3) Constraints and contextual factors: There is a need for shared knowledge and
shared understanding of the context and constraints of the working environment.
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7 Reasoning with Incomplete Information

The basic idea that underlies the use of PIS is that it is useful to view dialogues
in terms of the relevant information that the dialogue participants have at each stage
in an on-going dialogue. Thus, it is important to note that the way a move affect an
agent's information depends on how the agent reacts to the exchanged information.
Agents are expected to have the ability to acquire and manipulate (modify, derive),
through reasoning, knowledge [60, 68, 61, 78]. Each agent/participant in a dialogue
has a certain well-defined role, determined by the type of dialogue, the goal of that
type of dialogue, and the rules for making moves in it. Furthermore, agents are
cooperative, abide by the rationality rules, such as rules of relevance [32], and they
fulfill their commitments and obligations in a way that truthfully reflects their beliefs,
intentions and/or desires.

An information state of an agent G is akin to a default theory A(G) =
<W(G),D(G)> where W(G) is a set of facts that are unquestionably accepted by G and
D(G) is a set of defaults [69] that reflects G’s view of how things are related in the
domain of concern. A(G) may have multiple extensions. If G is cautious as a reasoner,
it will sanction only those propositions that are derivable from the intersection of all
the extensions of A(G) whereas if it is a credulous reasoner, G will select one exten-
sion and it can switch to another if the need arises. Reiter was more in favor of a
credulous reasoner.

Let KB(G) represents the set of propositions which G accepts as true, i.e., KB(G) is
a default extension of A(G). If A(G) has multiple extensions, then G has to select one.

7.1 Temporal First Order Nonmonotonic Logic (TFONL)

The time structure employed in this paper is an interval-based theory of time. The
agent’s knowledge and reasoning capability are expressed in a Temporal First Order
Nonmonotonic Logic (TFONL) [54]. The system is based on the quantified version of
the non-temporal system T3 [57].

The language, Lts, of T3 is that of Kleene’s three-valued logic extended with the
modal operators M (Epistemic Possibility) and P (Plausibility). In T3, L is the dual of
M and N be the dual of P, i.e., LA = ~M~A and NA = ~P~A. A truth-functional
implication O that behaves exactly like the material implication of classical logic is
defined in [57] as follows: (A > B = M(~A & B) V ~A V B. Non-monotonic reason-
ing is represented via the epistemic possibility operator M and the plausibility opera-
tor P. Informally, MA states that A is not established as false. Using M, we may
define the operators UA = MA&M~A (undefined), DA = ~UA (defined) and —A =
DA & ~A (classical negation).

TFONL employs an explicit temporal representation with a theory of time that
takes both points and interval as primitives. It employs an explicit representation of
events. We may embody default logic into TFONL [55]. Furthermore, it is suitable
for argumentation and dialogue frameworks cf. [47, 48, 49, 56] for more details).

We have implemented a proof system for T3. One of its essential features is that it
allows free and complete access to all stages of the proof process. The proof method
proceeds by the construction of a tableau. This is a tree-structure in which all the
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possible models allowed by the premises and negated conclusion are set out and ex-
amined for consistency. The construction of the tree is governed by rules for each
logical connective in the language. These rules are closely related to the semantics of
the language. The method performs a case-wise analysis of all models in which the
premises might be true while contradicting the conclusion, if no such models are
found to exist, the theorem is proven. We employ this method because it allows an
agent absolute access to every stage of the proof process. We then exploit this access
in order to find a cooperative and/or informative answer. If a proof succeeds mono-
tonically, the agent's answer is simply Yes. If it succeeds by means of one or more
assumptions, the answer is of the form Yes, if .... where the body of if-clause is the
information that was assumed. Where a proof fails, we have the task of determining
the reason why it failed - i.e. which assumptions should be made to yield a yes-answer
and what additional knowledge is needed. This is essentially how agents can deter-
mine what knowledge/information they need. A failed proof has one or more models,
which are consistent, and therefore counterexamples to our intended inference. We
are able to compare these consistent models with closely related inconsistent ones.
We can then identify the contradiction, which is in some sense missing. In other
words, we point to the particular premise or premises which are too weak to support
the inference. A cooperative and/or informative answer in this case takes the form
No, unless ... and the body of the unless-clause is composed of the strengthening re-
quired in a premise or premises so that the counterexamples would no longer arise.

7.2 Context and Dialogue

Contextual knowledge representation and reasoning are challenging issues for inter-
disciplinary research. The roots of the problem lie in the ambivalence of the notion of
context across and within different research specializations such as philosophy,
psychology, pragmatics, linguistics, computer science, and Artificial Intelligence(Al).
Indeed, there are many different notions of context that can be found in the Al
literature [2, 31, 33, 43].

There are many definitions of context and many dimensions along which represen-
tations of contextual knowledge may vary [10, 11]. However, most researchers in the
different disciplines seem to agree on the following fundamental properties.

(1) Partiality: A context is partial — it describes only a subset of a more compre-
hensive state of affairs. Furthermore, there may be various kinds of relation-
ships between different partial representations (such as overlap or inclusion).

(2) Approximation: Approximation is closely tied to the notion of relevancy.
Contextual information which is not required by the user must be abstracted
away, rendering the remaining information partial.

(3) Perspective: A given state of affairs can be considered from several independ-
ent perspectives. The perspective dimension indicates how information must
account for various perspectives such as a spatial perspective (e.g., a user’s
location), temporal perspective and logical perspective.

There are no clear rules for determining what will count as the context of a Topic of
Concern (ToC). However, something is generally more likely to be considered part of
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the context if it is close to the ToC along some particular dimension or for some par-
ticular purpose. In short, context is a set of things, factors or attributes that are related
to a ToC in important ways (e.g. operationally, semantically, conceptually, pragmati-
cally). We believe that an agent never considers all its knowledge but rather a very
small subset of it. This subset is usually determined by what an agent considers to be of
relevance to a state of affairs based on what it has in its knowledge base and the input it
receives concerning the state of affairs. This subset, however, is what determines the
context of reasoning. We therefore take a context C to be a set of conditions that helps
in extracting a local theory; a subset of the knowledge base together with the inference
machinery needed to reason with that is used locally to prove a given goal.

In knowledge sharing situations, Context can be defined as the set of all conditions
are related to the agent functionality, together with those that influence the under-
standing and generation of appropriate locutions in a dialogue. It includes the agent's
beliefs about various types of information and about the other participant's current
beliefs, related to the underlying task/topic and to each other's information state. The
definitions of the basic types of locutions and their effect rules (cf. Subsection 8.3.4)
specify the way in which certain context information is to be updated when the
locution is properly understood by the receiver. Therefore a model of context should
include at least the following information:

(C1) Information that is needed for the interpretation (and generation) of
appropriate locution such as information about goals and tasks, and about
progress made up to that stage in the dialogue toward achieving particular
goals.

(C2) Information about participants' goals and beliefs

(C3) Information about the interaction, needed for the interpretation and
generation of dialogue control actions such as:

(C3.a) information about the interpretation, evaluation and application of
previous utterances.

(C3.b) information about the participant’s interpretation, evaluation and
application of previous utterances.

(C3.c) information about protocols and turntaking.

The essential use of context is for the agents to judge the relevance of moves and the
continual change to their information states throughout the different stages of the
dialogue.

8 A Multi-Agent Based Model of Argumentation and Dialogue

The primary purpose of a KM system should be to make knowledge accessible and
reusable by its different components whether human or software agents [30]. The core
of KS is a dialogue and argument framework for collaborative autonomous agents
which, should allow dialogue participants to communicate effectively; convey infor-
mation, generate appropriate questions that express the needs of the represented
groups, annotate responses (e.g., in the form of arguments) and judge their suitability
and quality [47, 48, 49, 56]. The participating agents are expected to recognize their
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limitations, determine when they should seek help. This has the effect of allowing
agents to make use of other agents' available knowledge and expertise for tasks that
are outside the knowledge scope and expertise of their represented groups.

8.1 Argumentation and T3

Agents, in a KM system, need to interact in order to fulfill their objectives or improve
their performance. Different types of interaction mechanisms suit different types of
environments and applications. Thus, agents might need mechanisms that facilitate
information exchange [19, 44], coordination [20, 50] where agents arrange their
individual activities in a coherent manner, and collaboration [65] where agents work
together to achieve a common objective. Various interaction and decision mecha-
nisms for automated negotiation have been proposed in the MAS literature. These
include: game-theoretic analysis [41, 71], heuristic-based approaches [25, 26, 40] and
argumentation-based approaches [42, 60, 72, 66].

In this paper we are mainly interested the argumentation-based approaches. Argu-
mentation is gaining more significance as an essential concept in multi-agent
interaction as it enables richer forms of information exchange and rational dialogue.
Argumentation is a process of reasoning. Its ultimate goal is to resolve any controversy
in the sense that the available information provides both a ‘‘justification’’ and refuta-
tion for a given proposition expressing a belief or a goal. Argumentation can be used
by an agent to reason about what to believe and about what to do. Arguments have an
essential role to play in situations of conflict between communicating agents. They
allow an agent to critically question the validity of information presented by another
agent, explore multiple perspectives and/or get involved in belief revision processes.

In [21, 22], a theory of argumentation, within First Order Logic, based on a notion
of “acceptability of arguments”, is proposed. It is shown that many logics for default
reasoning can be viewed as instances of an abstract argumentation framework in
which arguments and the attack relation between arguments are defined entirely
abstractly, ignoring their internal structure. It is also shown that the theory captures
the logic structure of many problems such as the n-persons game theory.

The acceptability/rejection of the proposition has to be evaluated together with the
reasoning process involving the justification. In other words, Arguments and their
constituents are judged using some rationality criteria. This distinguishes argumenta-
tion from the classical deductive reasoning viewpoint, in which proofs for proposi-
tions cannot be challenged.

Argument evaluation is essential in the study of argumentation. In Al, argument
evaluation and comparison has been applied, for example, in internal agent delibera-
tion [39] and in legal argumentation [64]. In KS context, an argument may be consid-
ered as tentative proof for some conclusion. An agent may evaluate an argument
based on some objective convention such as investigating the correctness of each
inference step, or by examining the validity of the underlying assumptions. For exam-
ple, a classification of arguments into acceptability classes based on the strength of
their construction is proposed in [23].

Arguments may also be evaluated based on their relationships with other argu-
ments. For instance, an argument is said to be acceptable with respect to a set S of
arguments if every argument attacking it is itself attacked by an argument from that
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set [21]. The set S is said to be admissible if it is conflict free and all its arguments are
acceptable with respect to S. In [4], agents compare arguments based on preferential
ordering over their constituent propositions. An agent may also choose to consider its
own preferences and motivations in assessing an argument [9].

In MAS, argumentation give us means for enabling an agent to handle conflicting e
information within its information state, for keeping its information state up to date
with new perceptions from the environment, and for reconciling conflicting informa-
tion between multiple agents through communication. It provides means for

(1) forming beliefs and decisions on the basis of incomplete, conflicting or uncer-
tain information.
(2) structuring dialogue between participants that may have conflicting beliefs.

An inherent, almost defining, characteristic of multi-agent systems is that agents
need to communicate in order to achieve their individual or collective aims. It has
played an important role in the exploration of different types of dialogues in MAS [77].

Argumentation can serve both as a framework for implementing autonomous agent
reasoning (e.g. about beliefs and actions) and as a means to structure communication
among agents. The whole dialogue can be structured through argumentation-based
protocols, based on dialogue-games. A particularly important issue on the boundary
between communication and agent’s internal reasoning is the specification of argu-
mentation dialogue strategies. A strategy in an argumentation dialogue specifies what
utterances to make in order to bring about some desired outcome (e.g. to persuade the
counterpart to perform a particular action). It has to be said that for more complex
dialogue strategies, however, only informal methodologies have been proposed [67].

An Argumentation Framework (AF) system captures and represents the constitu-
ents of arguments. These may include facts, definition, rules, regulations, theories,
assumptions and defaults. They can be represented as (possibly ordered) sets of for-
mulae. It also captures the interactions and reactions between arguments and con-
stituents of arguments such as undercutting. Furthermore, some notion of preference
over arguments may be needed in order to decide between conflicting arguments.

Definition 8.1. An argument, in T3, is a pair P = <S, A> where S is an ordered set of
WFF and A is a WFF of the language of T3 such that

(1) S is consistent
(2) S I-13 A (i.e., A follows from S in T3)
(3) S is minimal. No proper sub-list of S that satisfies (1) and (2) exists.

An argument, P = <S, A>, in T3 is simply a proof of A in T3. S is called the support
of P and A is its conclusion. We shall use Support(P) (resp. Conc(P)) to denote that S
is a support of P (resp. A is a conclusion of P).

Since T3 contains defeasible implications (default rules) and material implication,
then it would be worthwhile distinguishing between a defeasible argument and a non-
defeasible/classical argument.
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Definition 8.2. A defeasible argument is a proof P = <S, A> where S contains some
defeasible implications. A non-defeasible/classical argument is a proof that neither
contains any defeasible implication(s) nor relies on any un-discharged assumptions.

It is important to note that in T3, an agent could provide an argument for both a
proposition and its negation, i.e., in default logic sense [69], the theory of the agent
may have multiple extensions.

Hence, in a dialogue between two agents, a defeasible argument is a structured
piece of information that might be defeated by other (defeasible) arguments. Unlike a
proof, in classical monotonic logic, an argument does not establish warrant for a con-
clusion, in a definite way, as it may be defeated by counter-arguments which are
defeasible, and so on.

Definition 8.3. A proposition B is acceptable in T3 if there is an ordered set S of
propositions such that P = <S, B> is proof/argument in T3.

If P = <S, B> is attacked then B becomes non-acceptable. However, if the argument
that attacked S is itself attacked, the acceptable status of B will be restored.

The idea of attack is based on conflict, and defeat, between propositions and/ sets
of propositions. For instance, a non-defeasible implication defeats a defeasible impli-
cation in T3. We may define attack between arguments in many ways. One such neat
way is the notion of Undercut.

Definition 8.4. Let P1 and P2 be two argument in T3. Then Undercut(P1, P2) iff (3 B
€ Support(P2) such that B = ~Conc(P1) where ” =" is the equivalence of classical
logic as defined above.

P2 undercuts P1 if, and only if, P2 has a formula that is the negation of the conclusion
of P1.

It is useful to employ some ordering or any criteria that may help inducing some
preference between propositions to define a notion of defeat between conflicting
arguments.

8.2 Dialogue Types for KM

We adopt the notion of a dialogue game in which two participants make moves to
pass on relevant information with respect to their goals. Central to the model is that
the agents PIS change as a result of the interpretation of the moves and that these
changes trigger the production of a succeeding move. The interpretation involves
some understanding (ability to make sense or use of) the presented information. It
does involve an integration of the offered information with the PIS of the receiver.
Context are represented as a consistent subset of an agent's PIS, namely those propo-
sitions which bear on the interpretation of the utterance on hand and on the proposi-
tions that are relevant to producing the goal(s). Interpretation relies on maintaining
consistency in the context whilst adding the utterance's information. An agent can
only interpret an utterance with respect to the knowledge it has available. Therefore,
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failure to complete the interpretation process/proof will point to those propositions
which induce failure. Thus, part of a context is entirely local to an agent, and that
agents may hold incompatible and inaccurate beliefs.

The idea is as follows: a move by an agent G is generated on the basis of some
enabling conditions which G can infer from its information state and the need to
satisfy some goal(s). The effect of this move after being interpreted by the other par-
ticipant G1 is that G1’s information state may/will undergo some change. This move
may initiate the legality of other moves which G1 can employ as legal reply moves. It
may also terminate the legality of some other moves and render them illegal reply
moves. The initiation and termination of the legality of moves is a dynamic process.
The legality of moves could partly be determined by a reply structure, i.e., a protocol.
Dialogue protocols provide a lower bound on the conditions needed for dialogue
coherence.

In the next turn G1 may adopt the sender’s role and, subsequently, its changed in-
formation state may lead to the inference of the enabling conditions for the next move.
Dialogue relevance of subsequent moves is established by the initial information states
of the participants, the update rules associated with each of the primitive types of
dialogue moves locutions that change a particular PIS and the rules for cooperative
behavior, by the participants. Dialogue coherence relations are mainly driven by dia-
logue history and the dynamics of the participants’ PISs with respect to the main goal
of the dialogue. The coherence of a dialogue moves is tied to local interactions that are
dependent on the agent’s particular situation reflected in the changes in its information
states and intermediary goals judged by the agent to contribute towards the main goal.
Thus, the reasoning abilities and specialized knowledge available to the agents do play
an important role as they do capture the agent’s problem-solving and strategic reason-
ing ability that may affect the selection of the most appropriate legal move.

The distinction between the types of dialogue is based on collective goals, individ-
ual goals and reasons for starting the dialogue. Each type of dialogue can be formu-
lated as a set of rules. These constitute a model, representing the ideal way by which
cooperative agents participate in the type of dialogue in question. It is important to
note that in the course of communication, there often occurs a shift from one type of
dialogue to another. Dialogue embedding takes place when the embedded dialogue is
functionally related to the first one. We now give a brief presentation of some of the
types of dialogue:

1. Information seeking: When a user make a query, the system makes an attempt to
extract enough information from the user as is needed to search for the required in-
formation.

2. Inquiry: The basic goal of inquiry is information growth so that an agreement
could be reached about a conclusive answer of some question. The goal is reached
by a incremental process of argumentation that employs established facts in order
to prove conclusions beyond a reasonable doubt. In short, the aim is to acquire
more reliable knowledge to the satisfaction of all involved. Inquiry is a cooperative
type of dialogue and correct logic proofs are essential.

3. Negotiation dialogue: The task of negotiation dialogues is that the dialogue par-
ticipants come to an agreement on an issue. Negotiation dialogues differ from
many other user/system interactions because in a negotiation both parties will have
their own goals and constraints.
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4. Persuasion Dialogue: persuasion is an expertise that employs argumentation in
order to make other agents collaborate in various activities. The goal of persuasion
dialogue is for one participant to persuade the other participant(s) of its point of
view and the method employed is to prove the adopted thesis. The initial reason
for starting a persuasion dialogue is a conflict of opinion between two or more
agents and the collective goal is to resolve the issue. Argument here is based on
the concessions of the other participant. Proofs can be of two kinds: (i) to infer a
proposition from the other participant’s concessions; and (ii) by introducing new
premises probably supported by evidence. Clearly, a process of learning (e.g.,
knowledge update/belief revision) takes place here.

5. Problem-Solving dialogue: In a problem-solving dialogue, both participants col-
laborate with the common goal of achieving a complex task. A problem-solving
dialogue may involve all the other types of dialogue, i.e., information seeking,
inquiry, negotiation and/or persuasion sub-dialogues.

8.3 Toward a Formalization of Argumentation and Dialogue

Within the framework of T3, it should be possible to formalize dialogue moves and
the rules of protocols of the required types of dialogue. The rules of a protocol are
nonmonotonic in the sense that the set of propositions to which an agent is committed
and the validity of moves vary from one move to another. The use of PIS should al-
low an agent to expand consistently its viewpoint with some of the propositions to
which another agent involved in a dialogue is overtly committed. In this section we
present a formal framework for argumentation and dialogue. The basic structure is an
explicit reply structure on moves, where each move has to be an appropriate reply to a
previous (but not necessarily the last) move of the other participant. It is a important
to note some types of dialogue may involve some other types of dialogue such as a
problem-solving dialogue which may require information seeking, inquiry, negotia-
tion and/or persuasion sub-dialogues.

A dialogue system [47] is a formal model that aims to represent how a dialogue
should proceed. It defines the rules of the dialogue. All dialogues are assumed to be
between two agents about some dialogue topic . The topic language, Lyopic, is a logical
language which consists of propositions that are the topics of the dialogue. The lan-
guage involves defining different aspects that are necessary to describe the content of
the knowledge/information to be exchanged. Lypic is associated with T3 which de-
termines the inference rules, the defeat relations between the arguments and defines
the construction of proper arguments and dialogue moves.

Definition 8.5. A dialogue system is a triple D = (Lcom, PROT, EFF) where

(1) Lcom is the communication language. defined below in Subsection 8.3.1.

(2) PROT is a protocol for Loy and is defined in Definition 8.8 below.

(3) EFF is a set of rules that specify the effects of utterances (locutions in Lcgy) on
the participants' commitments. EFF is defined in Subsection 8.3.5.

8.3.1 The Communication Language Lcom
KS and agents collaboration requires a sophisticated Agent Communication Language
(ACL). The main objective of an ACL is to model a suitable framework that allows
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heterogeneous agents to interact and to communicate with meaningful statements that
convey information about their environment or knowledge. There are two main com-
munication languages: KQML [28] and FIPA [29, 45]. These languages have been
designed to be widely applicable. This feature can be both a strength and a weakness:
agents participating in conversations have too many choices of what to utter at each
turn, and thus agent dialogues may endure a state-space explosion. The need for a
language that allows sufficient flexibility of expression while avoiding state-space
explosion had led agent communications researchers to the study of formal dialogue
games. Furthermore, the semantic language for the locutions of FIPA, is an axiomatic
semantics of the speech acts of the language, defined in terms of the beliefs, desires
and intentions of the participating agents [29]. In this section we present LCOM that
specifies the locutions which the participants are able to express or say in the dia-
logue. We will assume that every agent understands LCOM and that all agents have
access to common argument ontology, so that the semantics of a message is the same
for all agents.

8.3.2 Dialogue Move

A dialogue consists of a course of successive utterances (moves) made by the dia-
logue participants. Let L be the set of possible moves which participants can make.
Let uy= p U & where & stands for the empty sequence of moves.

Definition 8.6. (Dialogue Move) A dialogue move M € L is a 5-tuple
M = <ID(M), SENDER(M), 6(M), TOPIC(M), TARGET(M)>
where
(1) ID(M), the identifier of the move M. (i.e., ID(M) =i indicates that M is the i"
element of the sequence in the dialogue).
(2) SENDER(M) is the participant that utters <6(M), TOPIC(M)>.
(3) 6(M) e {Assert, Retract, Accept, Reject, Question, Challenge }
(4) TOPIC(M) denotes the sentence which a dialogue participant wants to pass on
to the other participant.
(5) TARGET(M) is the target of the move.
For instance, M = <3, G2, Assert, A, 2> states that M is the 3 moveina dialogue
where G2, asserts the proposition A and it is G2’s reply to move M,.
We shall use LOC(M) = <6(M), TOPIC(M)> to denote the locution of M.

8.3.3 Turntaking and Protocol

We shall employ the notation Dy, where 1 < k < oo, to refer to a finite sequence of
moves My, ... M. Let Finite-D = J U {D,: 0 <k < =} where each D, satisfies the
following conditions:

(t1) for each i"™ element, M, in Dy, IDOM) =iand 1<i< k.

(t2)TARGET(M;) =0, i.e., the first move in a dialogue cannot be a reply to an earlier
move.

(t3) for all 1 <i < k, it holds that TARGET(M;) = j for some M;, such that 1 <j <i <
k, in Dy.
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Definition 8.7. Let G1 and G2 be two agents and P = {G1, G2}. A turntaking func-
tion, Turn, for a dialogue d € Finite-D that has participants P is a function
Turn: Finite-D — P

such that Turn(&d) = G1 XOR Turn(<J) = G2 where XOR stands for exclusive OR

Turn(d) = G1 (resp. Turn(d) = G2) indicates that G1 (resp. G2) made the first
move in the dialogue.

A turn of a dialogue is a maximal sequence of successive moves made by the same
participant.

We are now in the position to define the protocol. The first part of the following
definition is taken from [63].

Definition 8.8. A protocol on Finite-D is a set PROT c Finite-D satisfying the fol-
lowing condition (P1):

(P1) forany n, 1 £ n<eo, if D, € PROT then D,.; € PROT
A partial function Proto: Finite-D — . is derived from PROT as follows:

Proto(d) = Undefined if d ¢ PROT

Proto(d) = {M € u: d,M € PROT} where d,M is dialogue d followed by move M.
Proto(d) is the set of moves that are allowed after d.
If d is a legal dialogue and Proto(d)=%, then d is said to be a terminated dialogue.

Proto must satisfy the following conditions:
(C1) for all d € Finite-D and M € p it holds that if d € Dom(Proto) and M €
Proto(d) then d,M € Dom(Proto) where Dom(Proto) is the domain of Proto.

All protocols are further assumed to satisfy the following basic conditions for all
moves M and all legal finite dialogues d. That is, if M € Proto(d), then:
(C2) SENDER(M) € Turn(d);
(C3) If d is not empty and M is not the first move. then <d6(M), TOPIC(M)> is a
reply to <d(My), TOPIC(M,)> where TARGET(M) = s.
(C4) If M is a reply to M’, then SENDER(M) # SENDER(M”);
(C5) If there is an M’ in d such that TARGET(M) = TARGET(M’) then <d(M),
TOPIC(M)> # <6(M”), TOPIC(M”)>.
(C6) For any M’ € d, if M’ accepts the locution uttered by SENDER(M), then M
does not reject or challenge any of the constituents of the locution of M’.
(C7) If d = & then (M) = Assert or 6(M) = Question.

(C1)- (C7) capture a lower bound on coherence of dialogues. (C2) says that a move is
legal only if it is made by the right participant. (C3) says that a replying move must be
a reply to its target. (C4) states that if a dialogue participant replies by a move M to a
move M’, then M’ must be have been made by the other participant. (C5) states that if
a participant replies in two moves to the same target, then they must have different
locutions. (C6) says that “Accept” is not an appropriate reply to ‘Challenge” or ‘“Re-
ject”. (C7) says that the first move has to be an assertion or a question.
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8.3.4 Basic Locutions
Every dialogue system specifies its own set of locutions. However, there are several
basic types of locutions which are used in many systems.

Let G be an agent, involved in an On-Going dialogue d at stage i-1 with another
agent G1. Let KB(G) (resp. KB(G1)) represent the set of propositions which G (resp.
G1) accepts as true. Let A € Loy, ] < 1, Mj a move made by participant G1, and M is
a move made by G as a reply to M;, then

(1) Assert A: An agent G can make the move “Assert A” if A is derivable from
KB(G) which is not inconsistent. G can offer a proof of A.

(2) Retract A: this move is a countermove to “Assert A”. G can only make the
move “Retract A” as a reply to a “Assert A” move made earlier by G1. In
making the move “Retract A”, G in NML3, is not committed to “Assert ~A”.
This move deletes A from KB(G).

(3) Accept A: this move can be made by an agent G to signal that it
accepts/concedes a proposition A. It has to be a reply to a previous “Assert A”
made by another agent G1. G can make the move “Accept A” if A is not
inconsistent with KB(G), otherwise KB(G) will be subject to revision. The
impact of this move is that A will be added to KB(G). This can be possible if
the locution of a previous message by another agent is "Assert A".

(4) Reject A: a countermove to “Accept A”. It is important to note that in NML3,
“Reject A” by G does not commit it to “Accept ~A”. This can be possible if
the locution of a previous message by another agent is "Assert A". The
impact of this message could either be no change to KB(G) as it is in
contradiction with A, or an update of KB(G) by retracting A.

(5) Question A: An agent G questions/asks from another, G1, for information con-
cerning A (e.g., whether A is derivable from KB(G1). This move does not al-
ter either of KB(G) or KB(G1).

(6) Challenge A: This move is made by one agent G, for another G1, to explicitly
state that G1 has to provide a proof for (an argument supporting) A. This
move does not alter either of Context(G, D;, G1) or Context(G1, D;, G). In this
move G is forcing G1, to explicitly state a proof (an argument supporting) A.

8.3.5 Rules of Protocols of Some Types of Dialogue

1. Information-Seeking: Assume that the information seeker is agent G and the other
agent is G1 The steps in a successful information seeking dialogue are as follows:

(IS1) G makes a Question move such as
M; =i, G, Question, A, I> where M, is a move made earlier by G1 and 1 < i.

(IS2) Gl replies with the move My where the identifier is k and its target is the move
M;, where k > i, as follows:
(1) My =<k, G1, Assert, A, i> or
>i1) My =<k, G1, Assert, ~A, i> or
(i11) My = <k, Gl1, Assert, UA, i> where UA means that for G1 the truth value of
A is undefined.
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(IS3) G either accepts G1’s response using an Assert move or challenges it with a
Challenge move. UA initiates an inquiry sub-dialogue between the agents or the
information-seeking dialogue is terminated.

(IS4) G1 has to reply to a move “Challenge A” with a proof S using a move M, = <,
Gl1, Assert, S, k> where S is a proof of A based on the knowledge base of G1.

(IS5) For each sentence B employed in the proof S, either G accepts B using a move
such as “Assert B” or “Accept B” depending on whether it is derivable from, or
it is not inconsistent with, its knowledge base. Otherwise, it may challenge B, in
which case G1 has to provide a proof for B.

2. Inquiry: The following is an inquiry-protocol about a proposition A involving G
and G1.

(INQ1) G seeks a support/proof for A. It begins with a move such as “Assert B —>A”
or “Assert B = A”, for some sentence B if G believes that B - A or B = A
should be derivable but it needs some confirmation and that will happen if Gl
accepts the assertion. Otherwise, G will use a move such as “Assert UA”.

(INQ) GI1 could reply following in one of the following ways:

(I1) accepts B —A or accepts B = A as appropriate using an “Accept” move. If an
accept move is made, then either the inquiry terminates successfully or G could
go on asking G1 to provide a proof for B. This case is similar to one where a
student asks for a clarification regarding some issue.

(I2) accepts B —A or accepts B = A as appropriate, but G1 seeks a support/proof
for B, i.e., it could reply with an “Assert” move that asserts E — B or asserts E
= B, as appropriate, for some sentence E or a move that asserts UB.

(I3) challenges B — A or B = A as appropriate with a “Challenge” move.
(INQ3) If a challenge move is made as in step (I3) by G1, Then G has to reply to the
challenge with an “Assert P” move that provide a proof derived from the

knowledge base of G of the last proposition challenged by G1.

(Ing4) For every sentence C in P, G1 may either accept C with an “accept” move or
may challenge it with a “Challenge” move.

(Ing5) When both agents accept A, the dialogue terminates successfully.

It is important to note that the agents could switch roles and either of them could
seek a support/proof for a sentence or challenge a sentence when appropriate.

3. Persuasion: The following is a persuasion protocol where agent G is trying to
persuade agent G1 to accept a proposition A.
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(P1) G begins with a move where it asserts A.

(P2) G1 may reply with one of the following three moves:
(i) “Accept A”
(i) “Asserts ~A”
(iii) ““Challenge A”.

(P3) There are three possibilities depending on G1’ reply:

(1) If the answer of G1 in the previous step (P2) is (i), then the dialogue may
successfully terminate.

(2) If the answer of G1 in the previous step (P2) is (ii) “Asserts ~A”, then go to
step (P2) with the roles of the agents switched and ~A is put in place of A..

(3) If the answer of Gl in the previous step (P2) is (iii) “Challenge A”, then G
should reply with a move that provide/asserts a proof P of A derived from its
knowledge base.

(P4) If G has replied with a proof P of A, then for every proposition B employed in P,
G1 may seek a proof/support from G1 (i.e., may invoke step P2 for B).

8.4 PIS Dialogue Control Using Theorem Proving

In KS contexts, decisions could be made, by one or more participants, dynamically, on
the basis of the previous steps captured in the dialogue history, and the current PISs of
the participants and their knowledge need. This approach differs form the approach
adopted in some plan-based systems, where an agent G first make a complete decision
regarding its solution together with a plan as to how it can it wants to proceed in order
achieve its goals, before it sends it to another other agent, say G1. Nonmonotonic theo-
rem proving of T3 can be used to determine what is accomplishable and the dialogue is
used for the acquisition, if at all possible, of what is considered necessary or required
to complete a specific task step. Failure to provide the needed/missing information by
one agent may leave no choice but to make assumptions, i.e., by invoking
nonmonotonic inference rules. In doing so, dialogue is integrated closely with KS
activities and is invoked when an agent is unable to complete a task using its own
knowledge and/or resources. The nonmonotonic proof method can be employed to
create sub-dialogues to deal with ensuing issues needed for the overall task.

9 An Example

In this section we give an example that show that a participant, that uses T3 proof
method, in a dialogue has access to every stage of the proof process, which can be
used to provide cooperative and/or informative answers to questions posed by the
other participants.

Assume that we have two agents G1 and G2. G1 needs a lift in a car. It notices a
car parked in front of John's house and decides to ask G2 in order to decide whether to
ask John for a lift.
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Let Skilltodrive = john is skilled to drive
Ownscar = John has a car
Licensed = John has a license
Candrive = John can drive

Scenario 1

KB(G2) o {Skilltodrive, Ownscar, License,
Ownscar&Licensed&Skilltodrive — Candrive }

Goal(G1) o {Get-Lift}

KB(G1) o {Candrive — Get-Lift}

We employ = instead of — to express defeasibility. For instance, it is possible to
have a case where john is skilled to drive, John has a car and John has a license, but
he cannot drive because of some physical conditions. Hence, it would be more appro-
priate to use

“Ownscar&Licensed&Skilltodrive = Candrive”

instead of
“Ownscar&Licensed&Skilltodrive — Candrive”.

Dialogue 1 (Accept)
Here we present a simple example of Information-Seeking dialogue that termi-
nates successfully.

First, G1 asks G2 if John can drive.
# M;: <1, G1, Question, “Candrive”, 0>
# M,: <2, G2, Assert, “Candrive”, 1>.

In M,, G2 replies with a “Yes” answer to G1’s question about whether John can
drive. After M,, it is clear that G2 is committed to the “John can drive”.

# Mj: <3, G1, Accept, “Candrive”, 2>

In M;, G1 accepts G2’s answer which was provided in M,.
The acceptance by G1 in M; of the reply which G2 provided in M, indicates that
we have a successful termination of the dialogue.

Dialogue 1 (Challenge)

Suppose that G1 has challenged G2’s answer, as in M3, the dialogue would have
been as follows:

# M;: <1, G1, Question, “Candrive”, 0>

# M,: <2, G2, Assert, “Candrive”, 1>.

# M’;: <3°, G1, Challenge, “Candrive”, 2>

In M’;, G1 challenges G2’s answer which was provided in M,.
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G2 has to reply with a proof that John can drive, “Candrive”, as in My. Using the
theorem prover, "Candrive” can be proved, in a proof P1, by refutation and mono-
tonically and requires no sub-proof.

# M,: <4, G1, Assert, “P1”, 3’>
G1 can either accept, as in Ms, the proof P1 presented by G2 in M, as in M5 or
challenge the proof.

# Ms: <5, G1, Accept, “P17, 4>

In Ms, G1 accepts G2’s answer which was provided in M.

The acceptance by G1 in M;s of the proof P1, which G2 provided in M, indicates
that G1 accepts its conclusion. Hence we have a successful termination of the dia-
logue.

Scenario 2
Suppose that the premise that John has a license is removed from KB(G2), i.e.,
KB(G2) o {Skilltodrive, Ownscar,
Ownscar&Licensed&Skilltodrive — Candrive }
Goal(G1) o {Get-Lift}
KB(G1) o {Candrive — Get-Lift}

In this case, G2 may answer in two different ways as shown below in Dialogue 2.1
and Dialog 2.2.

Dialogue 2.1 (Accept)
First, G1 asks G2 if John can drive.
# M;: <1, G1, Question, “Candrive”, 0>

G2 cannot prove monotonically “Candrive” because there is a need for the prem-
ise “Licensed” (that John has a license) to complete the proof. In this case, there are
many ways along which the dialogue could proceed. One of the choices would be to
assert “Licensed — Candrive”, which can be interpreted as “Yes” John can drive if he

has a license.

# M,: <2, G2, Assert, “Licensed — Candrive”, 1>.

G1 may decide to accept G2’s reply as in M3 to indicate a successful termination of
the dialogue.

# Mj: <3, G1, Accept, “Licensed — Candrive”, 2>

In M3, G1 accepts G2’s answer which was provided in M,. After M3, the situation
is as follows:
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Dialogue 2.2 (Challenge)

Suppose that G1 has challenged G2’s answer, as M’3, the dialogue would have
been as follows:

# M;: <1, G1, Question, “Candrive”, 0>

# M,: <2, G2, Assert, “Licensed — Candrive”, 1>.

#M’;: <3°, G1, Challenge, “Licensed — Candrive”, 2>

In M’;, G1 challenges G2’s answer which was provided in M,.
G2 has to reply with a proof that shows the need to assume “Licensed” in order to
prove “Candrive” in the proof P2.

#My: <4, G2, Assert, “P2”, 3’>

G1 can either accept, as in Ms, the proof presented by G2 in M, or challenge the
proof.

# Ms: <5, G1, Accept, “P2”, 4>

In M5, G1 accepts G2’s answer which was provided in M.

The acceptance by G1 in Ms of the nonmonotonic proof P2, which G2 provided in
M, indicates that G1 accepts its assumption and its conclusion. Hence we have a suc-
cessful termination of the dialogue.

Scenario 3
Suppose that the premise that John does not have a license is added to KB(G2),
ie.,
KB(G2) o {Skilltodrive, Ownscar, ~Licensed
Ownscar&Licensed&Skilltodrive — Candrive }
Goal(G1) o {Get-Lift}
KB(G1) o {Candrive — Get-Lift}

Dialogue 3
G1 begins the dialogue by asking G2 if John can drive.
# M;: <1, G1, Question, “Candrive”, 0>

# M,: <2, G2, Assert, “~Candrive”, 1>.
In M,, G2 replies with a “No” answer to G1’s question about whether John can
drive.

# M;: <3, G1, Challenge, “~Candrive”, 2>

In M’;, G1 challenges G2’s answer which was provided in M,.

G2 cannot prove, in P3, monotonically “Candrive” and thus in P3 “~Candrive” is
nonmonotonically is inferred. An attempt to hold an assumption that "John has a li-
cence” will, however, fail as it will contradict the premise "~Licensed" which states
that such an assumption is false.
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# M,: <4, G1, Assert, “P3”, 3>

G1 can either accept, as in Ms, the proof presented by G2 in M, or challenge the
proof.

# Ms: <5, G1, Accept, “P3”, 4>

In Ms, G1 accepts G2’s answer which was provided in M.

The acceptance by G1 in M;s of the proof P3, which G2 provided in My indicates
that G1 accepts its conclusion. Hence we have a successful termination of the
dialogue.

10 Concluding Remark

We have in this paper proposed a multi-agent system that assists in the process of
knowledge sharing between concerned knowledge worker groups. Each agent is a
knowledge broker and organizer for a specialized knowledge worker group involved
in the operations of a sub-system. In addition to timely access to knowledge, it should
help in understanding the motivation which underlies decisions made by other groups
and/or the information/knowledge bases for such decisions. Each agent is expected to
learn about the activities, contexts of decisions, knowledge employed and experiences
of other knowledge workers groups whose activities are considered to be relevant to
the group it represents. We have employed a Partial Information State to represent the
knowledge of the agents. We have employed a three-valued based nonmonotonic
logic, TFONL, for representing and reasoning about PISs. We have only made use of
non-temporal part, T3, of TFONL and refrained from addressing temporal issues. We
have present a multi-agent based model of argumentation and dialogue for knowledge
sharing. On the argumentation side, it is worthwhile investigating further the subtle-
ties of each type of dialogue in relation to different tasks that may be accomplished by
an agent. It would also be beneficial to further investigate, within the framework, stra-
tegic and tactic reasoning for rational agents.
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Abstract. An A-Team is a system of autonomous agents and the common
memory. Each agent possesses some problem-solving skills and the memory
contains a population of problem solutions. Cyclically solutions are being sent
from the common memory to agents and from agents back to the common
memory. Agents cooperate through selecting and modifying these solutions
according to the user-defined strategy referred to as the working strategy. The
modifications can be constructive or destructive. An attempt to improve a
solution can be successful or unsuccessful. Agents can work asynchronously
(each at its own speed) and in parallel. The A-Team working strategy includes a
set of rules for agent communication, selection of solution to be improved and
management of the population of solutions which are kept in the common
memory. In this paper influence of different strategies on A-Team performance
is investigated. To implement various strategies the A-Team platform called
JABAT has been used. Different working strategies with respect to selecting
solutions to be improved by the A-Team members and replacing the solutions
stored in the common memory by the improved ones are studied. To evaluate
typical working strategies the computational experiment has been carried out
using several benchmark data sets. The experiment shows that designing
effective working strategy can considerably improve the performance of the A-
Team system.

Keywords: agents, working strategy, optimization problem, asynchronous team.

1 Introduction

The field of autonomous agents and multi-agent systems is a rapidly expanding area
of research and development. One of the successful approaches to agent-based
optimization is the concept of an asynchronous team (A-Team), originally introduced
by Talukdar [14]. The A-Teams are open, high-performance organizations for solving
difficult problems, particularly, problems from the area of planning, design,
scheduling and real-time control.

An A-Team is a system of autonomous agents and the common memory. The multi
agent architecture of A-Team forms a framework that enables users to easily combine
disparate problem solving strategies. Autonomous agents may cooperate to evolve
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diverse and high quality solutions [11], and they may achieve it by dynamically
evolving a population of solutions. Each agent possesses some problem-solving skills
and the memory contains the population of problem solutions. Cyclically solutions are
being sent from the common memory to agents and from agents back to the common
memory. Agents cooperate through selecting and modifying these solutions according
to the user-defined strategy referred to as the working strategy. The modifications can
be constructive or destructive. An attempt to improve a solution can be successful or
unsuccessful. Agents work asynchronously (each at its own speed) and in parallel.

The A-Team working strategy includes a set of rules for agent communication,
selection of solution to be improved and management of the population of solutions
which are kept in the common memory. In this chapter the influence of different
strategies on A-Team performance is experimentally investigated. To implement
various strategies and to carry out computational experiment the Jade-Based A-Team
Platform called JABAT has been used.

In the next section of this chapter the literature reported implementations of the A-
Team architectures are briefly reviewed followed by a more detailed description of
the JABAT A-Team platform and its functionality. In further sections different
working strategies with respect to selecting solutions to be improved by the A-Team
members and replacing the solutions stored in the common memory by the improved
ones, are studied. To evaluate typical working strategies the computational
experiment has been carried out using several benchmark data sets. Computational
experiment design and analysis of the experiment results conclude the chapter.

2 Jade-Based A-Team Platform

The reported implementations of the A-Team concept include two broad classes of
systems: dedicated A-Teams and platforms, environments or shells used as tools for
constructing specialized A-Team solutions. Such specialized A-Teams are usually not
flexible and can be used for solving only the particular types of problems they are
designed for. Among example A-Teams of such type one can mention the OPTIMA
system for the general component insertion optimization problem [10] or A-Team
with a collaboration protocol based on a conditional measure of agent effectiveness
designed for Flow optimization of railroad traffic [4].

Among platforms and environments used to implement A-Team concept some well
known include IBM A-Team written in C++ with own configuration language [11] and
Bang 3 - a platform for the development of Multi-Agent Systems (MAS) [13]. Some
implementations of A-Team were based on universal tools like Matlab [15]. Some
other were written using algorithmic languages like, for example the parallel A-Team
of [5] written in C and run under PVM operating system. The above discussed
platforms and environments belong to the first generation of A-Team tools. They are
either not portable or have limited portability, they also have none or limited
scalability. Agents are not in conformity with the Foundation of Intelligent Psychical
Agents (FIPA, http://www.fipa.org) standards and there are no interoperability nor
Internet accessibility. Migration of agents is either impossible or limited to a single
software platform.
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In the class of A-Team platforms the middleware platform referred to as JABAT
was proposed in [7]. It was intended to become the first step towards next generation
A-Teams which are portable, scalable and in conformity with the FIPA standards.
JABAT allows to design and implement an A-Team architecture for solving
combinatorial optimization problems. JABAT can be also extended to become a fully
Internet-accessible solution [2], with the ability not only to access the system in order
to solve own combinatorial problems, but also to add own computer to the system
with a view to increase the resources used for solving the problem at hand.

Main features of JABAT include the following:

— The system can solve instances of several different problems in parallel.

— The user, having a list of all algorithms implemented for the given problem may
choose how many and which of them should be used.

— The optimization process can be carried out on many computers. The user can
easily add or delete a computer from the system. In both cases JABAT will adapt
to the changes, commanding the optimizing agents working within the system to
migrate. JABAT may also clone some already working agents and migrate the
clones, thus increasing the number of concurrently operating agents.

— The system is fed in the batch mode - consecutive problems may be stored and
solved later, when the system assesses that there is enough resources to undertake
new searches.

JABAT produces solutions to combinatorial optimization problems using a set of
optimizing agents, each representing an improvement algorithm. The process of
solving of the single task (i.e. the problem instance) consists of several steps. At first
the initial population of solutions is generated. Individuals forming the initial
population are, at the following computation stages, improved by independently
acting agents, thus increasing chances for reaching the global optimum. Finally, when
the stopping criterion is met, the best solution in the population is taken as the result.
How the above steps are carried out is determined by the “working strategy”. There
might be different strategies defined in the system, each of them specifying:

— How the initial population of solutions is created.

— How to choose solutions which are forwarded to the optimizing agents for
improvement.

— How to merge the improved solutions returned by the optimizing agents with the
whole population (for example they may be added, or may replace random or
worse solutions).

— When to stop searching for better solutions (for example after a given time, or after
no better solution has been found within a given time).

For each user’s task the system creates report files that include:

— The best solution obtained so far (that of the maximum or minimum value of
fitness).

— Auverage value of fitness among solutions from the current population.

— Actual time of running and list of changes of the best solution (for each change of the
best solution in the process of solving the time and the new value of fitness is given).



86 D. Barbucha et al.

The report on the process of searching for the best solution may be later analyzed by
the user. It can be easily read into a spreadsheet and converted into a summary report
with the use of the pivot table.

The JABAT middleware is built with the use of JADE (Java Agent Development
Framework), a software framework proposed by TILAB (http://jade.tilab.com/) for
the development and run-time execution of peer-to-peer applications. JADE is based
on the agents paradigm in compliance with the FIPA specifications and provides a
comprehensive set of system services and agents necessary for distributed peer-to
peer applications in the fixed or mobile environment. It includes both the libraries
required to develop application agents and the run-time environment that provides the
basic services and must be running on the device before agents can be activated [3].

JABAT itself has also been designed in such a way, that it can be easily
instantiated in new environments where Java and JADE are available. To do so,
JABAT with at least one set of objects (e.g. task, solutions, optimizing agent)
intended to solve instances of the given problem have to be set up on a computer, and
in the minimal configuration it is enough to solve an instance of the problem. Such a
minimal configuration may be extended by adding more optimizing agents, more
replacement strategies, new agents for solving more problems, more resources,
e.g. attaching a computer (or computers) to which the optimizing agents could
migrate to work on.

It is worth mentioning that JABAT has been designed in such a way, that all the
above extensions that require some amount of programming (like solving new
problems, solving them with new optimizing algorithms or with the use of new
working strategies) can be carried-out with relatively little amount of work. JABAT
makes it possible to focus only on defining these new elements, while the processes of
communication and population management procedures will still work. More detailed
information about extending the functionality of JABAT can be found in [1].

The JABAT environment is expected to be able to produce solutions to difficult
optimization problems using a set of agents, each representing an improvement
algorithm. To escape getting trapped into a local optimum an initial population of
solutions called individuals is generated and stored in the common memory accessible
to all agents within the A-Team. Individuals, during computations, are eventually
improved by agents, thus increasing chances for reaching a good quality or, at least, a
satisfactory solution.

Main functionality of the proposed tool includes generation of the initial
population of solutions; application of solution improvement algorithms which draw
individuals from the common memory and store them back after attempted
improvement using some user defined working strategy and continuing the reading-
improving-replacing cycle until a stopping criterion has been met.

The above functionality is realized by two main types of classes. The first one
includes OptiAgents, which are implementations of improvement algorithms. The
second are SolutionManagers, which are agents responsible for maintenance and
updating of individuals in the common memory. Each SolutionManager is responsible
for finding the best solution for a single instance of the problem. All agents act in
parallel and communicate with each other exchanging solutions that are either to be
improved (when solutions are sent to OptiAgent) or stored back (when solutions are
sent to SolutionManager). An OptiAgent has two basic behaviors defined. The first
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behavior is sending around messages on readiness for action and indicating the
required number of individuals (solutions). The second behavior is activated upon
receiving a message from one of the SolutionManagers containing the problem
instance description and the required number of individuals. This behavior involves
an attempt to improve the fitness of the individual or individuals that have been
supplied and resend the improved ones back to the sender.

To create a SolutionManager two pieces of information are needed: the name of
the class that represents task and the name of the selected or proposed working
strategy. The working strategy defines how the initial population is created, how
solutions are selected to be sent to optimizing agents, how solutions that have been
received from optimizing agents are merged with the population, and when the
process of searching stops. A simple working strategy can, for example, draw a
random solution and, when an improved solution is received back, replace the worst
solution in the population with it. A more sophisticated strategy can introduce
recursion: it allows for division of the task into smaller tasks, solving them and then
merging the results to obtain solutions to the initial task. Such working strategy may
be used to solve problem instances for which specific methods responsible for
dividing and merging instances have been defined.

Apart from OptiAgents and SolutionManagers there are also other agents working
within the system: responsible for initializing the process of solving of an instance of
a problem, organizing the process of migrations and moving optimization agents
among available computers that have joined the JABAT platform, or agents recording
and storing computation results.

3 Computational Experiment Design

The user of the JABAT platform enjoys considerable freedom with respect to defining
and implementing a working strategy understood as a procedure or a set of rules
responsible for the process of maintaining the common memory and selecting
individuals, which at the given computation stage should be forwarded to optimizing
agents for improvement. Designing effective and useful working strategy could be
supported by use of the knowledge on how a different working strategies may
influence the A-Team performance. Such knowledge can be possibly obtained during
the so called fine-tuning stage, which covers activities aiming at setting or identifying
the “best” values of various parameters characterizing the working strategy which is
to be applied within the particular A-Team implementation. Unfortunately,
considering and analyzing all possible variants of the working strategy settings during
the fine-tuning stage would be for obvious reasons too costly and too time consuming.
On the other hand, it might be possible to extract certain pieces of knowledge that
have at least some general value and are reliable enough to be used to reduce the
effort needed to design an effective working strategy.

In an attempt to extract some general knowledge on how various strategies
influence the A-Team performance it has been decided to design and carry-out
complex computational experiment. The idea is to construct several A-Team
implementations solving different and difficult combinatorial optimization problems.
Next, instances of each out of the selected problems are going to be solved by the
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respective A-Team using different working strategies. In the next stage of the
experiment effectiveness of different working strategies over the whole set of the
considered problem instances for all investigated problems should be analyzed with a
view to extract and validate some rules (or other pieces of knowledge).

The following four well-known combinatorial optimization problems have been
selected to be a part of the experiment:

Euclidean planar traveling salesman problem (EPTSP).
Vehicle routing problem (VRP).

Clustering problem (CP).

Resource-constrained project scheduling problem (RCPSP).

The euclidean planar traveling salesman problem is a particular case of the general TSP.
Given n cities (points) in the plane and their Euclidean distances, the problem is to find
the shortest TSP-tour, i.e. a closed path visiting each of the n cities exactly once.

The vehicle routing problem can be stated as the problem of determining optimal
routes through a given set of locations (customers) and defined on a directed graph
G=(V, E), where V = {0, 1, ..., N} is the set of nodes and E is the set of edges. Node 0
is a depot with NV identical vehicles of capacity W. Each other node ie V\{0} denotes
a customer with a non-negative demand d;. Each link (i,j)€ E denotes the shortest path
from customer i to j and is described by the cost c; of travel fromitoj (ij=1, ..., N).
It is assumed that c; = ¢;;. The goal is to find vehicle routes which minimize total cost
of travel (or travel distance) such that each route starts and ends at the depot, each
customer is serviced exactly once by a single vehicle and the total load on any vehicle
associated with a given route does not exceed vehicle capacity.

The clustering problem can be defined as follows. Given a set of N data objects,
partition the data set into K clusters, such that similar objects are grouped together and
objects with different features belong to different groups. Clustering arbitrary data
into clusters of similar items presents the difficulty of deciding what similarity
criterion should be used to obtain a good clustering. It can be shown that there is no
absolute “best” criterion which would be independent of the final aim of the
clustering. Euclidean distance and squared Euclidean distance are probably the most
commonly chosen measures of similarity. Partition defines the clustering by giving
for each data object the cluster index of the group to which it is assigned. The goal is
to find such a partition that minimizes an objective function, which, for instance, is
the sum of squared distances of the data objects to their cluster representatives.

The resource-constrained project scheduling problem consists of a set of n
activities, where each activity has to be processed without interruption to complete the
project. The dummy activities 1 and n represent the beginning and the end of the
project. The duration of the activity j, j =1, .. ., nis denoted by d; where d; = d, = 0.
There are r renewable resource types. The availability of each resource type k in each
time period is 7, units, k = 1, . . ., r. Each activity j requires rj units of resource k
during each period of its duration where iy, =r,; =0, k=1, ..., r. All parameters are
non-negative integers. There are precedence relations of the finish-start type (FS) with
a zero parameter value (i.e. FS = 0) defined between the activities. In other words,
activity i precedes activity j if j cannot start until i has been completed. The structure
of the project can be represented by an activity-on-node network G = (SV, SA), where
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SV is the set of activities and SA is the set of precedence relationships. SS; (SP;) is the

set of successors (predecessors) of activity j, j = 1, . . ., n. It is further assumed that
1eSP;,j=2,...,n,and ness;,j=1,...,n-1. The objective is to find a schedule S
of activities starting times [sy, . . ., s,], where s/ = 0 and resource constraints are

satisfied, such that the schedule duration 7(S) = s, is minimized. The above
formulated problem is a generalization of the classical job shop scheduling problem.

To solve instances of each of the above described problems four specialized
A-Teams have been designed and implemented. A-Teams have different sets and
numbers of optimization agents used with identical remaining agents (solution
managers and auxiliary agents).

Instances of the euclidean planar traveling salesman problem are solved using two
kinds of optimization procedures:

— OptiDiff randomly selects a number of points (cities) from the current solution
under improvement and constructs a random sequence of these points as a part of
the new (improved) solution. The rest of the original solution remains as much
unchanged as feasible.

— OptiCross is a simple crossover operation. Out of the two solutions the offspring is
produced through randomly selecting a part of the solution from the first parent
and supplementing it with sequence (or sequences) of points (cities) from the
second parent.

It should be mentioned that both procedures produce rather bad quality solutions
when used individually. There exists a very effective heuristic known as Lin-
Kerninghan algorithm [8]. It has not been used in the experiment purposefully, since
in most cases it would find the optimal solution in one run, which would not give
much insight into how working strategy influences A-Team performance.

Instances of the vehicle routing problem are solved using the following
optimization procedures:

— Opti30pt — an agent which is an implementation of the 3-opt local search
algorithm, in which for all routes first three edges are removed and next remaining
edges are reconnected in all possible ways.

— Opti2Lambda — an implementation of the local search algorithm based on A-
interchange local optimization method [9]. It operates on two selected routes and is
based on the interchange/move of customers between routes. For each pair of
routes from an individual a parts of routes of length less than or equal to A are
chosen and next these parts are shifted or exchanged, according to the selected
operator. Possible operators are defined as pairs: (v, u), where u, v = 1,..., A. and
denote the lengths of the part of routes which are moved or exchanged. For
example, operator (2,0) indicates shifting two customers from the first route to the
second route, operator (2,2) indicates an exchange of two customers between
routes. Typically, A =2 and such value was used in the reported implementation.

— OptiLSA - an implementation of local search algorithm which operate on two
selected routes. First, a node (customer) situated relatively far from the centroid of
the first route is removed from it and next it is inserted to the second route.
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Instances of the clustering problem are solved using the following optimization
procedures:

— OptiRLS (Random Local Search) - a simple local search algorithm which finds the
new solution by exchanging two randomly selected objects belonging to different
clusters. The new solution replaces the current one if it is an improvement.

— OptiHCLS (Hill-Climbing Local Search) — a simple local search algorithm which
finds the new solution by allocating the randomly selected object, from the
randomly chosen cluster, to the cluster with minimal euclidean distance to the
mean vector. The new solution replaces the current one if it is an improvement.

— OptiTS (Tabu Search) - a local search algorithm with tabu active list, which
modifies the current solution by allocating the randomly selected object not on the
tabu list from the randomly chosen cluster, to other randomly selected cluster.
Next, the object is placed on the tabu list and remains there for a given number of
iterations. The new solution replaces the current one if it is an improvement.

Instances of the resource-constrained project scheduling problem are solved using the
following optimization procedures [6]:

— OptiLSA - a simple local search algorithm which finds the local optimum by
moving each activity to all possible places within the current solution.

— OptiCA - a heuristic based on using the one point crossover operator. Two initial
solutions are repeatedly crossed until a better solution will be found or all crossing
points will be checked.

— OptiPRA — a procedure based on the path-relinking algorithm. For a pair of
solutions from the population a path between them is constructed. Next, the best of
the feasible solutions is selected.

In the computational experiment each of the four A-Team implementations has been
used to solve 5 instances of the respective combinatorial optimization problem. All
these instances have been taken from several well-known benchmark datasets
libraries as shown in Table 1.

Table 1. Instances used in the reported experiment.

Problem | Instance names and dimensions Source
TSPLIB,

EPTSP pr76 (76 cities), pr107 (107), pr124 | http://www.iwr.uni-

(124), pr152 (152), pr226 (226) heidelberg.de/groups/comopt/
software/TSPLIB95/tsp/
vrpncl (50 customers), vrpnc2 (75), | OR-Library,

VRP vrpnc3 (100), vrpnc4 (150), vrpncS | http://people.brunel.ac.uk/~mastjjb/jeb
(199) /orlib/vrpinfo.html
Ruspini (75 objects, 2 attributes), Iris | [12]

CP (150, 4), Cleveland heart disease | UCI Machine Learning Repository,
(303, 13), Credit approval (690,15) http://archive.ics.uci.edu/ml/
j3013_01 (30 activities), j3029_09 PSPLIB

RCPSP (30), j6009_02 (60), j9021_03 (90), i .
i12016_01 (120) http://129.187.106.231/psplib
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In the reported experiment 10 working strategies have been investigated. All
strategies assume that:

— Initially the common memory of each of the respective A-Teams contains a
population of solutions called individuals.

— All individuals are feasible solutions of the instance which A-Team is attempting
to solve.

— All these individuals have been generated randomly.

Differences between strategies concern the way individuals are selected for
improvement and the way the improved individuals are stored in the common
memory. Selection of individuals for improvement can be a purely random move
(RM) or can be a random move with the so called blocking (RB). Blocking means
that once selected individual (or subset of individuals) can not be selected again until
all other individuals or their subsets have been tried.

Storing an individual back in the common memory after an OptiAgent has
attempted to improve it, can be based either on the replacement or on the addition.
Replacement can be carried out in three ways:

— Random replacement (RR) — returning individual replaces randomly selected
individual in the common memory.

— Replacement of the worse (RW) - returning individual replaces first found worse
individual. Replacement does not take place if worse individual can not be found in
the common memory.

— Replacement of the worse with exchange (RE) — returning individual replaces the
first found worse individual. If a worse individual can not be found within a certain
number of reviews (review is understood as a search for the worse individual after
an improved solution is returned by the SolutionManager) then the worst
individual in the common memory is replaced by the randomly generated one
representing a feasible solution.

There are two addition procedures considered:

— Addition with the stochastic universal sampling (SUS) - returning individual is
stored in the common memory increasing the number of individuals in the
population by one. After the common memory grows to contain a certain number
of individuals, its initial size will be restored using the stochastic universal
sampling selection procedure.

— Addition with the tournament selection (TS) - returning individual is stored in the
common memory increasing the number of individuals in the population by one.
After the common memory grows to contain a certain number of individuals its
initial size will be restored using the stochastic tournament selection procedure.

Combination of procedures for selecting individuals for improvement and storing
back the improved ones in the common memory defines 10 working strategies
investigated under the reported experiment as shown in Table 2.
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Table 2. The investigated working strategies.

No. | Strategy Procedures used

1. RM-RR Random move selection + Random replacement

2. RM-RW Random move selection + Replacement of the worse

3 RM-RE Random move selection + Replacement of the worse with
exchange

4 RM-SUS Randqm move selection + Addition with the stochastic universal
sampling

5. RM-TS Random move selection + Addition with the tournament selection

6. RB-RR Random move selection with blocking + Random replacement

7 RB-RW Random move selection with blocking + Replacement of the
worse
Random move selection with blocking + Replacement of the

8. RB-RE .
worse with exchange

9. RB-SUS Random move selectlonv with blocking + Addition with the
stochastic universal sampling

10. | RB-TS Random move s.electlon with blocking + Addition with the
tournament selection

Pseudo codes of all of the above procedures are shown in Figures 1-7.

Procedure

I

Output:
1.
2.
3.

RM

nput: P - population of solutions; n - number of
solutions requested;

Add cho

Return O

O - solutions selected from P;
Choose at random n solutions from P

sen solutions to O

Fig. 1. Pseudo code of the RM procedure

Procedure RB
nput: P - population of solutions; n - number of
solutions requested; L - population of blocked

I

solutions selected from P; L -

population of blocked solutions;

solutions;
Output: O -
1. Set m as
2. Set 1 as
3. If ((n +
4. Set P’
5.

6. Add chos
7.

the number of solutions in L
the number of solutions in P

m) > 1 ) then L :=

:= P - L
Choose at random n solutions from P’

en solutions to O and L

Return O, L

Fig. 2. Pseudo code of the RB procedure
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Procedure RR

Input: P - population of solutions; s - returning
solution;

Output: P - population of solutions;

If (seP) then goto 5

Select randomly individual k from P

Remove k from P

Add s to P

Return P

U W N

Fig. 3. Pseudo code of the RR procedure

Procedure RW

Input: P - population of solutions; s - returning
solution;

Output: P - population of solution;

1. If (seP) then goto 5

2. Set f := false

3. Find k which is a solution worse than s and
then set f := true

4. If (f is true) then (remove k from P and add s
to P)

5. Return P

Fig. 4. Pseudo code of the RW procedure

Procedure RE

Input: P - population of solutions; s - returning
solution; x - number of the allowed reviews; Px =
maximum number of the allowed reviews;

Output: P - population of solution; x - number of
reviews;

1. Set f := false

2. Find k which is a solution worse than s and
then set f: = true

3. If (f is not true) goto 8

4. Remove k from P

5. Add s to P

6. Set x:=0

7. goto 15

8. x:= x +1

9. If (x < Px) then goto 15

10. Find k which is the worst solution in P
11. Remove k from P

12. Generate at random new solution p

13. Add p to P

14. Set x:=0

15. Return P, x

Fig. 5. Pseudo code of the RE procedure



94 D. Barbucha et al.

Procedure SUS

Input: P - population of solutions; s - returning
solution; Pmax - maximum population size; Pmin -
minimum population size;

Output: P - population of solution;

1. If (s¢gP) then add s to P

2. Set 1 as the number of solutions in P

3. If (1 < Pmax) then goto 15

4. Set P’ :=

5. Order P by fitness

6. Calculate total fitness as X, fitness of t
7. Set start by drawing it at random from [0, ..,
total fitness/1]

8. Set 1 :=0

9. Set ptr : = start + 1 * total_fitness/1

10. Let k = index of the solution from P such
that: (Z,, fitness of the jth solution)<=ptr and
(X ., fitness of the jth solution)>ptr

11. Add kth solution from P to P’

12. Set i:=i+1

13. If (i<Pmin) then goto 9

14. Set P:= P’

15. Return P

Fig. 6. Pseudo code of the SUS procedure

Procedure TS

Input: P - population of solutions; s - returning
solution; Pmax - maximum population size; Pmin -
minimum population size;

Output: P - population of solution;

1. If (s¢P) then (add s to P)

2. Set 1 as the number of solutions in P

3. If (1 < Pmax) then goto 12

4. Set P’ := O

5. Set m := 0;

6. Choose randomly individuals t and r from P

7. Set g as best of the {t, r} or worst of the

{t, r} with respective probabilities 0.75 and 0.25
8. Add g to P’

9. Set m :=m + 1
10. If (m < Pmin) then goto 6
11. Set P:= P’

12. Return P

Fig. 7. Pseudo code of the TS procedure



Influence of the Working Strategy on A-Team Performance 95

In the reported experiment each of the four implemented A-Teams has been used to
solve 5 instances of the respective problem using the above defined strategies. Each
instance under each strategy has been solved 40 times. Hence, altogether, the
experiment involved 8000 runs. The following parameter settings have been used in
the computations:

Number of individuals in the initial population (/) — 50.

Maximum number of the allowed reviews in the RE Procedure (Px) — 5.
— Maximum population size (Pmax) — 100.

Minimum population size (Pmin) — 50.

Termination condition — 120 sec. without a solution improvement.

Experiment has been carried out on the cluster Holk of the Tricity Academic
Computer Network built of 256 Intel Itanium 2 Dual Core with 12 MB L3 cache
processors with Mellanox InfiniBand interconnections with 10Gb/s bandwidth.

4 Computational Experiment Results

Tables 3-6 shows mean values and standard percentage deviations of the respective
fitness functions calculated for all computational experiment runs as specified in the
experiment design described in the previous section.

The main question addressed by the reported experiment is to decide whether the
choice of the working strategy has influence on the quality of solutions obtained by
A-Teams? To answer this question the one-way analysis of variance (ANOVA) for
each of the considered problems has been carried out. For the purpose of the analysis
the following hypotheses have been formulated:

— Hy - zero hypothesis: the choice of strategy does not influence the quality of
solutions (mean values of the fitness function are not statistically different).

— H, - alternative hypothesis: the quality of solutions is not independent from the
working strategy used (mean values of the fitness function are statistically
different).

The analysis has been carried out at the significance level of 0.05. In Table 7 values
of F-test statistics ratios calculated for each of the considered problem instances are
shown. The value of F-distribution calculated for 9 degrees of freedom between
groups and 190 degrees of freedom within groups is equal to 1.92692532432991.

The one-way analysis of variance (ANOVA) which result are shown in Table 7
allows to observe the following:

— Zero hypothesis stipulating that choice of strategy does not influence the quality of
solutions (mean values of the fitness function are not statistically different) is
accepted in 8 out of 20 considered cases.

— In 12 out of 20 cases zero hypothesis is rejected in favor of the alternative
hypothesis suggesting that the quality of solutions is not independent from working
strategy used (mean values of the fitness function are statistically different).
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Table 7. F-test statistics for the reported experiment.

Problem Value of F-test Hy Accepted
pr226 743.866557 -
pr152 730.45726 -

EPTSP pri24 661.101448 -
pr107 480.721529 -
pr76 791.200912 -
vrpncl 3.00992674 -
vrpnc2 1.77428553 YES

VRP vrpnc3 1.93417536 -
vrpnc4 1.37679857 YES
vrpnc5 0.91781823 YES
Ruspini (k=4) 1.44484895 YES
Ruspini (k=10) 3.02387219 -

CP Iris 2.24965623 -
Credit 3.25508912 -
Heart 2.94237222 -
j3013_01 1.45465253 YES
j3029_09 1.8316856 YES

RCPSP j6009_02 0.44827037 YES
j9021_03 0.69595177 YES
j12016_01 6.94431695 -

Taking into account that the problems under consideration are not homogenous it has
not been possible to carry out analysis of variance with additional factor with
reference to suitability of particular working strategies to particular problems. Instead
it has been decided to use the non-parametric Friedman test to obtain the answer to
the question weather particular working strategies are equally effective independently
of the kind of problem being solved.

The above test has been based on weights (points) assigned to working strategies
used in the experiment. To assign weights the 10 point scale has been used with 10
points for the best and 1 point for the worst strategy. The test aimed at deciding
among the following hypotheses:

— Hp—zero hypothesis: working strategies are statistically equally effective
regardless the kind of problem which instances are being solved.
— H, - alternative hypothesis: not all working strategies are equally effective.

Again the analysis has been carried out at the significance level of 0.05. The
respective value of the y statistics with 10 working strategies and 20 instances of the
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Fig. 8. The Friedman test weights (in points) for each problem and each strategy.
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Fig. 9. The total of the Friedman weights for the investigated strategies.

considered problems is 349.68 and the value of % distribution is equal to 16.919 for
9 degrees of freedom. Thus it can be observed that not all working strategies are
equally effective regardless of the kind of problem which instances are being solved.

In Fig. 8 and 9 sums of weights obtained by the working strategies for each of the
considered problems as well as overall total of weights for each working strategy are,
respectively, compared. Besides, in Table 8 distributions of points obtained from the
Friedman test by working strategies are shown.

Friedman test results as well as totals from Fig. 8 and 9 show that strategies RM-
RW, RM-RE, RM-TS, RB-RR, RB-RW, RB-RE performed above the average. The
highest score in total and with respect to each of the analyzed problem has been
obtained by the working strategy based on selection with blocking and replacement
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Table 8. Distribution of points obtained from the Friedman test by working strategies.

Scale

(in points) é E g; é ﬂl é E g § ®
S22 ]2 |a|a|a|a|[x

24 24 =4 24 24 24 =4 =4 24 24

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

Table 9. Pairs of the working strategies showing no statistical differences in the Tukey test
(pairs marked by X).

RM-RR
RM-RW
RM-RE
RM-SUS
RM-TS
RB-RR
RB-RW
RB-RE
RB-SUS
RB-TS

RM-RR

RM-RW

RM-RE X

RM-SUS

RM-TS

RB-RR

RB-RW X | X

RB-RE X X

RB-SUS

RB-TS

with exchange (RB-RE). This strategy as a rule obtained scores between 5 and 10.
This leads to the conclusion that in majority of cases RB-RE working strategy assures
obtaining solutions of the above average quality.
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To identify a significant differences between working strategies the Tukey test,
based on the ANOVA results has been carried out. This test aimed at comparing pairs
of the working strategies with a view to evaluate which pairs are statistically different
and which are not. Strategies which do not differ in either of the pairs are shown in
Table 9. The data from Table 9 together with ranges shown earlier in Fig. 8 and 9
allow to draw the following observation: working strategies with “Replacement of the
worse” and “Replacement of the worse with exchange” procedures produce results of
the statistically comparable quality. This remains true regardless of the procedure of
selecting individuals to be sent for improvement. The above conclusion does not
change the earlier observation that working strategy combining selection with
blocking and replacement with exchange should be recommended as the one with the
highest probability of producing the above average quality result.

5 Conclusions

The presented research confirms the importance of choosing an effective working
strategy when employing A-Teams searching for solutions of computationally
difficult combinatorial problems. The following identified pieces of knowledge can be
useful in the process of designing an implementation of the A-Team dedicated to
solving a particular optimization problem:

— The quality of solutions produced by the A-Team will not be independent from the
working strategy used.

— Not all working strategies are equally effective, moreover the choice of strategy
might be problem dependent.

— In majority of cases working strategy based on selection with blocking (RB) and
replacement of the worse with exchange (RE) assures obtaining solutions of the
above average quality.

— Good performance of the working strategy based on selection with blocking (RB)
and replacement of the worse with exchange (RE) can be attributed to the fact that
such selection assures that all individuals from the common memory have a chance
to contribute to finding an improved solution. On the other hand replacement with
exchange (RE) provides a useful mechanism of escaping from the local optimum.
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Abstract. Business organizations achieve their mission by performing
a number of processes. These span from simple sequences of actions to
complex structured sets of activities with complex interrelation among
them. The field of Business Processes Management studies how to de-
scribe, analyze, preserve and improve processes. In particular the subfield
of Process Mining aims at inferring a model of the processes from logs
(i.e. the collected records of performed activities). Moreover, processes
can change over time to reflect mutated conditions, therefore it is of-
ten necessary to update the model. We call this activity Incremental
Process Mining. To solve this problem, we modify the process mining
system DPML to obtain IPM (Incremental Process Miner), which em-
ploys a subset of the SCIFF language to represent models and adopts
techniques developed in Inductive Logic Programming to perform theory
revision. The experimental results show that is more convenient to revise
a theory rather than learning a new one from scratch.

Keywords: Business Processes, Process Mining, Theory Revision.

1 Introduction

In the current knowledge society, the set of business processes an organization
performs in order to achieve its mission often represents one of the most impor-
tant assets of the organization. It is thus necessary to be able to describe them
in details, so that they can be stored and analyzed. In this way we can pre-
serve and/or improve them. These problems are studied in the field of Business
Processes Management (BPM) (see e.g. [I]).

Often organizations do not have a formal or precise description of the processes
they perform. The knowledge necessary to execute the processes is owned by the
individual workers but not by the organization as a whole, thus exposing it to
possible malfunctions if a worker leaves.

However, modern information systems store all the actions performed by in-
dividual workers during the execution of a process. These action sequences are
called traces and the set of all the traces recorded in a period of time is called
a log. The Process Mining research area [2] proposes techniques for inferring a
model of the process from a log.

Very often processes change over time to reflect mutated external or internal
conditions. In this case, it is necessary to update their models. In particular,

E. Szczerbicki & N.T. Nguyen (Eds.): Smart Infor. & Knowledge Management, SCI 260, pp. 103
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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given a process model and a new log, we want to modify the model so that
it conforms also with the new log. We call this activity Incremental Process
Mining. In this paper we show that revising an existing model may be more
effective than learning a new model ex novo from the previous and new log.
Moreover, in some cases the previous log may not be available, thus making
model updating necessary.

We choose Logic Programming for the representation of traces and process
models in order to exploit its expressiveness for the description of traces together
with the wide variety of learning techniques available for it. An activity can be
represented as a logical atom in which the predicate indicates the type of action
and the arguments indicate the attributes of the action. One of the attributes is
the time at which the action has been performed. Thus a trace can be represented
as a set of instantiated atoms, i.e., a logical interpretation.

In order to represent process models, we use a subset of the SCIFF language
[34]. A model in this language is a set of logical integrity constraints in the form
of implications. Given a SCIFF model and a trace, there exists an interpreter
that checks whether the trace satisfies or not the model. Such a representation
of traces and models is declarative in the sense that we do not explicitly state
the allowed execution flows but we only impose high level constraints on them.

DPML is able to infer a SCIFF theory from a set of positive and negative
traces. Positive traces represent correct executions of the business process, while
negative traces represent process executions that have been judged incorrect or
undesirable.

Given that these traces are represented as logical interpretations and that
SCIFF integrity constraints are similar to logical clauses, DPML (Declarative
Process Model Learner) [5] employs Inductive Logic Programming techniques [6]
for learning from interpretations [7]. In particular, it modifies the ICL system
[8] that learns sets of logical clauses from positive and negative interpretations.

In this paper, we present the system IPM (Incremental Process Miner) that
faces the problem of revising an existing theory in the light of new evidence. This
system is an adaptation of DPML and adopts techniques developed in Inductive
Logic Programming (such as [9]) to perform theory revision.

IPM generalizes theories that do not satisfy new positive traces, as well as
specializes theories that do not exclude new negative examples. To this pur-
pose, we exploit the generalization operator presented in [5] for SCIFF theories.
Moreover, we define a specialization operator.

IPM is experimentally evaluated on processes regarding the management of
a hotel and an electronic auction protocol. In the “hotel management” case the
available traces are divided into two sets: one containing “old” traces and one
containing “new” traces. Then two experiments are performed: in the first we
learn a theory with DPML using the “old” traces and we revise the theory with
IPM using the “new” traces, while in the latter we learn a theory with DPML
from “old” and “new” traces. Then we compare the accuracy of the final theories
obtained and the running time. A similar comparison is performed on the auction
protocol, except that in this case the initial theory is not learned using some
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“old” traces but it is a modified version of the actual model to simulate the
revision of an imperfect theory written down by a user. Results associated to
these experiments show that revising a theory is more efficient that inducing it
from scratch. Moreover, the models obtained are more accurate on unseen data.

The paper is organized as follows. In Section [2] we recall the basic notions of
Logic Programming, Inductive Logic Programming and Business Process Man-
agement. In Section Bl we discuss the representation of traces and models using
Logic Programming. Section [ illustrates the IPM algorithm. In Section Bl we
report on the experiments performed. In Section [ we discuss related works and
we conclude with Section [

2 Preliminaries

We start by briefly recalling the basic concepts of Logic Programming, Inductive
Logic Programming and Business Process Management.

2.1 Logic Programming

A first order alphabet X' is a set of predicate symbols and function symbols (or
functors) together with their arity. A term is either a variable or a functor applied
to a tuple of terms of length equal to the arity of the functor. If the functor has
arity 0 it is called a constant. An atom is a predicate symbol applied to a tuple
of terms of length equal to the arity of the predicate. A [literal is either an atom
a or its negation —a. In the latter case it is called a negative literal. In logic
programming, predicate and function symbols are indicated with alphanumeric
strings starting with a lowercase character while variables are indicated with
alphanumeric strings starting with an uppercase character.
A clause is a formula C of the form

hiV...Vh,<b,...,bn,

where hq,...,h, are atoms and by, ...,b,, are literals. A clause can be seen as
a set of literals, e.g., C' can be seen as

{h1, .. gy =by, . by

In this representation, the disjunctions among the elements of the set are left
implicit.

The form of a clause that is used in the following will be clear from the context.
hi V...V hy is called the head of the clause and by, ..., b, is called the body. We
will use head(C) to indicate either hy V...V hy, or {h1,...,h,}, and body(C) to
indicate either by, ..., by, or {b,...,by}, the exact meaning will be clear from
the context. When m = 0, C is called a fact. When n = 1, C' is called a program
clause. When n = 0, C' is called a goal. The conjunction of a set of literals is
called a query. A clause is range restricted if all the variables that appear in the
head appear as well in positive literals in the body.
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A theory P is a set of clauses. A normal logic program P is a set of program
clauses.

A term, atom, literal, goal, query or clause is ground if it does not con-
tain variables. A substitution 6 is an assignment of variables to terms: 6 =
{Vi/t1,..., Vo /tn}. The application of a substitution to a term, atom, literal,
goal, query or clause C, indicated with C#, is the replacement of the variables
appearing in C and in 6 with the terms specified in 6.

The Herbrand universe Hy(P) is the set of all the terms that can be built
with function symbols appearing in P. The Herbrand base Hp(P) of a theory P
is the set of all the ground atoms that can be built with predicate and function
symbols appearing in P. A grounding of a clause C' is obtained by replacing the
variables of C' with terms from Hy (P). The grounding g(P) of a theory P is the
program obtained by replacing each clause with the set of all of its groundings.
A Herbrand interpretation is a set of ground atoms, i.e. a subset of Hg(P). In
the following, we will omit the word Herbrand.

Let us now define the truth of a formula in an interpretation. Let I be an
interpretation and ¢ a formula, ¢ is true in I, written I = ¢ if

— a € 1, if ¢ is a ground atom a;

— a &1, if ¢ is a ground negative literal —a;

— I=aand I =D, if ¢ is a conjunction a A b;

— I EaorlEbif ¢is a disjunction a V b;

— I =40 for all 0 that assign a value to all the variables of X if ¢ = VX1);
— I =40 for a 0 that assigns a value to all the variables of X if ¢ = 3X1).

A clause C of the form
hiV ...V hy<bi,...;bn
is a shorthand for the formula
VXhiV...Vhy<—bi,....,b;m

where X is a vector of all the variables appearing in C. Therefore, C' is true in
an interpretation I iff, for all the substitutions 6 grounding C, if I |= body(C)0
then I = head(C)0, i.e., if (I = body(C)0) — (head(C)0 NI # (). Otherwise, it
is false. In particular, a program rule is true in an interpretation I iff, for all the
substitutions 6 grounding C, (I |= body(C)0) — h € 1.

A theory P is true in an interpretation [ iff all of its clauses are true in I and
we write

IEP

If P is true in an interpretation I we say that I is a model of P. It is sufficient
for a single clause of a theory P to be false in an interpretation I for P to be
false in [.

For normal logic programs, we are interested in deciding whether a query Q
is a logical consequence of a theory P, expressed as

PEQ.
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This means that ¢ must be true in the model M (P) of P that is assigned to P
as its meaning by one of the semantics that have been proposed for normal logic
programs (e.g. [TOTTIT2]).

For theories, we are interested in deciding whether a given theory or a given
clause is true in an interpretation I. This can be achieved with the following
procedure [I3]. The truth of a range restricted clause C' on a finite interpreta-
tion I can be tested by asking the goal ?-body(C), ~head(C') against a database
containing the atoms of I as facts. By —head(C) we mean —hy, ..., —h,,. If the
query fails, C' is true in I, otherwise C is false in I.

In some cases, we are not given an interpretation I completely but we are given
a set of atoms J and a normal program B as a compact way of indicating the
interpretation M (B U J). In this case, if B is composed only of range restricted
rules, we can test the truth of a clause C on M (B U J) by running the query
?-body(C'), —head(C) against a Prolog database containing the atoms of J as
facts together with the rules of B. If the query fails C is true in M (B U J),
otherwise C'is false in M (B U J).

2.2 Inductive Logic Programming

Inductive Logic Programming (ILP) [6] is a research field at the intersection of
Machine Learning and Logic Programming. It is concerned with the development
of learning algorithms that adopt logic for representing input data and induced
models. Recently, many techniques have been proposed in the field that were
successfully applied to a variety of domains. Logic proved to be a powerful tool
for representing the complexity that is typical of the real world. In particular,
logic can represent in a compact way domains in which the entities of interest
are composed of subparts connected by a network of relationships. Traditional
Machine Learning is often not effective in these cases because it requires input
data in the flat representation of a single table.
The problem that is faced by ILP can be expressed as follows:

Given:

— a space of possible theories H;
a set Bt of positive example;
— a set £~ of negative examples;
— a background theory B.

Find a theory H € H such that;

— all the positive examples are covered by H
— no negative example is covered by H

If a theory does not cover an example we say that it rules the example out so
the last condition can be expressed by saying the “all the negative examples are
ruled out by H”.

The general form of the problem can be instantiated in different ways by
choosing appropriate forms for the theories in input and output, for the examples
and for the covering relation.
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In the learning from entailment setting, the theories are normal logic pro-
grams, the examples are (most often) ground facts and the coverage relation is
entailment, i.e., a theory H covers an example e iff

H e

In the learning from interpretations setting, the theories are composed of
clauses, the examples are interpretations and the coverage relation is truth in an
interpretation, i.e., a theory H covers an example interpretation [ iff

I H.

Similarly, we say that a clause C' covers an example I iff I = C.

In this paper, we concentrate on learning from interpretation so we report
here the detailed definition:
Given:

— a space of possible theories H;

— a set ET of positive interpretations;

— a set B~ of negative interpretations;
— a background normal logic program B.

Find a theory H € H such that;

— for all P € ET, H is true in the interpretation M (B U P);
— for all N € E7, H is false in the interpretation M (B U N).

The background knowledge B is used to encode each interpretation parsimo-
niously, by storing separately the rules that are not specific to a single interpre-
tation but are true for every interpretation.

The algorithm ICL [] solves the above problem. It performs a covering loop
(function ICL in Figure [I) in which negative interpretations are progressively
ruled out and removed from the set £~ . At each iteration of the loop a new clause
is added to the theory. Each clause rules out some negative interpretations. The
loop ends when E~ is empty or when no clause is found.

The clause to be added in every iteration of the covering loop is returned by
the procedure FindBestClause (Figure []). It looks for a clause by using beam
search with p(6]C) as a heuristic function, where p(©|C') is the probability that
an example interpretation is classified as negative given that it is ruled out by
the clause C. This heuristic is computed as the number of ruled out negative
interpretations over the total number of ruled out interpretations (positive and
negative). Thus we look for clauses that cover as many positive interpretations
as possible and rule out as many negative interpretations as possible. The search
starts from the clause false < true that rules out all the negative interpretations
but also all the positive ones and gradually refines that clause.

The refinements of a clause are obtained by generalization. A clause C' is more
general than a clause D if the set of interpretations covered by C' is a superset
of those covered by D. This is true if D = C. However, using logical implication
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function ICL(E", E™, B)
initialize H := ()
do
C := FindBestClause(E*, E~, B)
if best clause C # ) then
add C to H
remove from E~ all interpretations that are false for C'
while C' # () and E~ is not empty
return H

function FindBestClause(E', E~, B)
initialize Beam := {false « true}
initialize BestClause := ()
while Beam is not empty do
initialize NewBeam := ()
for each clause C' in Beam do
for each refinement Ref € §(C') do
if Ref is better than BestClause then BestClause := Ref
if Ref is not to be pruned then
add Ref to NewBeam
if size of NewBeam > MaxrBeamSize then
remove worst clause from NewBeam
Beam := NewBeam
return BestClause

Fig. 1. ICL learning algorithm

as a generality relation is impractical because of its high computational cost.
Therefore, the syntactic relation of 8-subsumption is used in place of implication:
D 0-subsumes C (written D > C) if there exist a substitution 6 such that
DO C C.If D > C then D = C and thus C is more general than D. The
opposite, however, is not true, so #-subsumption is only an approximation of the
generality relation. For example, let us consider the following clauses:

Ch = accept(X) « true

Cy = accept(X) V refusal (X)) « true
Cs = accept(X) «— invitation(X)

Cy = accept(alice) «— invitation(alice)

Then C7 > Cy, C1 > C5 but Cy # Cs, C5 # C5 so Cy and C3 are more general
than C4, while C5 and C3 are not comparable. Moreover C; > Cy, C3 > Cy4 but
Cy 2 Cy and Cy # Cs so Cy is more general than Cy and C3 while Cy and Cy
are not comparable.

From the definition of f-subsumption, it is clear that a clause can be refined
(i.e. generalized) by applying one of the following two operations on a clause

— adding a literal to the (head or body of the) clause
— applying a substitution to the clause
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FindBestClause computes the refinements of a clause by applying one of the
above two operations. Let us call §(C') the set of refinements so computed for
a clause C. The clauses are gradually generalized until a clause is found that
covers all (or most of) the positive interpretations while still ruling out some
negative interpretations.

The literals that can possibly be added to a clause are specified in the language
bias, a collection of statements in an ad hoc language that prescribe which re-
finements have to be considered. Two languages are possible for ICL: DLAB and
rmode (see [14] for details). Given a language bias which prescribes that the body
literals must be chosen among {invitation(X )} and that the head disjuncts must
be chosen among {accept(X), refusal(X)}, an example of refinements sequence
performed by FindBestClause is the following:

false — true

accept(X) «— true

accept(X) «— invitation(X)

accept(X) V refusal(X) «— invitation(X)

The refinements of clauses in the beam can also be pruned: a refinement is pruned
if it is not statistical significant and if it cannot produce a value of the heuristic
function larger than that of the best clause. As regards the first type of pruning,
a statistical test is used, while as regards the second type, the best refinement
that can be obtained is a clause that covers all the positive examples and rules
out the same negative examples as the original clause.

When a new clause is returned by FindBestClause, it is added to the current
theory. The negative interpretations that are ruled out by the clause are ruled
out as well by the updated theory, so they can be removed from E~.

2.3 Incremental Inductive Logic Programming

The learning framework presented in Section assumes that all the examples
are provided to the learner at the same time and that no previous model exists
for the concepts to be learned. In some cases, however, the examples are not
all known at the same time and an initial theory may be available. When a
new example is obtained, one approach consists of adding the example to the
previous training set and learning a new theory from scratch. This approach
may turn out to be too inefficient, especially if the amount of previous examples
is very high. An alternative approach consists in revising the existing theory to
take into account the new example, in order to exploit as much as possible the
computations already done. The latter approach is called Theory Revision and
can be described by the following definition:

Given:

— a space of possible theories H;

a background theory B

— aset BT of previous positive example;
a set £~ of previous negative examples;
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— a theory H that is consistent with £+ and E~
— a new example e.

Find a theory H' € H such that;

— H' is obtained by applying a number of transformations to H
— H' covers e if e is a positive example, or
— H'’ does not cover e if e is a negative example.

Theory Revision has been extensively studied in the learning from entailment
setting of Inductive Logic Programming. In this case, examples are ground facts,
the background theory is a normal logic program and the coverage relation is
logical entailment. Among the systems that have been proposed for solving such
a problem are: RUTH [I5], FORTE [16] and Inthelex [9]

All these systems perform the following operations:

— given an uncovered positive example e, they generalize the theory T so that
it covers it

— given a covered negative example e, they specialize the theory T' so that it
does not cover it

As an example of an ILP Theory Revision system, let us consider the algorithm
of Inthelex that is shown in Figure 2

Function Generalize is used to revise the theory when the new example is
positive. Each clause of the theory is considered in turn and is generalized. The
resulting theory is tested to see whether it covers the positive example. Moreover,
it is tested on all the previous negative examples to ensure that the clause is not
generalized too much. As soon as a good refinement is found it is returned by
the function.

Function Specialize is used to revise the theory when the new example is
negative. Each clause of the theory involved in the derivation of the negative
example is considered in turn and is specialized. The resulting theory is tested
to see whether it rules out the negative example. Moreover, it is tested on all
the previous positive examples to ensure that the clause is not specialized too
much. As soon as a good refinement is found it is returned by the function.

While various systems exist for Theory Revision in the learning from entail-
ment setting, to the best of our knowledge no algorithm has been proposed for
Theory Revision in the learning from interpretation setting.

2.4 Business Process Management

The performances of an organization depend on how accurately and efficiently
it enacts its business processes. Formal ways of representing business processes
have been studied in the area of Business Processes Management (see e.g. [17]),
so that the actual enactment of a process can be checked for compliance with
a model.

Recently, the problem of automatically inferring such a model from data has
been studied by many authors (see e.g. [I8J2/19]). This problem has been called
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function Generalize(E ™, e, B, H)
repeat
pick a clause C from H
obtain a set of generalizations §(C')
for each clause C' € §(C)
let H := H\{C}u{C'}
test H' over e and over all the examples in E~
if H' cover e and does not cover any negative example then
return H’
until all the clauses of H have been considered
// no generalization found
add a new clause to H that covers e and is consistent with £~
let H' be the new theory
return H’

function Specialize(E™", e, B, H)
repeat
pick a clause C used in the derivation of e in H
obtain a set of specializations p(C)
for each clause C' € §(C)
let H := H\ {C}uU{C"}
test H' over e and over all the examples in £~
if H' does not cover e and covers all positive examples then
return H’
until all the clauses of H used in the derivation of e have been considered
// no specialization found
add e to H as an exception
let H' be the new theory
return H’

Fig. 2. Inthelex Theory Revision algorithm

Process Mining or Workflow Mining. The data in this case consists of execu-
tion traces (or histories) of the business process. The collection of such data is
made possible by the facility offered by many information systems of logging the
activities performed by users.

Let us now describe in detail the problem that is solved by Process Mining.
A process trace T is a sequence of events. Each event is described by a number
of attributes. The only requirement is that one of the attributes describes the
event type. Other attributes may be the executor of the event or event specific
information.

An example of a trace is

(a, b, c)
that means that activity a was performed first, then b and finally c.
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A process model PM is a description of the process in a language that ex-
presses the conditions a trace must satisfy in order to be compliant with the
process, i.e., to be a correct enactment of the process. An interpreter of the lan-
guage must exists that, when applied to a model PM and a trace T, returns
yes if the trace is compliant with the description and false otherwise. In the first
case we write T = PM, in the second case T £ PM. A bag of process traces
L is called a log. Often, in Process Mining, only compliant traces are used as
input of the learning algorithm, see e.g. [I8[2[T9]. We consider instead the case
in which we are given both compliant and non compliant traces. This is the case
when we want distinguish successful process executions from unsuccessful ones.

The approaches presented in [I8[2IT9] aim at discovering complex and pro-
cedural process models, and differ by the structural patterns they are able to
mine. While recognizing the extreme importance of such approaches, recently
[20] pointed out the necessity of discovering declarative logic-based knowledge,
in the form of process fragments or business rules/policies, from execution traces.
Declarative languages seem to fit better complex, unpredictable processes, where
a good balance between support and flexibility is of key importance.

[20] presents a graphical language for specifying process flows in a declarative
manner. The language, called ConDec, leaves the control flow among activities
partially unspecified by defining a set of constraints expressing policies/business
rules for specifying either what is forbidden as well as mandatory in the pro-
cess. Therefore, the approach is inherently open and flexible, because workers
can perform actions if those are not explicitly forbidden. ConDec adopts an un-
derlying semantics by means of Linear Temporal Logics (LTL), and can also
be mapped onto the logic programming-based framework SCIFF [3I21] that
provides a declarative language based on Computational Logic. In SCIFF con-
straints are imposed on activities in terms of reactive rules (namely Integrity
Constraints). Such reactive rules mention in their body occurring activities,
i.e., events, and additional constraints on their variables. SCIFF rules contain in
their head expectations over the course of events. Such expectations can be pos-
itive, when a certain activity is required to happen, or negative, when a certain
activity is forbidden to happen.

Most works in Process Mining deal with the discovery of procedural process
models (such as Petri Nets or Event-driven Process Chains [22/23]) from data.
Recently, some works have started to appear on the discovery of logic-based
declarative models: [24525] study the possibility of inferring essential process
constraints, easily understandable by business analysts and not affected by pro-
cedural details.

3 Representing Process Traces and Models with Logic

A process trace can be represented as a logical interpretation: each event is
modeled with an atom whose predicate is the event type and whose arguments
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store the attributes of the action. Moreover, an extra argument is added to the
atom indicating the position in the sequence. For example, the trace:

(a, b, c)
can be represented with the interpretation

{a(1),b(2), c(3)}.

If the execution time is an attribute of the event, then the position in the se-
quence can be omitted.

Besides traces, we may have some general knowledge that is valid for all traces.
We assume that this background information can be represented as a normal
logic program B. The rules of B allow to complete the information present in
a trace [: rather than simply I, we now consider M (B U I), the model of the
program B U I according to one of the semantics for normal logic programs.

For example, consider the trace

I = {ask price(bike, 1), tell price(500,2), buy(bike,3)}
of a bike retail store and the background theory

B = {high price(T) « tell price(P,T), P > 400}.
that expresses information regarding price perceptions by clients. Then M (B U
I)is

{ask price(bike,1),tell price(500,2), high price(2), buy(bike, 3)}
in which the information available in the trace has been enlarged by using the
background information.

The process language we consider was proposed in [5] and is a subset of the
SCIFF language, originally defined in [3/4], for specifying and verifying interac-
tions in open agent societies.

A process model in our language is a set of integrity constraints (ICs for short).
An IC, C, is a logical formula of the form

Body — 3(ConjPy) V...V I(ConjP,) VV-(ConjNi)V...VV-(ConjN,,) (1)

where Body, ConjP; i =1,...,n and ConjN; j =1,...,m are conjunctions of
literals built over event atoms, over predicates defined in the background or over
built-in predicates such as <,>,.... The variables appearing in the body are
implicitly universally quantified with scope the entire formula. The quantifiers
in the head apply to all the variables appearing in the conjunctions and not
appearing in the body.

We will use Body(C') to indicate Body and Head(C') to indicate the formula
A(ConjP) V...V I(ConjP,) VV-(ConjNy1)V...VV=(ConjN,,) and call them
respectively the body and the head of C. We will use HeadSet(C) to indicate
the set {ConjPy,...,ConjP,,ConjNy,...,ConjNy,}.

Body(C), ConjP; i =1,...,n and ConjN; j = 1,...,m will be sometimes
interpreted as sets of literals, the intended meaning will be clear from the context.
We will call P conjunction each ConjP; fori=1,...,nand N conjunction each
ConjNjforj=1,...,m. We will call P disjunct each 3(ConjP;) fori=1,...,n
and N disjunct each Y—=(ConjNj;) for j =1,...,m.



Incremental Declarative Process Mining 115

An example of an IC is

a(bob, T), T < 10
—3(b(alice, T1),T < T1)
V
V=(c(mary,T1), T < T1,T1 < T + 10)

(2)

The meaning of IC (@) is the following: if bob has executed action a at a time
T < 10, then alice must execute action b at a time 7'1 later than 7" or mary must
not execute action ¢ for 9 time units after 7. The disjunct 3(b(alice, T1),T <
T'1) stands for 3T1(b(alice, T1),T < T'1) and the disjunct V=(c(mary, T1),T <
T1,T1 < T + 10) stands for VI'1-(c(mary, T1),T < T1,T1 < T + 10).

An IC C is true in an interpretation M(BUI), written M (BUI) = C, if, for
every substitution 6 for which Body is true in M (B UI), there exists a disjunct
3(ConjP;) or Y—(ConjNj;) that is true in M(BUI). If M(BUI) = C we say
that the trace I is compliant with C. [5] showed that the truth of an IC in an
interpretation M (B U ) can be tested by running the query:

?-Body, —(ConjPy),...~(ConjP,),ConjNy,...,ConjN,,
against a Prolog database containing the clauses of B and atoms of I as facts. If
the N conjunctions in the head share some variables, then the following query
must be issued

?-Body, —~(ConjPy),...~(ConjP,),~(=(ConjNy)),...,~(=(ConjNy))
that ensures that the IV conjunctions are tested separately without instantiating
the variables.

Thus, for IC2 the query is

?-a(bob, T),T < 10,—(b(alice, T1),T < T1),~(=(c(mary,T1),T < T1,T1 <
T+ 10))

If the query finitely fails, the IC is true in the interpretation. If the query
succeeds, the IC is false in the interpretation. Otherwise nothing can be said.
It is the user’s responsibility to write the background B in such a way that no
query generates an infinite loop. For example, if B is acyclic then a large class
of queries will be terminating [26].

A process model H is true in an interpretation M (B UI) if every IC of H is
true in it and we write M (B UI) = H. We also say that trace I is compliant
with H.

The ICs we consider are more expressive than clauses, as can be seen from
the query used to test them: for ICs, we have the negation of conjunctions, while
for clauses we have only the negation of atoms. This added expressiveness is
necessary for dealing with processes because it allows us to represent relations
between the execution times of two or more activities.

4 Incremental Learning of ICs Theories

In order to induce a theory that describes a process, we must search the space
of ICs. To this purpose, we need to define a generality order in such a space.
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IC C'is more general than IC D if C' is true in a superset of the traces where
D is true. If D |= C, then C is more general than D.

Similarly to the case of clauses, [5] defined the notion of #-subsumption also
for 1Cs.

Definition 1 (Subsumption). An IC D #-subsumes an IC' C, written D > C,
iff it exists a substitution 0 for the wvariables in the body of D or in the N
conjunctions of D such that

— Body(D)8 C Body(C) and

— VConjP(D) € HeadSet(D), 3ConjP(C) € HeadSet(C) : ConjP(C) C
ConjP (D)0 and

— VConjN(D) € HeadSet(D), 3ConjN(C) € HeadSet(C) : ConjN(D)f C
ConjN(C)

For example, IC [2]is subsumed by the IC

a(bob, 4)

—3(b(alice, T1),4 < T1,T1 < 4+ 10)
V
V= (c(mary,5),4 < 5)

with the substitution {7/4,71/5}.
It was proved in [5] that implication and 6-subsumption for ICs share the
same relation as in the case of clauses.

Theorem 1 ([5]). D >C= D [ C.

Thus, #-subsumption can be used for defining a notion of generality among ICs,
which can be used in learning algorithms.

In order to define a refinement operator, we must first define the language bias.
We use a language bias that consists of a set of IC templates. Each template
specifies

— a set of literals BS allowed in the body,
— a set of disjuncts H S allowed in the head. Each disjunct is represented as a
couple (Sign, DS) where
e Sign is either 4+ or — and specifies where it is a P or an N disjunct,
e DS is the set of literals allowed in the disjunct.

[5] defined a refinement operator from specific to general (upward operator) in
the following way: given an IC D, the set of upward refinements (D) of D is
obtained by performing one of the following operations

— adding a literal from BS to the body;

— removing a literal from a P disjunct in the head;

— adding a literal to an N disjunct in the head where the literal must be
allowed by the language bias;

— adding a disjunct from H.S to the head: the disjunct can be
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e a formula 3(dy A ... Ady) where DS = {dy,...,d;} is the set of literals
allowed by the IC template for D for a P disjunct,

e a formula V—(d) where d is allowed by the IC template for D for a N
disjunct.

In order to perform theory revision, we also define a refinement operator from
general to specific (downward operator). The operator inverts the operations
performed in the upward operator, i.e., given an IC D, the set of downward
refinements p(D) of D is obtained by performing one of the following operations

— removing a literal from the body of D;
— adding a literal to a P disjunct in the head, the literal must be allowed by
the language bias;
— removing a literal from an NV disjunct in the head;
— removing a disjunct from the head when
e it is a P disjunct 3(dy A ... Ady) where {dy,...,d;} is the set of literals
allowed by the IC template for D for the P disjunct,
e it is an N disjunct containing a single literal V—(d).

We define the algorithm for performing theory revision starting from the algo-
rithm DPML (Declarative Process Model Learner) that is an adaptation of ICL
[8]. DPML solves the following learning problem

Given

a space of possible process models H

a set Bt of positive traces;

— a set £~ of negative traces;

— a background normal logic program B.

Find: a process model H € H such that

— forall T+ € E*, M(BUT™) = H;
—forall T~ € E~, M(BUT™) {£ H;

If M(BUT) = C we say that IC C covers the trace T and if M(BUT) £ C
we say that C rules out the trace T.

DPML is obtained from ICL by using the testing procedure and the refinement
operator defined for SCIFF ICs in place of those for logical clauses.

The system IPM (Incremental Process Mines) modifies DPML in order to deal
with theory revision. As in Section [Z3] we call H the space of possible theories,
B the background theory, ET the set of previous positive examples, £~ the set
of previous negative ones and 7' the theory (obtained by DPML or expressed
by a human expert) we would like to refine to make it consistent with the new
examples: Enew™ and Enew™. Figure [l shows the IDPML algorithm.

The initial theory, together with old and new positive examples and old nega-
tive ones, is given as input to RevisePositive whose aim is to revise the theory in
order to cover as many positive examples as possible. The output of RevisePosi-
tive is then given as input, together with all sets of examples, to ReviseNegative,
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function IPM(T, ET, E~, Enew™, Enew ™, B)
H:= RevisePositive(T, ET, E~, Enew™, B)
H:= ReviseNegative(H, E*, E~, Enew", Enew™, B)
H:=HU DPML(E* U Enew", Covered(Enew™, H), B)
return H

function RevisePositive(T, E*, E~, Enew™, B)
foreach et € Enew™
V C:=FindViolatedConstraints(T, e™)
T:=T-VC
Et:=ETU{e"}
foreach ve € VC
c:= Generalize(ve, ET, E~, B)
T:= T U{Best(c,vc)}
return T’

function Generalize(ve, E*, E~, B)
Beam:={vc}
BestClause:= ()
while Beam # 0
foreach ¢ € Beam
foreach ref of ¢
BestClause:= Best(ref,c)
Beam:= Beam U {ref}
if size(Beam) > MaxBeamSize
Beam:= Beam — {Worst(Beam)}
return Beam

function ReviseNegative(T, ET, E~, Enew™, Enew™, B)
Enew ™ :=TestNegative(T, E~, Enew™)
Et:=E% U Enew™
H:=0
while T'# 0 A Enew™ # ()
pick randomly an IC ¢ from T
T:=T —{c}
nc:= Specialize(c, ET, Enew™, B)
H:=H U {Best(c,nc)}
Enew™ := Enew™ — RuledOut(Enew™, Best(c,nc))
return H

Fig. 3. IPM algorithm

whose revision tries to rule out the negative examples, and whose output is the
overall revised theory.

RevisePositive cycles on new positive examples and finds out which constraints
(if any) of the previous theory are violated for each example. An inner cycle
generalizes all such constraints in order to make the theory cover the ruled
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out positive example. The generalization function performs a beam search with
p(©]C) as the heuristic (see Section Z2)) and ¢ as the refinements operator (see
Section ). For theory revision, however, the beam is not initialized with the
most specific constraint (i.e. { false « true}) but with the violated constraint.

Since some of the previously ruled out negative examples may be again covered
after the generalization process, ReviseNegative checks at first which negative
examples, either old or new, are not ruled out. Then it selects randomly an IC
from the theory and it performs a specialization cycle until no negative example
is covered. The Specialize function is similar to the Generalize one with § replaced
with p as the refinement operator (see Section H).

It is also possible that some negative examples can’t be ruled out just by
specializing existing constraints, so after ReviseNegative a covering loop (as the
one of DPML) has to be performed on all positive examples and on the negative
ones which are still to be ruled out.

5 Experiments

In this section we present some experiments that have been performed for inves-
tigating the effectiveness of IPM. In particular, we want to demonstrate that,
given an initial theory H and a new set of examples Enew, it can be more ben-
eficial to revise H in the light of Enew than to learn a theory from F U Enew.
Another use case consists in the revision of an (imperfect) theory written down
by a user and its comparison with the theory learned from scratch using the
same set of examples.

5.1 Hotel Management

Let’s first consider a process model regarding the management of a hotel and
inspired by [27]. We generated randomly a number of traces for this process, we
classified them with the model and then we applied both DMPL and IDMPL.

The model describes a simple process of renting rooms and services in a hotel.
Every process instance starts with the registration of the client name and her
preferred way of payment (e.g., credit card). Data can also be altered at a later
time (e.g the client may decide to use another credit card). During her stay, the
client can require one or more room and laundry services. Each service, identified
by a code, is followed by the respective registration of the service costs into the
client bill. The cost of each service must be registered only if the service has
been effectively provided to the client and it must be registered only once. The
cost related to the nights spent in the hotel must be billed. It is possible for the
total bill to be charged at several stages during the stay.

This process was modeled by using eight activities and eight constraints. Activ-
ities register client data, check out and charge are about the check-in/check-out
of the client and expense charging. Activities room service and laundry service
log which services have been used by the client, while billings for each service are
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represented by separate activities. For each activity, a unique identifier is intro-
duced to correctly charge the clients with the price for the services they effectively
made use of.

Business related aspects of our example are represented as follows:

— (C.1) every process instance starts with activity register client data. No lim-
its on the repetition of this activity are expressed, hence allowing alteration
of data;

— (C.2) bill room service must be executed after each room service activity,
and bill room service can be executed only if the room service activity has
been executed before;

— (C.3) bill laundry service must be executed after each laundry service ac-
tivity, and bill laundry service can be executed only if the laundry service
activity has been executed before;

— (C.4) check out must be performed in every process instance;

— (C.5) charge must be performed in every process instance;

— (C.6) bill nights must be performed in every process instance.

— (C.7) bill room service must be executed only one time for each service iden-
tifier;

— (C.8) bill laundry service must be executed only one time for each service
identifier;

The process model is composed by the following ICs:

(C.1) true
— J(register client data(Tred) AN Tred = 1).
(C.2) room service(rs id(IDrs),Trs)
— 3(bill room service(rs id(IDbrs), Tbrs) A
IDrs = IDbrs ANTbrs > T'rs).
bill room service(rs id(I1Dbrs), Tbrs)
— J(room service(rs id(IDrs), Trs) A
IDbrs = IDrs ANTrs < Thbrs).
(C.3) laundry service(la id(IDls),Tls)
— 3(bill laundry service(la id(IDbls), Tbls) A
IDls = IDbls AN Thls > Tls).
bill laundry service(la id(IDbls), Tbls)
— F(laundry service(la id(IDls), Tls) A
IDbls = IDIs AN Tls < Thls).
(C.4) true
— F(check out(Tco)).
(C.5) true
— F(charge(Tch)).
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[t](C.6) true

— 3(bill nights(Tbn)).

(C.7) bill room service(rs id(IDbrsl), Tbrsl)
— V=(bill room service(rs id(IDbrs2), Tbrs2) A
IDbrsl = IDbrs2 A Tbrs2 > Tbrsl).

(C.8) bill laundry service(la id(IDblsl)),Tbls1)
— V= (bill laundry service(la id(IDbls2), Tbls2) A
IDbls1 = IDbls2 AN Thls2 > Tblsl).

For this process, we randomly generated execution traces and we classified them
with the above model. This was repeated until we obtained four training sets
each composed of 2000 positive examples and 2000 negative examples. Each
training set was randomly split into two subset, one containing 1500 positive
and 1500 negative examples, and the other containing 500 positive and 500
negatives examples. The first subset is used for getting an initial theory, while
the second is used for the revision process.

DPML was applied to each training sets with 3000 examples. The theories
that were obtained were given as input to IPM together with the corresponding
1000 examples training set. Finally, DPML was applied to each of the complete
4000 examples training sets.

The models obtained by IPM and by DPML on a complete training set were
then applied to each example of the other three training set. Accuracy is then
computed as the number of compliant traces that are correctly classified as
compliant plus the number of non-compliant traces that are correctly classified
as non-compliant divided by the total number of traces.

In table [l we show a comparison of time spent (in seconds) and resulting
accuracies from the theory revision process and from learning based on the full
dataset. The p sub-columns for accuracy present means of results from tests
on the three datasets not used for training, while in the o one standard devia-
tions can be found. The last row shows aggregated data for the correspondent
columns.

As it can be noticed, in this case revising the theory to make it compliant
with the new logs is faster than learning it again from scratch, and the accuracy
of the results is higher.

5.2 Auction Protocol

Let us now consider an interaction protocol among agents participating in an
electronic auction [2§].

The auction is sealed bid: the auctioneer communicates the bidders the opening
of the auction, the bidders answer with bids over the good and then the auctioneer
communicates the bidders whether they have won or lost the auction.
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Table 1. Revision compared to learning from full dataset for the hotel scenario

revision full dataset
dataset  time accuracy time accuracy
n o n o

4123 0.732539 0.0058 18963  0.702367 0.0068
4405  0.757939 0.0223 17348  0.686754 0.0269
6918  0.825067 0.0087 13480  0.662302 0.0180
3507  0.724764 0.0257 17786  0.679003 0.0248
nwoo I o I o I o
global 4738 1299 0.760 0.0433 16894 2057 0.682 0.0255

B~ W N

The protocol is described by the following ICs [29].

bid(B, A, Quote, T Bid)
—3(openauction(A, B,TEnd, TDL,TOpen), (4)
TOpen < TBid, TBid < TEnd)

This IC states that if a bidder sends the auctioneer a bid, then there must have
been an openauction message sent before by the auctioneer and such that the
bid has arrived in time (before T End).

openauction(A, B,TEnd, TDL,TOpen),
bid(B, A, Quote, T Bid),
TOpen < TBid
—3(answer(A, B, lose, Quote, T Lose), (5)
TLose < TDL,TEnd < T Lose)
V(answer(A, B, win, Quote, TWin),
TWin < TDL,TEnd < TWin)

This IC states that if there is an openauction and a valid bid, then the auctioneer
must answer with either win or lose after the end of the bidding time (T'End)
and before the deadline (T'DL).

answer(A, B, win, Quote, TWin) (©)

—V=(answer(A, B, lose, Quote, T Lose), TWin < T Lose)
answer(A, B, lose, Quote, T Lose)

—V=(answer(A, B, win, Quote, TWin), T Lose < TWin)

These two ICs state that the auctioneer can not answer both win and lose to
the same bidder.

A graphical representation of the protocol is shown in Figure @l

The traces have been generated in the following way: the first message is
always openauction, the following messages are generated randomly between

(7)
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auctioneer I | bidders

open auction SN
-l bids
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Fig. 4. Sealed bid auction protocol.

Table 2. Revision compared to learning from dataset for the auction scenario

revision full dataset
dataset time accuracy time accuracy
I o I o

820 0.962812 0.0043 1373 0.921687 0.0043
1222 0.962937 0.0043 1403 0.939625 0.0041
806  0.96375 0.0039 1368 0.923312 0.0044
698 0.961125 0.0018 1618 0.937375 0.0020
743 0.963875 0.0038 1369 0.92350 0.0042
w oo n o woo W o

global 857 187 0.962 0.0039 1426 96 0.929 0.0086

Tt W N =

bid and answer. For answer, win and lose are selected randomly with equal
probability. The bidders and auctioneer are always the same. The times are
selected randomly from 2 to 10. Once a trace is generated, it is tested with the
above ICs. If the trace satisfies all the ICs it is added to the set of positive traces,
otherwise it is added to the set of negative traces. This process is repeated until
500 positive and 500 negative traces are generated for length 3, 4, 5 and 6.
Five datasets are obtained in this way, containing each 2000 positive and 2000
negative traces.

We then considered 500 randomly selected traces (half positive and half neg-
ative). We applied both DPML and IPM to this dataset, the latter starting with
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a version of the model that was manually modified to simulate an imperfect
theory written down by an user.

The results in Table [ confirm those of Table [Tk revision offers benefits both
in time and accuracy.

6 Related Works

Process mining is an active research field. Notable works in such a field are
[I82202Z3IT3031].

In particular in [30/31] (partially) declarative specifications (thus closer to our
work) are adopted.

In [31] activities in business process are seen as planning operators with pre-
-conditions and post-conditions. In order to explicitly express them, fluents be-
sides activities (i.e., properties of the world that may change their truth value
during the execution of the process) have to be specified. A plan for achieving
the business goal is generated and presented to the user which has to specify
whether each activity of the plan can be executed. In this way the system collects
positive and negative examples of activities executions that are then used in a
learning phase. Our work remains in the traditional domain of BPM in which
the pre-conditions and post-conditions of activities are left implicit.

In [30] sets of process traces, represented by Petri nets, are described by high
level process runs. Mining then performs a merge of runs regarding the same
process and the outcome is a model which may contain sets of activities that
must be executed, but for which no specific order is required. However, runs are
are already very informative of the process model; in our work, instead, mining
starts from traces, which are simply a sequence of events representing activity
executions.

In [32] events used as negative examples are automatically generated in order
to partially take away from the user the burden of having to classify activities.
We are interested in the future to investigate automatic generation of negative
traces.

A useful survey about theory revision methods, including a brief description
of common refinement operators and search strategies, can be found in [33].
With regard to the taxonomy proposed there, we deal with proper revision (not
restructuring) both under the specializing and generalizing points of view.

In [34], the authors address structural process changes at run-time, once a
process is implemented, in the context of adaptive process-aware information
systems. Basically, adaptive systems are based on loosely specified models able
to deal with uncertainty, i.e. able to be revised to cover unseen positive exam-
ples. The implemented process must be able to react to exceptions, i.e. it must be
revised to rule-out unseen negative examples. Both kinds of revision must guar-
antee that compliant traces with the previous model are still compliant with the
revised one. In [34], the authors consider process models expressed as Petri nets,
where structural adaptation is based on high-level change patterns, previously
defined in [35]. They review structural and behavioral correctness criteria needed
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to ensure the compliance of process instances to the changed schema. Then, they
show how and under which criteria it is possible to support dynamic changes
in the ADEPT?2 system, also guaranteeing compliance. Similarly to them, we
address the problem of updating a (declarative and rule-based, in our case) pro-
cess model while preserving the compliance of process instances to the changed
model. This is guaranteed, however, not by identifying correctness criteria, but
rather by the theory revision algorithm itself. We think that their approach is
promising, and subject for future work, in order to identify both change patterns
to be considered (up to now we consider one generalization and one refinement
operator only) and correctness criteria under which the revision algorithm might
be improved.

7 Conclusions

In previous work we have presented the system DPML that is able to infer a
process model composed of a set of logical integrity constraints starting from a
log containing positive and negative traces.

In this paper we introduce the system IPM that modifies DMPL in order to
be able to revise a theory in the light of new evidence. This allows to deal with
the case in which the process changes over time and new traces are periodically
collected. Moreover, it does not need to store all previous traces. IPM revises
the current theory by generalizing it if it does not cover some positive traces and
by specializing it if it covers some negative traces.

IPM has been tested on artificial data regarding a hotel management process
and on an electronic auction protocol. The result shows that, when new evidence
becomes available, revising the current theory in the light of the new evidence
is faster than learning a theory from scratch, and the accuracy of the theories
obtained in the first way is higher. This supports our claim that updating can
be better that inducing a new theory.

In the future, we plan to perform more experiments in order to further analyze
the performance difference between learning from scratch and revision. Moreover,
we plan to investigate techniques for learning from positive only traces and for
taking into account change patterns.
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Abstract. The advent of online newspapers broadened the diversity of
available news’ sources. As the volume of news grows, so does the need
for tools which act as filters, delivering only information that can be
considered relevant to the reader. Recommender systems can be used in
the organization of news, easing reading and navigation through newspa-
pers. Employing the users’ history on items consumption, user profiles or
other source of knowledge, these systems can personalize the user expe-
rience, reducing the information overload we currently face. This chapter
presents these recommender filters, explaining their particularities and
applications in the news’ domain.

Keywords: News data, recommender systems.

1 Introduction

Recommender systems (RS) arose as a research area in the nineties, when re-
searchers began to focus on the structure of evaluations. The origins of RS are
linked to cognitive science, approximation theory, information retrieval, predic-
tion theories and have also links to management science and to the process of
modelling options made by consumers in marketing [3].

Before presenting a formal definition of RS, it is important to explain the
concept of information filtering, since RS act as information filters. Belvin [5]
characterizes the expression “information filtering” for processes where there is a
delivery of relevant information for certain persons. This type of system normally
works with huge quantities of unstructured data: text, images, voice and video.
Filtering may be made based on the description of the preference of individuals
or groups of individuals.

RS have also been employed in the organization of news data, easing reading
and navigation through online newspapers. As the volume of news grows in this
type of media, so does the need for tools which act as filters, delivering only
information that can be considered relevant to the reader.

This chapter will summarize the topic of Recommender Systems, explaining
the main decisions involved in the design of this in. It will also present some
works of RS related to news data, highlighting their peculiarities and showing
how RS were employed in these systems.

E. Szczerbicki & N.T. Nguyen (Eds.): Smart Infor. & Knowledge Management, SCI 260, pp. 129
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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Initially, Section P defines RS formally and discusses the way users evaluations
are usually carried out. Next, Section [3] presents different approaches employed
in the literature for recommendation. Next sections discuss, respectively, the
main similarity measures (Section Hl), evaluation measures (Section ) and the
applications (Section @) of RS in commercial systems and in the literature. Sec-
tion [ presents work related to RS for news data. Finally, Section B presents the
main conclusions of this chapter.

2 Definition and Therminology

The problem involved in RS is that of estimating the evaluations of items un-
known to an user and using these evaluations to recommend to the user a list of
items better evaluated, that is, those items which will more probably be of the
user’s interest. To make such estimates, one may use the evaluations of other
items made by the same user or the evaluations made by other users with similar
interests to a particular user.

Formalizing the problem, given a set of users U and a set of items I, let s
be an utility function which defines the punctuation (evaluation or note) of an
item 4 for an user w. That is: s : U x [ — P, in which P is a completely ordered
set, formed by non-negative values within an interval, 0 to 10, for example. The
system must recommend an item 7' which maximizes the utility function for
an user:

i’ = argmax s(u, 1) (1)
el

An element in the set U may be defined by several characteristics, which
corresponds to the user’s profile. Equally, elements from set I may be also defined
by several characteristics, these related to the domain of the items. A film, for
instance, may have as characteristics its title, genders, year of release and the
names of artists, directors and writers involved in the film production.

Since function s is not defined in all space U x I, it must be extrapolated,
allowing presenting to the users items unevaluated by them and which will prob-
ably be of their interest. This is the central problem in RS. This extrapolation
may be carried out through the use of heuristics defining the utility function,
which are empirically validated, or it may be carried out through an estimate of
the utility function by optimizing a certain performance criterion, as the mean
squared error. More specifically, the estimate of the evaluations may be obtained
using methods from approximation theory, heuristic formulas as cosine simi-
larity and Machine Learning (ML) techniques as Bayesian classifiers, Support
Vector Machines (SVMs), Artificial Neural Networks (ANNs), and clustering
techniques [3].

Concerning the evaluations performed by users, a RS may have either an
implicit or an explicit feedback. In the first case, the system must capture the
user preferences without making direct questions to him regarding his opinion
about the item. One approach to obtain implicit feedback is the analysis of the
user’s consuming profile. For news, one may analyze which news were accessed
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by the user and the time spent in their reading. In the case of explicit feedback,
the RS must present the user an input interface where he can evaluate the item
considering some evaluation parameter.

Evaluation may be performed in several ways: integer numbers varying from
0 to 10; “stars” (one star indicating awful, two bad, three medium, four good
and five outstanding); continuous bars where the right side indicates a negative
evaluation, the center indicates a neutral evaluation and the left side indicates
a positive evaluation; or by a binary system: upwards arrow (or positive sign)
indicating positive evaluation and downwards arrow (or negative sign) indicating
negative evaluation. It is also possible to have a one class (or unary) evaluation:
the user says only if he liked the item or not. Other possibility is the insertion
of a textual description of the item. The RS must then convert the evaluation
into a punctuation, which will be employed in the recommendation of new items.
Although this is a topic studied less frequently, Cosley et Al. [15] concluded that
the choice of a correct interface for the recommendation can improve significantly
the user’s experience with the system.

3 Recommendation Approaches

RS are usually classified according to the sources of information and how they
are employed. Generally, RS have: background data, information the system has
before initiating the recommending process; input data, information communi-
cated to the system by the user and which is necessary to generate a recom-
mendation; an algorithm which combines the first and second sources in order
to suggest new items for the users [I1]. Using these three components, two main
recommendation approaches may be identified: content-based and collaborative,
described in sections Bl and B2 respectively. Other classifications presented by
Burke [T1] are: demographic RS, knowledge-based RS and utility-based RS.

Both collaborative and content-based use the user’s (implicit or explicit) rat-
ings as the input to the classification. The main difference between these tech-
niques is in the background data. While collaborative filters employ previous
ratings given by different users to an item as background data, content-based
filters employ the item’s features.

Demographic RS use information from the user as sex, age and scholarity
level to trace an user profile. Herewith, the recommendation is made according
to the demographic class to which the user belongs and there is no need of user
ratings. This technique has been under-explored, since it needs information from
the users usually harder to obtain than the items’ evaluations.

Knowledge-based recommendations use knowledge about the items or users to
perform the recommendation. In this case the users need to provide a description
of their needs or interests regarding the item. Burke [I1], for example, developed
a knowledge-based RS for restaurants. The system suggests restaurants based
on the choices made by users: starting from a known restaurant, step by step
the user indicates some preference that will be considered for the restaurant
recommendation.
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Utility-based RS, similarly to content-based RS, uses characteristics of the
items to be recommended. The difference between these filters is that utility-
based RS uses as input an utility function about the items which describe an
user’s preferences, while the inputs from the content-based RS are the evaluations
of items chosen by the user.

In an earlier work, Malone et al. [29] propose three types of information filters
based on the filtering decisions made by users in different scenarios of information
filtering within an organization. They classified the filters as cognitive, that are
similar to the content based filters and social, in which the value of a message is
mainly based on the characteristics of its sender. They also suggest the economic
approach, in which the selection is made considering the cost-benefit brought by
the consumption of the item. One example given by the authors is the size of
the message as a cost estimate. A person may be not willing to read a long
text unless it is of extreme importance. Other example would be to analyze the
cost of a message to estimate the information gain it brings. Mass e-mails, for
example, aggregate low information, while having a low production cost.

When two or more RS are combined, by using the same recommending ap-
proach with different characteristics or using distinct recommending approaches,
hybrid RS are identified, which will be presented in Section Next, the
content-based and collaborative approaches, which are the most used in hybrid
combinations, are presented in more details.

3.1 Collaborative Approach

In collaborative RS (CF - Collaborative Filtering), the subjective opinion of
other users is employed. The system will recommend to a new user items that
were well evaluated in the past by people with similar preferences to those of
the user. Systems employing CF may be memory-based, comparing the users
among themselves using some similarity measure (see Section H), or may derive
a model using the history of evaluations made by the users. CF can be seen as
an automation of the word-of-mouth recommendation, where a person receives
or asks for recommendations of friends about some product or service.

CF presents four main problems that may influence in the accuracy of a RS
employing this recommending approach:

— First evaluations problem (early rater, ramp up, cold start) - a collaborative
filter cannot make predictions for items that were not evaluated by any
user yet. Predictions made from the evaluations of few users tend to be of
low accuracy. New users will also face a similar problem because of having
evaluated few or no items, needing to evaluate a minimum quantity of items
to begin receiving recommendations.

— Sparsity problem - the number of items in many systems is much higher than
the number of users. Evaluation matrices are therefore very sparse (reach-
ing 99% of sparsity), which difficult finding items evaluated by a sufficient
number of persons.
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Step 3

Fig. 1. User-based Collaborative Recommender System - In Step one, the system ob-
tains user ratings for some items; In Step 2, the system finds users with similar interests;
In Step 3, the system delivers to the user a new item that will probably interest the
user based on his similarity with other users.

— Gray sheep problem - in small and medium size communities, some individ-
uals may not benefit by collaborative filters because of having an opinion
that is not different or similar to that of other users, making the system
predictions usually bad for this particular user.

— Portfolio problem - the RS may recommend items too similar to those already
consumed by the user.

Related to content-based RS, the main advantage of the CF approach is that
it is independent of the items’ representation, and may be directly employed
for different types of items not easily interpretable by computers, as images or
videos. Therefore, prior knowledge about the domain is not necessary.

Furthermore, CF allows the identification of niches of multiple genres, since
it is independent of content and it is adaptive, that is, the quality of recommen-
dation tends to increase with time. Nevertheless, a disadvantage is the need for
a relatively large amount of historical data to get a good recommendation. A
last advantage of CF relies in the fact that it is able to obtain good results even
using only implicit feedback.

Candillier et. al [I3] identified three different strategies for CF for the pre-
diction of new items: user-based, item-based and model-based. In Figure [I] the
three basic steps for a user-based collaborative recommendation are presented.

In the user-based approach, employed most frequently, the evaluation of a
new item is based on the evaluations made by neighbor users. First a similar-
ity measure between users must be defined and then a method to combine the
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evaluations performed by the neighbors must be chosen. Commonly a weighted
sum of the evaluations made by the nearest neighbor users that already evaluated
that item is employed.

In the item-based strategy, neighbors for each item are defined. The evalu-
ation of a new item is derived from the evaluations made by the user for the
item’s neighborhood. An example of this approach is presented in the work by
Deshpande & Karypis [I8]. Both strategies, item-based and user-based, employ
similarity measures for the determination of the neighborhoods, and are also
known as neighborhood-based strategies.

The quadratic complexity of the previous approaches is not desirable for sys-
tems where the evaluations must be quickly obtained. Therefore, model-based
strategy aims to reach a modelling between users and items. Some of the possi-
ble techniques employed in this modelling are: clustering, Bayesian models and
association rules.

In experiments reported in Candillier et. al [I3] using data sets Movielens
and Netfliz, the item-based strategy obtained the lowest mean quadratic error
in the evaluation of new items, followed by the user-based strategy and by the
model-based strategy. An important parameter of item-based and user-based ap-
proaches is the number of neighbors to be considered. As advantage, the model-
based approach had learning and prediction times largely reduced when used in
a problem with a large amount of users and items.

3.2 Content-Based Approach

In content-based or cognitive RS (CBF - Content Based Filtering), the user pref-
erence for certain items is used to implicitly build an user profile, by searching
common points in the description (content) of the items positively or negatively
evaluated by this user. A model of the user may be also obtained by providing
descriptions of these items for a supervised Machine Learning (ML) [32] algo-
rithm. Using the CBF approach, the system will recommend items similar to
those for which the user has shown interest in the past. When an explicit profile
of the user is built, in which some sort of questionnaire is presented to him,
a knowledge-based RS is characterized. In Figure 2] the three basic steps for a
content-based recommender system are presented.

As disadvantage, CBF can not distinguish between content of high and low
quality, which is much easier for a human being. There is also the fact that no
‘surprise’ or novelty may be present in the new recommendations, an effect known
as serendipity. Therefore, the problem of portfolio can be even more pronounced
in the CBF when compared to CF.

This approach is subject to specialization, in which only items of the categories
assessed by the user in the past are recommended. Moreover, for certain types
of media such as video, audio and images, the analysis and evaluation of the
content is more difficult, making the use of CBF complex or making necessary
the use of some sort of textual description of the item.

Similar to CF, in CBF the user needs to perform a sufficient amount of eval-
uations so that the system can begin to make recommendations with a good
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Step 1 Step 2 Step 3
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Fig. 2. Content-based Recommender System - In Step one, the system obtains user
ratings for some items; In Step 2, the system finds new items that have a similar
content to those the user likes; In Step 3, the system delivers to the user the most
relevant items.

accuracy and the quality of assessments tends to improve with time. As an ad-
vantage over CF; CBF may recommend a new item even if it has not yet been
rated by any user.

In general, the items used in the CBF approach are semi-structured texts,
which allows the use of Information Retrieval techniques and representations.

3.3 Hybrid Approach

Many RS currently proposed are hybrid, trying to aggregate the benefits and
minimize the disadvantages of different approaches. The most common com-
bination is of collaborative (CF) and content-based (CBF) filters. Burke [I1]
identifies seven possible types of hybrid RS.

In a weighted hybrid RS, the score of a recommended item is measured by the
combination of all techniques present in the system. A simple example would be
a linear combination of two scores as in P-Tango [14]. This technique assumes
that the relative value of the different techniques combined is approximately uni-
form in the space of possible items, which is not always true, since collaborative
classifiers have lower performance for items with few evaluators.

An alternate hybrid system alternates between the different recommendation
techniques according to some given criterion. RS Daily Learner [§], for example,
uses a CF or a CBF if the confidence of the recommendation made by CBF is
not good. This technique adds complexity, since it is necessary to determine a
criterion for switching, including a new level of parametrization.

There is also a mixed approach for recommendations. In this case, recom-
mendations from different recommenders are presented at the same time. This
technique is interesting when the performance of multiple simultaneous recom-
mendations is practicable. Examples of works using this approach are: the PTV
system [I6] for the recommendation of TV programs, ProfBuilder [43] and Pick-
AFlick [10], which have multiple side by side recommendations. It is common
that, when presenting the recommendation, they are properly ranked. In this
case it is necessary to employ some technique for combining the different RS.
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It is also possible to obtain a hybrid RS by combining the attributes of differ-
ent RS. The attributes of the different sources of knowledge are combined and
employed in a single algorithm for recommendation.

In the approach of recommender cascade (cascade), a RS refines the recom-
mendation made by a second RS. The system EntreeC proposed by Burke [11]
uses this approach. Initially, EntreeC' makes use of a technique based on knowl-
edge. Afterwards, the recommendations produced by this technique are sorted
according to a CF. In the cascade system, the RS with highest priority (applied
first) should be the strongest. This technique is therefore tolerant to noise in the
second RS applied, but can not readjust the first RS applied.

Finally, a hybrid RS with increased attributes uses the output of a recom-
mending technique as input attribute for a second recommending technique. A
similar approach to this is the meta-level. Nevertheless, in this case, instead
of using the output produced by a recommender, a model generated by such
recommender is employed as input for the second technique applied.

4 Similarity Measures

Both in content-based approach as in the neighborhood-based collaborative ap-
proach (of items or users), the definition of the similarity between some sort of
entities is important for the quality of the recommendations made.

Manouselis & Costopoulou [36] discuss different options for projecting a
neighborhood-based collaborative RS, featuring some possible similarity mea-
sures. Three simple measures are the square difference of the averages used by
Shardanand & Maes [42] to calculate the similarity of two users in one of the
first works on collaborative filtering, the Euclidean distance (Ls) employed by
Kim & Yang [27] in the same context and the Manhattan distance (Lq).

Pearson’s correlation is probably most popular for the user-based collaborative
approach, being employed in Grouplens [38], for example. This measure is used
to obtain the similarity between an user and all related neighbors available to
then compute a final prediction based on the weighted average of the standard
deviation of the neighborhood. It corresponds to the cosine of the standard
deviations from the average.

Given two users and a and u, the Pearson’s correlation between them can be
calculated by Equation
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Where S, is the set of items evaluated by user a, .9, is the set of items evaluated
by user u, 74; represents the evaluation of item 7 made by user a, r,; represents
the evaluation made to item i by user u, 7, and 7, are the averages of the
recommendations made by users a and u.

Shardanand and Maes propose the constrained Pearson [42] in which only pos-
itive ratings are taken into account. They observed that, in their system, negative
ratings are very few so they represent little difference for this calculation.

Pearson(a,u) =

(2)
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Another popular measure is based on cosine, and is also known as vecto-
rial or L2-norm. It can be used in the user-based or item-based collaborative
approaches. The similarity between the vector of evaluations of a user a and
the vector of a user u is measured for the set of items rated by both users
(Equation []).
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It is a simpler measure compared to Pearson’s correlation as it does not take
in account the averages of user ratings. This measure can also be employed in the
content-based approach. In this case (Equation [)), vectors V; and V; represent
a set of attributes from items ¢ and j, as keywords.

cosine(a, u)
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Pearson and cosine measures consider only the common set of attributes be-
tween two vectors. So, for these measures, if two users have only one rated item
in common and they gave the same rating for this item, they will have a simi-
larity of one, no matter if they have rated other items differently. On the other
hand, the Jaccard similarity measure (Equation []) considers the difference be-
tween two sets of items but does not take in account the difference of ratings
values, so it is more adequate to binary or one class-ratings.

(5.1 5.1
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The work of Candillier et al. [I2] indicates that the combination of similarity
measures used for collaborative filtering can bring substantial improvements to
the recommendations. These authors conclude that the use of two measures with
different properties allows to consider a smaller number of neighbors, therefore
reducing the time spent on the recommender training and prediction.

Other measures presented by Manouselis & Costopoulou [36] are: Spearman
correlation [21], adjusted cosine, Clark’s distance [33] and variance weighting [21].

Jaccard(a,u) =

5 Evaluation of Recommender Systems

Generally, the performance of a RS is assessed by measuring its accuracy to find
new relevant items. However, there is no consensus on which measures are more
appropriate and most of the work in the area use their own methodology for the
evaluation of the proposed recommender systems.

Candillier et. al [I3] highlight three measures as the most applied to measure
the performance of a RS: the mean absolute error (MAE), the root mean squared
error (RMSE) and precision measures.

Equations [ and [[ present MAE and RMSE for a set T, composed by users
u, items 7 and rates r. p,; is the prediction of an item ¢ obtained for an user u.
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MAE measures the average absolute difference between a predicted and a true
rating. Compared to MAE, RMSE gives more emphasis on large errors, as the
errors are squared before they are summed.

In RS with graded evaluation, as the ratings using one to five stars, the pre-
dicted values are usually rounded to integers (3;5) or multiple of means (0.5;2.5),
which makes easy the interpretation of the rating value. These values must then
be employed in the calculations of the measures presented.

For systems that present a ranked list of recommended items, MAE and RMSE
are not reliable measures, given that wrong items in the top of the list have a
different weight from those on the bottom. For these systems, it is better to
employ Rank Accuracy Metrics like precision and half-life utility [41]. Precision
is given as the proportion of relevant items selected relative to the total number
of items selected. The half-life utility measures the difference between the user’s
rating for an item and a default rating that is usually set to a neutral or slightly
negative rating.

Herlocker et al. [22] point out two main reasons that make the evaluation of RS
difficult. The first one is related to the fact that the performance of a RS may vary
for different data sets. Some characteristics of the data sets, like number of items,
number of users, sparsity of ratings and ratings scale can make one algorithm
inappropriate for a given domain. The second reason is that the evaluation of an
RS may have different goals. In systems that are used to support decisions, for
example, it is more desirable to measure how often the systems leads to right or
wrong decisions. Some authors also believe that the user satisfaction is the most
important measure for a recommender system.

It is also important to consider other factors beyond accuracy in the choice of
an appropriate RS. Factors such as coverage, which measures the percentage of
items for which is possible to make predictions, computational complexity, scal-
ability, novelty detection and reliability. An additional factor to be considered,
especially in CF, is the robustness of the RS, which measures the power of the
algorithm to achieve good predictions in the presence of noisy data that usually
comes from attacks to the system.

6 Applications

In the case of RS developed in the academy, there is a variety of applications using
different approaches. One of the first systems was Ringo [42], which recommends
music albums and artists using collaborative filtering. Movielens [20] and Video
Recommender [23] are examples of systems geared to recommend movies and
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also make use of collaborative filters. MovieLens dataset is one of the most used
sources for evaluation and comparison of RS.

Fab system [4] uses a content-based RS for the recommendation of web pages.
Jester [19] (available at [26]) is a system for the recommendation of jokes em-
ploying a collaborative filtering algorithm known as Figentaste. Jester’s users
must, first, rate eight jokes so the system can start to recommend new items.

An example of hybrid RS that incorporates the content of the data in a collab-
orative filter is proposed in [3I], obtaining superior results to usual collaborative
and content-based RS.

The most common examples of the use of RS in commercial web applications
are Amazon virtual store and Netfliz, a service for movie rentals. Both companies
use hybrid approaches in their recommendations.

Amazon is seen as one of the pioneers in the use of RS for e-commerce. When
accessing the a book’s page, for example, there is the recommendation of other
items purchased by other customers with the same item. Users can evaluate the
items with stars and make their comments on the items. With this assessment,
the site can rate the best items in each category. The purchase history of user
searches is also used to recommend new items.

Netfliz is a company that rents movies in DVD and Blu-ray formats by mail
and streams of movies and TV series. A major difference from their service
is in its recommendation system called Cinematch. The creators of the system
estimate that between 2010 and 2012 it will have over 10 billion ratings, receiving
more than 10 million of them per day and doing about 5 billion predictions
every day [6].

Recognizing the strategic importance of their system, the company launched
the Netfliz Prize in 2006, offering a U.S.$ 1 million prize for the team who
can develop a system of recommendation to present a solution with 10% better
accuracy compared to their current system. In 2008 “Belkor in BigChaos” team
obtained an improvement of 9.44% over Cinematch. The proposed solution [12]
combines 22 different models and a search algorithm for automatically tuning
the parameters of the different models in order to minimize the error.

Two other examples of applications that use RS are Last.fm and Pandora
that, similarly to Ringo, suggest songs and artists to users using collaborative
filtering techniques.

7 RS Applied to the Domain of News

News recommendation is one of the main from the various applications in which
the recommender systems have been applied. In a study by Montaner et al.
[34], 37 Internet systems which employed recommender agents were analyzed.
Of these, 11 were used for the recommendation of stories, both coming from
Newsgroups and from online newspapers. In this section some of these systems
are analyzed, presenting the particularities in this domain and the techniques
for recommendation adopted in the different scenarios proposed by the authors.
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Table 1. RS applied to the domain of news stories

Author(s) System Recommendation Approach
Resnick et al. [3§] GroupLens Collaborative

Lang [28] Newsweeder ~ Hybrid

Claypool et al. [14] P-Tango Hybrid

Billsus and Pazzani [8] Daily Learner Content-based

Das et al. [I7] Google News  Collaborative

Bogers and Bosch [9] - Content-based

Table [ gives a summary of some of the most important work involving RS
for news, presenting the approaches and techniques employed for the recommen-
dation. Afterwards, these works are presented in greater detail.

7.1 GroupLens: An Open Architecture for Collaborative Filtering
of Netnews

Resnick et al. [38] define GroupLens as a collaborative filtering system for News-
Groups. The architecture proposed by the authors is composed by a client where
the user views the news’s ratings prediction and, based on this information,
chooses which of them he will read. This client also allows the user to eval-
uate news. Besides the client, there are servers responsible for collecting the
ratings given by users, estimating the scores of stories and then disseminating
them to the clients. The objectives of this design are the openness, ease of use,
compatibility, scalability and privacy. The system is based on the heuristic that
users who had similar opinions in the past will probably have similar opinions
in the future.

The rating system correlates rates of items already evaluated to determine
weights to be assigned to each person when making predictions for them. Initially
it calculates the correlation coefficients that indicate how a user tended to agree
with other users in articles that they both evaluated.

Since users may have similar interests in some subjects but not in others, the
matrices of ratings are built for each group of stories. Clients used to capture
the news then have the task of deciding how to use the predicted ratings. The
authors propose three different implementations for the client. First, a column
was added to the side of stories showing the predicted rating numerically. The
second implementation used the ratings to change the order in which items
were displayed. The ratings were also visible in an additional column. To ease
the visualization of the ratings, the numbering scheme was changed to letters
ranging from A to E. The third client showed the predicted ratings in bar graphs,
making it even faster to visually scan the items with higher predicted ratings.

Resnick et al. [38] comment that few experiments were performed. Users of
the pilot test stated that, after some time they started to rate the news, the
predictions became relevant. The authors also comment that it is likely that
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there are better mechanisms for evaluation and that it would be interesting to
use the contents of the article and take into account the time that people take
to read the news in estimating predictions.

7.2 NewsWeeder: Learning to Filter Netnews

The filtering system for NewsWeeder, proposed by Lang [2§], uses collaborative
filtering to discover the interests of the user. Lang used this approach to ensure
that the system is not dependent on creating and maintaining a profile in which
the user has to describe his interests. The system also employs a content-based
filtering, therefore a hybrid approach. The final prediction is obtained by the
weighted average of content-based predictions for the user, predictions made by
other users and content-based predictions for all the users. However, in this work,
Lang examines only the content-based prediction made for each user.

In NewsWeeder, the user selects the news he wants to read and evaluates it
after reading with ratings ranging from 1 (essential reading) to 5 (no interest)
and ‘skip’ for articles that the user, only by the summary , decided not to read.
Each of the six possible rates represents a category. The author argues that
the use of explicit feedback is better because it facilitates the measurement of
performance and also the training of the recommender system. On the other
hand, it requires the user to take the extra effort of having to choose a rate for
each story read.

Lang gathered information from evaluations of two users who used the system
for almost a year. With this information, he conducted experiments related to
the generation of models of user’s interests. Text preprocessing was performed
using bag-of-words. Beyond words, the punctuation marks were kept. Lang then
compared both approaches for the prediction of ratings.

The first approach uses a technique known as TF-IDF (Term Frequency -
Inverse Document Frequency) of IR. To classify a document, the vector that
represents it is compared with the prototype vectors of each category. The pro-
totype vectors correspond to the average of all vectors belonging to the category.
The classification results are then converted to a continuous value by linear re-
gression with the least squares method. The chosen similarity measure for the
comparison between the vectors is the cosine of the angle formed between the
vectors of both documents.

The second technique chosen is based on the Minimum Description Length
(MDL) principle [39]. Similarly to the TF-IDF approach, the MDL approach
initially classifies the items in the various degrees of evaluation (categories) and
the measures of similarity are converted into a continuous space.

Lang stressed that the use of a stopwords list could lead to loss of important
data. The author removed the most frequent words and obtained better accuracy
in predicting the ratings for the case where 100 to 400 words with the highest
value of TF-IDF weight were removed. Lang chose to measure the accuracy of
evaluation, in this case defined as the percentage of items evaluated as interesting
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found in 10% of the files with the highest predicted ratings. This measure was
evaluated for the two approaches, varying the amount of training examples for
all the data from two users.

The MDL method achieved an accuracy of 44% and 58% for users A and B,
respectively, 21% higher than the precision provided by the TF-IDF technique
for the user A and 16% higher for the user B.

7.3 P-Tango: Combining Content-Based and Collaborative Filters
in an Online Newspaper

Claypool et al. [T4] publication presents the design of a filtering system for
the Worcester Telegram and Gazette on-line newspaper which, according to the
authors, tries to combine the speed and coverage of content-based filters with
the depth of collaborative filters. In this work the authors present preliminary
results and suggest the benefits of the chosen methodology.

In the researchers approach, the rating of each story is obtained by the
weighted average between the content-based prediction and the collaborative
prediction. The weight given to collaborative prediction is varied and gener-
ally increases as an item is rated by more people, avoiding the problem of the
first ratings. The weighting of the predictions is defined for each user of the
system, which minimizes the ‘gray sheep’ problem. The system is also hierar-
chical, as components and subcomponents may receive different weights. In the
content-based filter, for example, the components keyword and section receive
the same weight.

The collaborative filter system employed by P-Tango system uses Pearson
correlation coefficient to calculate the similarity between users and the content-
based filter uses keywords. The user can, optionally, set the preference in his
profile for categories of the newspaper or specify keywords. A profile also has
a list of implicit keywords. These words are obtained from 25% of the articles
that received the best ratings from the user. The generation of keywords for
each article is obtained as follows: stopwords are removed, stemming is applied,
and finally the words that occur more frequently are selected. The predictions
for the three indicators (categories, implicit and explicit keywords) initially have
the same weight. Over time the errors are calculated for each prediction and the
weights are adjusted for each user.

The architecture of the system is composed of a front-end (web interface with
the user), a back-end and the database (DB). The back-end imports the articles
from Tango web site, calculates the similarities between users, generates the
keywords and calculates the predictions. The DB is responsible for the storage
of articles, users’ profiles, evaluations and calculated predictions.

The experiments were conducted with 18 users who used the system for three
weeks. These have made 0.5% of the possible evaluations. The mean absolute
error (called by the authors as inaccuracy) between predictions made by the
system and the evaluations made by the users was evaluated. This measure was
calculated for the collaborative filter, the content-based filter and the combina-
tion of both. The inaccuracy showed up next in the first few weeks for the three
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filters. However, in the last week, the inaccuracy of the collaborative filter was
considerably lower than that of the content-based filter. The hybrid approach
was generally more accurate than the other two. The authors said that more
testing time would be necessary to better evaluate the system. Despite the fact
that content-based filter did not bring better accuracies, it is valid in situations
which there are no ratings yet. However, it is difficult to measure this benefit
numerically.

Claypool et al. finalize their work saying that there are many issues involved
in the personalization of newspapers online. It can be obtained in relation to
content, layout, types of media (text only, text with pictures, video), advertising,
among others. It is possible, for example, to customize the number of articles
per page, rearrange the articles and even change the hierarchical structure of
newspaper categories.

7.4 Dazily Learner: User Modelling for Adaptive News Access

The work of Billsus and Pazzani [§] concerns the project, implementation and
evaluation of a framework for adaptive access to news. This system employs
a client-server architecture. The Adaptive Information Server (AIS) uses ML
algorithms to obtain models from users based on their implicit and explicit
feedback. In this work, two versions of the Daily Learner agent are presented.
The first version shares the news via a web interface, while the second is geared
for mobile devices like cell phones and PDAs. The authors use a Palm VII device
as an example.

The AIS uses a multi-strategy ML algorithm in order to capture the interests
of individual users for daily news. The news source service used was Yahoo News.
The authors consider various aspects to create their solution: the use of a central
repository of data, which eases data collection and incorporation of preferences
of users in the recommendation algorithm; scalability; and the system must be
able to produce recommendations for a large number of users and, therefore, the
recommendation algorithm should be efficient. Other requirements are: platform
independence of devices, the system should be not limited to a single platform
so that it can attract a large number of users; ubiquitous access, where access
to individual profiles can be done by any device that has access to Internet; and
response time, in which waiting time should be reduced at maximum.

The newspaper created for the web interface contains nine different categories
and uses explicit feedback, while the mobile version uses only implicit feedback
due to bandwidth limitations of the devices and for usability reasons.

To create the model of users, some points were considered. The model should
represent the different interests of users in various categories. It needs to be
flexible to adapt quickly to the user’s changes in interest. Furthermore, it should
consider the fact that the user needs for information changes due to his own
interaction with the information.
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Therefore, Billsus and Pazzani [8] have chosen a model composed of two parts:
one representing the long-term interests and other the short-term interests of the
user. According to the authors, this choice has several advantages for areas with
temporal characteristics, such as news.

The model considers the 100 short-term latest news read by a user. In this model
the news are represented by a vector of TF-IDF terms. The prediction of the rating
for a new history is obtained as follows. Calculating the distance of the news con-
cerned with all the news already read by the user by using the k-NN algorithm. The
stories that reach a threshold t-minimum are chosen. The rate is then predicted as
the average between the weighted evaluation of all the stories chosen, where the
weight is given by the similarity between a news story chosen and a new story. If
the threshold value of the news is over a t-max, it is marked as “known” because it
is very similar to a story already read. If there are no news between the thresholds
t-minimum and t-max, the news are passed to the long-term model. The advan-
tage of the nearest neighbors algorithm is that it can provide a similar story using
only a single training example, which does not happens for other algorithms that
require larger amounts of training examples.

The long-term model aims to capture the user’s general preferences. It also
uses the representation of the news by a TF-IDF vector, selecting the ten at-
tributes with greater weight. It is also selects the 150 words that appear most
in each category. This selection of different attributes was used to ensure better
system scalability and also better rates of correct classification. Furthermore, the
words that appear most in each category are used to build explanations for the
recommendations made. The approach used for the construction of explanations
is detailed in [7]. The Multinomial Naive Bayes (MNB) algorithm [30] is used
and the news are classified as interesting or non-interesting. The authors also
included two restrictions to prevent the system of long-term rating items with
little evidence of belonging to a class. An attribute is only considered informative
if it appears at least ten times in all training. An item is classified if it contains
at least two attributes informative.

Billsus and Pazzani [§] evaluated the F-measure and the percentage of correct
predictions for the four stories with higher predicted evaluation. Two experi-
mental approaches were used: the first measures the performance of the system
daily. Systems’ predictions are compared with the actual evaluations made by
the user and then the mean of the results is taken. The second quantifies the
performance of the prediction system as a function of the number of training
data available. The performance is measured regarding the training sessions,
when the user enters the system and evaluates at least four stories. Finally, the
mean of the performance for each user of the system is taken. The web client
had about 150 users and the wireless client had 185 users.

The web client performance showed significantly better results compared to
the mobile client. This is explained by the fact that it first receives the explicit
ratings. The F-measure of the hybrid approach against the F-measure of short
and long-term approaches was statistically higher in both the web client and
the wireless client. The value of F-measure increased over three sessions of the
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web client. In the wireless client, 10 sessions were evaluated. After climbing a
few days, the values of F-measure began to fluctuate as a result of the different
distribution of the daily news. The results indicate the superiority of the hybrid
approach proposed by the authors.

7.5 Google News Personalization: Scalable Collaborative Online
Filter

Das et al. [I7] present the approach used by Google News for the recommenda-
tion of news to its users. The authors highlight the fact that it is a system with
millions of users and items and that is very dynamic, i.e., has high turnover of
items, that is, the news. The approach presented is independent of content, can
be used for other areas. The predictions are obtained by a weighted combina-
tion of three different approaches: the grouping Min-Hashing, the probability of
semantic latent indexing (PLSI - Probabilistic Latent Semantic Indexing) and
counting covisitations.

Google News is a system that aggregates headlines from more than 4,500 sources
of information, grouping similar stories and showing them to the user according
to their personal interests. Recommendations are made for users logged into the
system. They are based on implicit user feedback, i.e., the system stores the news
that were accessed by the user. Therefore, there is a single class configuration, that
is, a visit counts as a positive vote, and therefore there is no negative class. Das et
al. [I7] stress that this setup is more subject to noise than cases in which there are
two classes (positive or negative evaluation) or a range of scores. As advantage,
the implicit feedback does not require any user intervention in the system. There
is also the restriction of time: the recommendations should be generated in a few
hundred milliseconds to keep the application response time down.

Min-Hashing is a probabilistic clustering method which links a pair of users
to the same cluster according to a probability proportional to the overlap be-
tween the items which received positive feedback (were visited) by both users.
Therefore, the similarity between two users is given by the Jaccard coefficient
between both users.

PLST technique was developed by Hofmann [24I25] for performing collabo-
rative filtering in a constant prediction time. Users and items are modeled as
random variables. The relationship between items s and users u is modeled by a
combined distribution. A variable Z is then introduced to capture this relation-
ship, which can be seen as the identification of communities of users, i.e. those
users with similar preferences.

The prediction of a recommendation using Min-Hashing and PLSI for a news
1 and a user u is calculated by obtaining the clusters of which the user is part
of and, for each of these clusters, check how many times, discounted by ‘age’,
the members of this cluster visited the news i. These values are summed and
normalized in a range from 0 to 1.

The third technique used by the recommendation of Google News is covisita-
tion. Unlike the first two techniques, it is based on memory and not on models. It
aims to shape the preferences of the user in a short period of time. Covisitation
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is defined as the event in which a user visits two stories within a specified period
of time. This can be represented in a graph where the nodes are the items (in
this case, the news) and the edges that connect the nodes have weights propor-
tional to the number of covisitations decayed by time, that is usually set to a few
hours. It is also possible to include the direction of the edges where the order of
access to items is important. In the implementation of the authors, this graph
is stored as an adjacency list.

When a news sj, is accessed by the user u;, the system iterates through the
list C,, of items recently visited by the user in the last hours or days. All these
items have their adjacency lists updated and the system also updates the list for
item K. If there is an edge between the pair of news, the weight is decreased by
the counting time. The nearest neighbors of a particular item are given for items
that were covisited with this item, weighted by the counts decayed by the time of
how often these items were visited. Finally, the predicted ratings by covisitation
are normalized.

They have evaluated these three techniques in three different data sets, one
using data from MovieLens [35] and two using stories from Google News it-
self. For the three data sets, they evaluated the precision and sensitivity curves.
The PLSI obtained the best performance followed by Min-Hashing and then
the method of cosine correlation, used for comparison. The second test was per-
formed on live traffic to evaluate the three proposed algorithms combined with
different weights. They were compared to the algorithm Popular, where the pre-
dictions are made by the popularity of the news, that is, by their age discounted
count. Ranked lists were generated for each of the algorithms to perform this
evaluation. These lists were interlaced and presented to the user. The order of
interlacing was varied to avoid a bias in positioning, i.e., the user choosing a
story only because it is in a higher position in the list. Then they evaluate which
algorithms have most visited stories. The experiment took place over six months
with millions of users. The algorithm with a higher weight to covisitation (2, 1,
1) had the best performance, in general followed by the algorithm with more
weight to the Min-Hashing and PLSI (1, 2, 2). Both performances were on aver-
age approximately 40% higher than that of the algorithm Popular. The authors
emphasize that the last algorithm is superior to the other two when the stories
are very popular. There was also a final experiment comparing only PLSI and
Min-Hashing, individually and combined over 20 days. Individually, it was not
possible to say which one was better. When combined, however, the obtained
performance was always lower.

7.6 Comparing and Evaluating Information Retrieval Algorithms
for News Recommendation

Bogers and Bosch [9] claim that improving the performance of content-based
news recommender systems has been slow due to the use of matching algo-
rithms relatively old, as a simple comparison of keywords. Therefore, in their
study, these authors employ recent probabilistic algorithms, with the objective
of achieving significant gains of performance.
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The recommendation algorithms described by the authors are based only on
the content of the items, and independent ratings of users. Bogers and Bosch
[9] examine three areas where they believe it is possible to bring benefits to
content-based RS. Regarding retrieval models, most content-based systems uses
keywords or TF-IDF vector representation. The representative size of stories
is a factor considered in few experiments. Regarding evaluation, it has been
difficult to compare systems, because the different approaches use different data
sets and the efforts in evaluation have been divided between binary (relevant or
non-relevant) and graded (multiple rates) evaluation.

For the experiments, Bogers and Bosch [9] created their own collection with
full texts based on RCV1 (Reuters Corpora Volume 1). The similarity between
the articles was measured by people who gave a score of 0 to 4 (0 for non-related
and 4 to highly related).

The authors conducted the experiments with different variations in the size of
the articles to show how this variable influences the task of recommendation. The
first including only the title. The second using the title and first sentence and
the third using the title and the first two sentences. And so on, until it included
the title and the first ten sentences. For the binary evaluation, related articles
are considered those with assessment of 3 or 4. The measure used for evaluation
was the Mean Uninterpolated Average Precision (MAP). For the evaluation of
multiple ratings (graduated), they measured Kendall’s tau correlation, a statis-
tical measure used to assess the degree of correlation between two rankings and
the significance of that relationship.

Three recommendation algorithms were compared. The first is Okapi [40]
function, which represents the classical probabilistic model for Information Re-
trieval. The second is a framework of language modeling (LM) [37], which con-
structs a probabilistic model of language for each document. As a comparative
basis, they employed TF-IDF weight considering the size of stories for calculat-
ing the weights. A text retrieval based on 50 articles using the title and body
was performed. Table 2] presents the results for the different algorithms employ-
ing only the article’s title, title plus the first five lines, title plus the first ten
lines and all the text. Finally, Bogers and Bosch assessed the correlation between
MAP and Kendall’s tau and found a reasonably correlation of 0.4865, showing
that binary and graded evaluation do not always share equivalent results.

When using the entire text story, the MAP for Okapi and LM were about 0.7
and there was no significant difference between them. The MAP of the TF-IDF

Table 2. MAP and Kendall’s tau scores for LM, Okapi and TF-IDF [9]

LM Okapi TF-IDF
MAP K’stau MAP K’stau MAP K’s tau
Title Only 0.1598 0.1431 0.2680 0.2667 0.2122 0.2212

Title + 5 lines  0.6032 0.2668 0.5978 0.2856  0.5849 0.2560
Title + 10 lines 0.6665 0.2822 0.6683 0.2871 0.6342 0.2630
Full text 0.6973 0.2932 0.7016 0.2968 0.6136 0.2293



148 H.L. Borges and A.C. Lorena

system was lower, 0.61. The authors also note that the implementation of LM is
in average about five times faster than that of Okapi. When considering bigger
articles the MAP always rose, although in the case of TF-IDF it stabilized at a
certain point and even got worse, confirming that TF-IDF approach has problems
with long documents. When evaluating the values of Kendall’s tau, there is a
similar behavior. Only in the case of TF-IDF it is clear that the use of all the
text reduces the value of this metric.

8 Conclusions

In this chapter the main issues related to recommender systems were presented
by pointing the main approaches employed, their advantages and disadvantages
and some of the possible applications of RS. Then, a special attention was
given to the domain of news stories, summarizing the main works surrounding
the topic.

Throughout the points mentioned in this chapter, one can say that RS are
one of the major tools that help to reduce information overload, acting as filters
and customizing content for the final user. The collaborative approach has been
the most studied and used because of its good results and by the fact that it can
be applied to any type of item.

The hybrid approach, in turn, has increasingly been studied because it allows
to tackle some of the deficiencies found when only one approach is employed.

The choice of an appropriate RS for an application depends on the analysis
of various factors such as the number of users and items, and domain char-
acteristics of the items. In the case of systems geared to recommend news, it
is possible to observe some characteristics through the study of literature pre-
sented. First, there is the pronounced problem of the sparsity due to the high
churn of items. News stories appear in minutes and become obsolete in a mat-
ter of hours. Moreover, the interests of the user can change suddenly, making
approaches that consider short and long term interests, as proposed by Billsus
and Pazzani [§], very interesting. Another important point is the fact that an RS
for news that employ different sources, like Google News, must avoid presenting
redundant news to the user, given that is common that several sources report
the same event just using different words, which can be solved with the use of
an RS with a content-based approach. Regarding the collaborative approach to
the domain of news, it is important to choose a technique based on models or
to employ clustering techniques such as those proposed by [17]. The use of tech-
niques based on the neighborhood can become impractical from the viewpoint of
computational time for large problems, since the news recommendation should
be performed, preferably, within few minutes or even instantly.
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Abstract. Finding the adequate (win-win solutions for both parties) negotiation
strategy with incomplete information for autonomous agents, even in one-to-
one negotiation, is a complex problem. Elsewhere, negotiation behaviors, in
which the characters such as conciliatory, neutral, or aggressive define a ‘psy-
chological’ aspect of the negotiator personality, play an important role. More,
learning in negotiation is fundamental for understanding human behaviors as
well as for developing new solution concepts of teaching methodologies of ne-
gotiation strategies (skills). First part of this Chapter aims to develop negotia-
tion strategies for autonomous agents with incomplete information, where nego-
tiation behaviors, based on time-dependent behaviors, are suggested to be used
in combination (inspired from empirical human negotiation research). The
suggested combination of behaviors allows agents to improve the negotiation
process in terms of agent utilities, round number to reach an agreement, and
percentage of agreements. Second part of this Chapter aims to develop a SOcial
and COgnitive SYStem (SOCOSYS) for learning negotiation strategies from
interaction (human-agent or agent-agent), where the characters conciliatory,
neutral, or aggressive, are suggested to be integrated in negotiation behaviors
(inspired from research works aiming to analyze human behavior and those on
social negotiation psychology). The suggested strategy displays the ability to
provide agents, through a basic buying strategy, with a first intelligence level,
with SOCOSYS to learn from interaction (human-agent or agent-agent).

1 Introduction

Negotiations have received wide attention from the distributed Artificial Intelligence
(AI) community as a pervasive mechanism for distributed conflict resolution between
intelligent computational agents [1]. In a context where agents must reach agreements
(deals) on matters of mutual interest, negotiation techniques for reaching agreements
(deals) are required. In general, any negotiation settings will have four different com-
ponents [2]: - a negotiation set, the space of possible proposals that agents can make ;
- a protocol, the legal proposals that agents can make ; - a collection of strategies, one
for each agent, which determine what proposals agents will make ; and - an agreement
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rule that determines the reach agreements (deals) stopping the negotiation. Negotia-
tion usually proceeds in a series of rounds, with every agent making a proposal at
every round. The proposals that agents make are defined by their strategy (a way to
use the protocol), must be drawn from the negotiation set, and must be legal, as de-
fined by the protocol (which defines possible proposals at different rounds). If agree-
ment (deal) is reached, as defined by the agreement rule, then negotiation terminates
with the agreement deal. These four parameters lead to an extremely rich and com-
plex environment for analysis. Another source of complexity in negotiation is the
number of agents involved in the process, and the way in which these agents interact
[2]. First possibility is one-to-one negotiation, second possibility is many-to-one ne-
gotiation (which can be treated as a number of concurrent one-to-one negotiations),
and third possibility is many-to-many negotiation (which is hard to handle).

An interesting survey on negotiation models in the Al field is given in [3], [4], [5].
Elsewhere, Lomuscio et al. [6] identified the main parameters on which any automated
negotiation depends and provided a classification scheme for negotiation models. The
environment that a negotiator is situated in greatly impacts the course of negotiation
actions. Instead of focusing on analyzing the strategy equilibrium as a function of (the
distribution of) valuations and historical information as in game theory, Al researchers
are interested in designing flexible and sophisticated negotiation agents in complex en-
vironments with incomplete information. Agents have incomplete and uncertain infor-
mation about each other, and each agent’s information (e.g., deadline, utility function,
strategy, ...) is its private knowledge.

Faratin et al. [7] devised a negotiation model that defines a range of strategies and
behaviors for generating proposals based on time, resource, and behaviors of nego-
tiators. Moreover, a type of combinations was earlier suggested in [7], it concerns
linear combinations of different behaviors using a matrix of weights. Then, several
research works suggested negotiation strategies based on such type of combinations
[8], [9]. In the work developed in [8], experiments (one-to-one single issue), a linear
combination (50-50% weighting) of behaviors is suggested for (time-dependent be-
havior, time-dependent behavior), for (time-dependent behavior, resource-dependent
behavior), and for (time-dependent behavior, behavior-dependent behavior). In
the work developed in [9], experiments (one-to-one four issues), a linear combina-
tion (10-90% weighting) of behaviors is suggested for (time-dependent behavior,
behavior-dependent behavior).

Elsewhere, another type of combination consists of using different behaviors during
a thread, i.e., a certain behavior during the first part of the thread and another behavior
during the second part of the thread. Such type of combinations is based on empirical
research on human negotiation. In fact, much of the research on human negotiation
concerns the effect of demand level and concession rate on the outcome of negotiation.
A negotiator’s demand level is the level of benefit to the self associated with the cur-
rent offer. Concession rate is the speed at which demand level declines over time [10].
Most studies consist of laboratory experiments on two-party, single issue negotiation.
These studies support the following two conclusions [11], [10], [12]:

- higher initial demands and slower concessions make agreement less likely and less
rapidly reached,

- lower initial demands and faster concessions produce smaller outcomes for the party
employing them and larger outcomes for the other party, if agreement is reached.
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These two conclusions imply a third, that there is an inverted U-shaped relation-
ship between level of demand and the negotiation outcome: negotiators who start with
high demands and concede slowly often fail to reach agreement, which usually leads
to inferior outcomes ; those who start with low demands and concede rapidly usually
reach agreement on the other party’s terms, also yielding inferior outcomes ; those be-
tween these extremes ordinarily achieve better outcomes. The work developed in [13]
suggested negotiation strategies based on this second type of combination.

By another way, in the research works developed aiming to analyze and describe
the human behavior in [14], twelve categories representing three major parts of the
behavior have been defined: the positive socio-emotional part, a neutral task part, and
the negative socio-emotional part. In another side, in research works on the social
psychology of the negotiation of Rubin and Brown developed in [15], the interper-
sonal orientation of a person has an influence on his negotiating behavior. More, it is
possible to manipulate the interpersonal orientation, at least indirectly, in various
ways. For instance, the communication can be manipulated for example by varying
the type and amount of interpersonal information made available to a party. This will
influence the interpersonal orientation, which in turn will influence the quality of the
negotiation. According to Rubin and Brown, the interpersonal orientation is predomi-
nantly concerned with the degree of a person’s responsiveness. If he is not responsive,
he stands to gain much in the negotiating situation due to the deliberateness of his
behaviour. Responsive people are more co-operative and therefore expect positive
results. The personality type should therefore be determined first to obtain the best re-
sults in negotiation. Elsewhere, a great number of successes in Al can be attributed to
a straightforward strategy [16]: linear evaluation of several simple features, trained by
temporal-difference learning, and combined to an appropriate search algorithm.
Games provide interesting case studies for this approach. In games as varied as Chess,
Checkers, Othello, Backgammon and Scrabble, computers have exceeded human lev-
els of performance.

Finding a shared solution to a problem within a group requires negotiation, a po-
tentially exhausting and time-consuming process. To negotiate successfully, members
have to involve the whole group, explain their position clearly and do their best to un-
derstand those of others [17]. However, in reality, groups often fail to negotiate, even
when negotiation would be useful for each part of the group. Sometimes the problem
lies in sheer size of the group, or in hierarchical organizational structures or in im-
pediments to communication deriving from language, culture or history. In other
cases, the main barriers lie in the individual psychology of specific group members.
Typical problems include weak communications skills, lack of empathy with others,
and poor control over the emotions arising during prolonged discussion. Such prob-
lems can be directly or indirectly related to the personality of each group member par-
ticipating to the negotiation. Thus, negotiation behaviors, in which the characters such
as Conciliatory (Con), Neutral (Neu), or Aggressive (Agg) define a ‘psychological’
aspect of the personality of a negotiation member (negotiator), play an important role
[14], [15].

Elsewhere, learning from interaction in negotiation is fundamental, from embodied
cognitive science and understanding natural intelligence perspectives [18], [19],
for understanding human behaviors and developing new solution concepts [20].
Learning from interaction is a foundational idea underlying nearly all theories of
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learning. Indeed, whether a human is learning to drive a car or to hold a conversation
(during a negotiation), he is acutely aware of how his environment responds to what
he does, and he seeks to influence what happens through his behavior. Elsewhere, re-
inforcement learning is much more focused on goal-directed learning from interaction
than other approaches to machine learning [21], [22], [23]. More, reinforcement learn-
ing approaches offer two important advantages over classical dynamic programming
[24]. First, they are on-line having capability to take into account dynamics nature of
real environments. Second, they can employ function approximation techniques as
neural networks [25], [26], [27], to represent their knowledge, and to generalize so
that learning time scales much better.

Humans have developed advanced skills in the intentions and the bodily expres-
sions of the other human being, particularly important in high level communication
which is at the basis of any ‘‘successful’’ negotiation (interaction process). Dealing
with this, the SOcial and COgnitive SYStem, SOCOSYS, is developed for an intelli-
gent human-agent interaction in our research laboratory.

This Chapter deals with the one-to-one negotiation (single issue settings) with in-
complete information, in order to automate the negotiation process. Indeed, finding
the adequate (win-win solutions for both parties) negotiation strategy with incomplete
information is a complex problem, even in one-to-one negotiation.

First part of this Chapter aims to examine the performance of different strategies,
based on time-dependent behaviors developed by Faratin er al. [7], and intends to
suggest combinations inspired from empirical research on human negotiation in order
to improve the performance (in terms of agent utilities, round number to reach an
agreement, and percentage of agreements) of the negotiation process, with incomplete
information, for autonomous agents. For this purpose, one-to-one bargaining process,
in which a buyer agent and a seller agent negotiate over single issue (price), is devel-
oped in Section 2. In this work, this process is mainly based on time-dependent be-
haviors developed by Faratin et al. [7]. These behaviors, which can be used individu-
ally (a kind of strategies), are suggested to be used in combination (another kind of
strategies inspired from empirical human negotiation research). Afterwards, experi-
mental environments and measures, allowing a set of experiments carried out for short
term deadlines, are detailed for these two kinds of strategies in Section 3. Also, ex-
perimental results of different strategies (using behaviors individually or in combina-
tion), are presented and analyzed in Section 3.

Second part of this Chapter aims to suggest a social and cognitive system for learn-
ing negotiation strategies from interaction (human-agent or agent-agent), where the
characters conciliatory, neutral, or aggressive (which define the ‘psychological aspect
of the human personality) are integrated in negotiation behaviors (inspired from
research works aiming to analyze human behavior and those on social negotiation
psychology). For this purpose, a SOcial and COgnitive SYStem (SOCOSYS) is de-
veloped, in Section 4, to interact with an integrated system of simulation for negotia-
tion allowing to learn, from interaction, a negotiation strategy essentially based on
such human personality behaviors. Then, reinforcement learning (Q-learning and
Sarsa-Learning) approaches are developed, analyzed, and compared in order to ac-
quire the strategy negotiation behaviors in Section 4. Afterwards, a Fuzzy ArtMap
Neural Network (FAMNN) is developed to acquire this strategy in Section 4.
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2 One to One Negotiation

In this Section, one-to-one bargaining process, in which a buyer agent and a seller
agent negotiate, based on time-dependent behaviors (negotiation decision functions),
over single issue (price), is developed.

2.1 Negotiation Set

A negotiation set is the space of possible proposals that agents can make. The negotia-
tion set (objects): the range of issues over which an agreement must be reached.

Let i represents the negotiating agents, in bargaining bilateral negotiation i €
{buyer(b), seller(s)}, and j the issues under negotiation, in bargaining single issue nego-
tiation j = price. The value for issue price acceptable by each agent i is x' € [min’, max'].

2.2 Negotiation Protocol

A protocol consists of the legal proposals that agents can make. The process of nego-
tiation can be represented by rounds, where each round consists of an offer from agent
b (buyer) at time t; and a counter-offer from an agent s (seller) at time t,. Then, a
negotiation consists in a sequence of rounds: round1 (t, t), round2 (t3, t4), ... Thus,
for a negotiation between agents b and s, and if agent b starts first, then agent b should

offer in times (t, t3, ts, ..., ), and agent s provides counter-offers in (tp, ty, ts, ...,

max

), where t°_ and t5_  denote the negotiation deadline for agent b and agent s

max
respectively.
Note that the different following deadline cases are allowed:

max max

- toax > Uhax » in this case the considered deadline is Tya = th,y s
- tgm =t} - in this case the considered deadline is Ty, = tgm = o o
- tﬁm <t} » in this case the considered deadline is Ty, = tﬁm .

For agent b, the proposal to offer or accept is within the interval [min®, max’],
where max” is the reservation price of the buyer in the negotiation thread, and min" is
the lower bound of a valid offer.

Similarly, for agent s, the proposal to offer or accept is within the interval [min®,
max"’], where min® is the reservation price of the seller and max”® is the upper bound of
a valid offer.

Initially a negotiator offers the most favorable value for himself: agent b (buyer)
starts with min” and agent s (seller) starts with max’. If the proposal is not accepted, a
negotiator concedes with time proceeding and moves towards the other end of the in-
terval.

2.3 Negotiation Behaviors

The paces of concession depend on the negotiation behaviors of agent b and agent s
which are characterized by negotiation decision functions. For negotiation strategies,
time t is one of predominant factors used to decide which value to offer next. For this
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purpose, time-dependent functions are used as negotiation decision functions varying
the acceptance value (price) for the offer depending on the remaining negotiation time

(an important requirement in negotiation), i.e., depending on t and t?nax for agent b

N
max

Thus, the proposal x[t] to be offered by agent b and the one x*[t] to be offered by

and depending on tand t, , for agents.
i

agent s at time t, with O<=t <=t

belonging to [0; T - 1], are as follows:
x°[t] = min® + ¢°(t) (max® - min®),
x[t] = min® + (1 - &’(t)) (max® - min®),
where o°(t) and a'(t) are time-dependent functions ensuring that: (1)

0<=ol(t) <=1,
o(0) =K' (positive constant) and ol( timax )=1.

Such o/(t) functions can be defined in a wide range according to the way in which
0;(t) is computed (the way they model the concession), e.g., polynomial:
. 1
. i 1
o(0) = K+ (1 - Ky ("0 L) 15 )
:TlaX
Thus, this family of functions represent an infinite number of possible behaviors,
one for each value of . Indeed, the constant B > O determines the concession pace
along time, or convexity degree of the offer curve as a function of the time. By vary-
ing B a wide range of negotiation behaviors can be characterized. Two sets of B can be
identified to characterize two classes of behaviors: Boulware (B) with B < 1 and Con-
ceder (C) with B > 1 [5], and the particular case of Linear (L) with f = 1. With a
Boulware strategy a negotiator tends to maintain offered value until time is almost
exhausted, then he concedes to the reservation price quickly. With a Conceder strat-
egy a negotiator goes to the reservation price rapidly and early.

2.4 Negotiation Strategies

A collection of strategies, one for each agent, determines what proposals agents will
make. In other words, an agent’s strategy determines which combination (or behavior
when using behaviors individually) of behaviors should be used at any one instant.
This Chapter deals with the second type of combination inspired from empirical
human negotiation research as explained in Section 1. The work developed in [13]
suggested negotiation strategies based on this second type of combination. Indeed,
Lopes et al. suggested a combination of opening negotiation behaviors (starting opti-
mistic, starting realistic, and starting pessimistic) and concession behaviors (where the
concession magnitude variation is achieved with a concession factor modeled as a
constant and as a function of the total concession), resulting in three strategy families
(starting high and conceding slowly, starting reasonable and conceding moderately,
and starting low and conceding rapidly). With regard to the work [13], in this Chapter,
experiment results of strategies using behaviors individually are given in order to
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compare them with those of suggested strategies using behaviors in combination.
More experimental measures are used as utility product and utility difference in order
to a fine evaluation of strategy results, and in order to perceive the improvement
degree given using such combination (inspired from empirical human negotiation re-
search) with regard to strategies using behaviors individually.

Thus, during a negotiation thread (the sequence of rounds with offers and counter-
offers in a two-party negotiation), a negotiation strategy consists to define the way in
which one or several behaviors are used. In this Chapter, two kinds of strategies are
considered for both agent b and agent s:

- individual behaviors (one behavior for each strategy), where each strategy use
individually the behaviors Boulware (B), Linear (L), or Conceder (C) during a
negotiation thread ;

- behaviors in combination (inspired from empirical human negotiation research),
where each strategy use two behaviors (among B, L, C) in combination during a
negotiation thread, resulting in the combinations: BL, BC, LB, LC, CB, and CL.

2.5 Agreement Rule

An agreement rule that determines the reach agreements (deals) stopping the
negotiation.

Agent b accepts an offer (or a deal) x*[t] from agent s at time t if it is not worse
than the offer he would submit in the next step, i.e., only if:

t<=T ®

max

{xb(t+1) >=x5(t)

Similarly, agent s accepts an offer (or a deal) x,[t] from agent b at time t only if:

{xs(t+l) <=x"( @

t<=T.

X

3 Experiments: Environments, Measures, and Results

In this Section, the environments and experimental measures are presented and a set
of experiments are carried out for short and long term deadlines for both strategies us-
ing different behaviors individually or in combination.

3.1 Experimental Environments

Environments are defined in bargaining bilateral negotiation between buyer(b) and
seller(s), in single issue negotiation j = price.

b
max °

tS

The experimental environment is defined by the following variables [ t nax >

T K%, K, min®, max®, min®, max®).
The negotiation interval (the difference between the minimum and maximum val-

ues of agents) for price is defined using two variables: 8 (the length of the



160 A. Chohra, A. Bahrammirzaee, and K. Madani

reservation interval for an agent i) and @ (the degree of intersection between the
reservation intervals of the two agents, ranging between 0 for full overlap and 0.99 for
virtually no overlap). In the experimental environment:

-and @' are randomly selected between the ranges [10, 30] for both agents,
-0 =0.

The negotiation intervals are then computed, setting min” = 10, by:

min® =10
max® = min®+ 6" 5)
min® = 0°® + min"
max® = min®+ 6°

The analysis and evaluation of negotiation behaviors and strategies developed in
[8], indicated that negotiation deadline significantly influences the performance of the
negotiation. From this, the experimental environment is defined with short term dead-
lines or with long term deadlines such as:

- short time deadlines are defined from random selection of the round number

within [1, 5] which corresponds to a random selection of timax within [2, 10],
- long time deadlines are defined from random selection of the round number

within [15, 30] which corresponds to a random selection of timax within [30, 60].

The parameter [ ranges are defined as shown in Table 1.

Table 1. Parameter B ranges

Time-Dependent Behaviors B Ranges
Boulware (B) B € [0.01, 0.2]
Linear (L) B=1
Conceder (C) B € [20, 40]

The constants K' are chosen as small positive K' = 0.1, for both agents, in order to
not constrain the true behavior of each time-dependent functions (negotiation decision
functions).

The initiator of an offer is randomly chosen because the agent which opens the ne-
gotiation fairs better, irrespective of whether the agent is a buyer (b) or a seller (s).
This is because the agent who begins the negotiation round reaches a'(t) = 1 before
the other agent, hence deriving more intrinsic utility.

3.2 Experimental Measures

To produce statistically meaningful results, for each experiment, the precise set of en-
vironments is sampled from the parameters specified in Section 3.1 and the number of
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environments used is N = 200, in each experiment. This ensures that the probability of
the sampled mean deviating by more than 0.01 from the true mean is less than 0.05.

To evaluate the effectiveness of the negotiation behaviors the three following
measures are considered:

- Average Intrinsic Utility, the intrinsic benefit is modeled as the agent’s utility for
the negotiation’s final outcome, in a given environment, independently of the time
taken and the resources consumed [7]. This utility, U', can be calculated for each
agent for a price X using a linear scoring function, i.e., when there is a deal (an agree-
ment) for a price x:

max®— x and US = X — max® . ©)

b
U= b’ s P
max — min

max°— min
If there is no deal in an environment (a particular negotiation), then ub=U’=0.
Then, the average intrinsic utility for each agent AU" is:

N .
U'[n]
AU =—“§‘ - : @
ND

where N is the total number of environments in each experiment, U’ the utility of each
agent, for each environment with deal, and N is the number of environments with
deals.

- Average Round Number, rounds to reach an agreement (a deal), a lengthy nego-
tiation incurs penalties for resource consumption, thus shrinking the utilities obtained
by the negotiators indirectly [28]. The average round number AR is then:

N
R
= (®)
ND

where N is the total number of environments in each experiment, Ry, is the number of
rounds, for each environment with deal, and Ny, is the number of environments with
deals.

- Percentage of Deals, the percentage of deals D(%) is obtained from the Average
Deal AD:

AD = , &)

where Np, is the number of environments with deals, and N is the total number of en-
vironments in each experiment. Then, the Percentage of Deals D(%) is:

D(%) = AD.100 %, (10)

where Np, is the number of environments with deals, and N is the total number of en-
vironments in each experiment.

Also, in order to analyze the performance of strategies, three measures are obtained
during the experimentation:
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- average performance, the Average Performance (AP") of each agent is an average
and three (03)

experimental measures, i.e., the average intrinsic utility U, the average round number
AR, and the average deal AD:

evaluation measure implying the average negotiation deadline At

AU +1-—2R ) Ap gta [n]
~ At ~ max L1 (11)
AP' = max ,with Atl =gl
3 N

D
where Np, is the number of environments with deals, and N is the total number of en-
vironments in each experiment ;

- utility product, UP, once an agreement is achieved, the product, AU AU® , of
the utilities obtained by both participants is computed, this measure indicates the joint
outcome [9]:

UP = AU®. AU® ; (12)

- utility difference, UD, once an agreement is achieved, the difference,
‘AU" — AU

, of the utilities obtained by both participants is computed, this measure

indicates the distance between both utilities [9]:

UD = ‘AUb — AU (13)

There is an important relation between these product and difference utility
measures and a compromise should be taken into account. Even though a high joint
outcome is expected (for a relatively win-win results), it is also important that the dif-
ference between both utilities is low. For this reason, the analysis and evaluation of
the obtained results is based not only on the utility product but also on the utility dif-
ference (a compromise should then be taken into account).

3.3 Results: Negotiation Strategies Using Behaviors Individually or in
Combination

In this Section, experimental results of negotiation strategies using behaviors
individually or in combination are presented and analyzed for short and long term
deadlines.

Note that these results are regarded from the buyer(b), and the similar results are
obtained which are regarded from the seller(s).

3.3.1 Results and Analysis for Short Term Deadlines

Results given in Table 2 are obtained from 9 experiments (B-B, B-L, B-C, L-B, L-L,
L-C, C-B, C-L, C-C) where both agents b and s have same or different strategies (us-
ing behaviors individually) and where each experiment is an average of N=200 envi-
ronments. These results show (only adequate strategies for buyer when using B, L, or
C) that the adequate strategy when both agents have strategies using behaviors indi-
vidually is the L(buyer)-L(seller) case with the best performance in term of utility
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Table 2. Results, short term deadlines, agent b (behaviors individually) and agent s (behaviors
individually)

Buyer AU AP Seller AU* AP AR, D(%), UP, UD

B 0.68704 0.62354 L 0.33958 0.50772  1.39062, 64%, 0.23330, 0.34746
L 0.52776 0.66841 L 0.48263 0.64853  1.18072, 83%, 0.25471, 0.04513
C 057640 0.80867 C 043733 0.76494  0.20652, 92%, 0.25207, 0.13907

Table 3. Results, short term deadlines, agent b (behaviors in combination) and agent s (behav-
iors in combination)

Buyer AU’ AP’  Seller AU AP AR, D(%), UP, UD

BL 0.50382 0.61043  BL 0.50488 0.61949  2.71264, 87%, 0.25436, 0.00106
BC 0.50566 0.63930 LB 0.49786 0.63883  2.30681, 88%, 0.25174, 0.00780
LB 0.53763 0.65098  BL 0.52999 0.63183  2.38823, 85%, 0.28493, 0.00764
LC 0.50506 0.70727 LC 0.50556 0.71034  1.88888, 99%, 0.25533, 0.00050
CB 0.54967 0.83203 CB 0.49033 0.81232  0.27000, 100%, 0.26951, 0.05934
CL 0.57246 0.84075 CL 0.43971 0.79730  0.24000, 100%, 0.25171, 0.13275

product UP (high) about 0.25471 and utility difference UD (low) about 0.04513,
and percentage of deals D(%) = 83% and average round to reach an agreement
AR =1.18072.

Results given in Table 3 are obtained from 36 experiments (BL-BL, BL-BC, BL-
LB, BL-LC, BL-CB, BL-CL, and BC-BL, BC-BC, BC-LB, BC-LC, BC-CB, BC-CL,
and LB-BL, LB-BC, LB-LB, LB-LC, LB-CB, LB-CL, and so on...) where both
agents b and s have same or different strategies (using behaviors in combination) and
where each experiment is an average of N=200 environments. These results show
(only adequate strategies for buyer when using BL, BC, LB, LC, CB, or CL) that the
adequate strategy when both agents have strategies using behaviors in combination is
the LC(buyer)-LC(seller) case with the best performance in term of UP (high) =
0.25533 and UD (low) = 0.00050, and D(%) = 99%, and AR = 1.88888. From these
results, since with incomplete information, an adequate strategy could be also here a
strategy which imitate the other agent since, when the buyer is using BL, the adequate
strategy for seller is BL (with UP=0.25436 and UD=0.00106), and when the buyer is
using BC, the adequate strategy for seller is LB (with UP=0.25174 and UD=0.00780),
and when the buyer is using LB, the adequate strategy for seller is BL (with
UP=0.28493 and UD=0.00764), and when the buyer is using LC, the adequate strat-
egy for seller is LC (with UP=0.25533 and UD=0.00050), and when the buyer is us-
ing CB, the adequate strategy for seller is CB (with UP=0.26951 and UD=0.05934),
and when the buyer is using CL, the adequate strategy for seller is CL (with
UP=0.25171 and UD=0.13275).
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3.3.2 Results and Analysis for Long Term Deadlines
Results given in Table 4 are similar to those in short term deadlines, so same conclu-
sions can be drawn.

Table 4. Results, long term deadlines, agent b (behaviors individually) and agent s (behaviors
individually)

Buyer AU’ AP’  Seller AU AP AR, D(%), UP, UD

B 0.58207 046872 B 0.45639 0.42755 19.04615, 65%, 0.26565, 0.12568
L 050727 0.69729 L 0.50815 0.69197  9.50000, 100%, 0.25776, 0.00088
C 0.57521 0.85068 C 0.40875 0.79525  0.52000, 100%, 0.23511, 0.16646

Table 5. Results, long term deadlines, agent b (behaviors in combination) and agent s (behav-
iors in combination)

Buyer AU® AP®  Seller AU* AP* AR, D(%), UP, UD

BL 0.52948 0.66484 BL 0.47824 0.64405 12.62000, 100%, 0.25321,0.05124
BC 0.48556 0.66266 LB 0.48916 0.66324 11.71717,99%, 0.23751, 0.00360
LB 0.51092 0.65374 LB 0.51428 0.66003  11.20652, 92%, 0.26275, 0.00336
LC 0.49018 0.69880 LC 0.49401 0.69604  9.49000, 100%, 0.24215, 0.00383
CB 0.53408 0.83706 CB 0.45521 0.81114  0.53000, 100%, 0.24311, 0.07887
CL 0.52774 0.83700 CL 0.49164 0.82505  0.39000, 100%, 0.25945, 0.03610

Results given in Table 5 show more performance (AP, AU, AR, UP, and UD) and
they still similar to those in short term deadlines. With an important precision on the
adequate strategy when both agents have strategies using behaviors in combination is
the LC(buyer)-LC(seller) case with the best performance in term of UP (high) =
0.24215 and UD (low) = 0.00383, and D(%) = 100%, and AR = 9.49000, and with
AP = 0.69880 and AP® = 0.69604 (which are better than LB-LB and better than BC-
LB). In fact, there is an important relation between these product and difference utility
measures and a compromise should be taken into account. Even though a high joint
outcome is expected (for a relatively win-win results), it is also important that the dif-
ference between both utilities is low. For this reason, the analysis and evaluation of
the obtained results is based not only on the utility product but also on the utility dif-
ference (a compromise should then be taken into account). More, in order to help in
such compromise, the Average Performance we suggested is useful, helping for a bet-
ter compromise, as demonstrated by these results.

4 SOcial and COgnitive SYStem (SOCOSYS) for Learning
Negotiation Strategies

The technology of multi-agent systems which facilitates the negotiation at operative
level of the decision-making [29] is used. It allows agents to embody a notion of
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autonomy, in particular, to decide for themselves whether or not to perform an action
on request from another agent. More, in order to satisfy their design objectives, agents
are designed to be intelligent, i.e., capable of flexible behavior [2], [18], [19]: able to
perceive their environment, and respond in a timely fashion to changes that occur in it
(reactivity), able to exhibit goal-directed behavior by taking the initiative (proactive-
ness), and capable of interacting with other agents and possibly humans (social
ability) ; such abilities are guaranteed in this work by psychological aspects of the
personality, multi-agents, as well as Q-Learning and Sarsa-Learning.

4.1 SOcial and COgnitive SYStem (SOCOSYS)

In order to elaborate such negotiation strategy, SOcial and COgnitive SYStem
(SOCOSYS) which is presented in Fig. 1, is developed. It is built of three main parts:
a multi-agent system representing the environment model, an intelligent agent, and
the simulation environment (SISINE' software). Thus, SOCOSYS is designed and
developed as a social and cognitive system for learning negotiation strategies from in-
teraction (human-agent and agent-agent).

Eu SOcial and COgnitive SYStem
Tisl (SOCOSYS)
(Environment Model: Muli-Agent System)

action

state reward ﬂ a
E, Ty

t
Performance
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Fig. 1. SOcial and COgnitive SYStem (SOCOSYS) for learning negotiation strategies from in-
teraction (human-agent or agent-agent).

! SISINE project, funded by European Union Leonardo Da Vinci Program, aimed to develop
an innovative teaching methodology of negotiation skills exploiting an integrated system plat-
form of simulation (http://www.sisine.net).
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4.2 Integrated System of Simulation for Negotiation

In SISINE (Integrated System of Simulation for Negotiation) project, simulation envi-
ronments enable a participant to interact with a virtual entity called ‘‘bot’’ (a software
agent), through a communicative exchange: texts (one among three), voice (tone and
volume), facial expression, and gesture. The objective of such simulation is to allow
participants to directly experience the basic elements of negotiation, through:

- a “‘standard bot’’, an agent with reactions from simple rules,
- a “‘smart bot’” an agent with reactions from a first intelligence level.

The suggested negotiation approach relies on a theoretical model of the negotiation
process which is mainly based on the negotiator personality, i.e., characters Con, Neu,
and Agg which define a ‘psychological’ aspect of the negotiator agent personality.
Also, in this theoretical model, the character of a negotiator agent is defined by a
character vector [Con, Neu, Agg] where each component belongs to the interval [0,
100] in percentage (%) such as: Con + Neu + Agg = 100 %. During a negotiation
round, each negotiator agent is defined by its internal current state Current-
State(CurrentEscLevel, CurrentChar, UserSentence), having its CurrentEscLevel
and CurrentChar, and receiving a sentence vector UserSentence = [DeltaEscLevel,
CharToModify, DeltaChar] from a user where: - DeltaEscLevel, an escalation level
variation from [-60, +60], escalation level defines gradually different negotiation
stages from agreement to interruption with seven possible stages modeled by Es-
cLevel from [0, 60] ; - CharToModify, a character to modify (Con, Neu, or Agg) ;
DeltaChar, a character variation belonging to [-10, +10].

In fact, during a round (a given specific state) of a negotiation as illustrated in Fig.
2, an agent has a given CurrentEscLevel and a given CurrentChar, and receives Del-
taEscLevel, CharToModify, and DeltaChar extracted in SISINE software from a user
(human or another agent) sentence. An example of such negotiation session is illus-
trated in Fig. 2, where a conversation is shown, during a negotiation round, between
two agents (woman and man) which are arguing about whether they should spend
their holidays at seaside or in mountains. Goal for an agent, is from a user sentence to
update its escalation level (NewEscLevel) and character (NewChar), and to choose
an answer based on these new values.

4.3 Negotiation Strategy: Case Study

In this work, for an intelligent agent, given a state (round) and a given strategy (basic
buying strategy), the agent reactions (choosing an answer in each state) must be based
on the updating of the Qvalues (from reinforcement Q-Learning or Sarsa-Learning)
corresponding to the negotiation behaviors. The basic three (03) negotiation behaviors
(Con, Neu, Agg) have been extended to nine such as:

- more Conciliatory (+Con), Conciliatory (Con), less Conciliatory (-Con),
- more Neutral (+Neu), Neutral (Neu), less Neutral (-Neu),
- less Aggressive (-Agg), Aggressive (Agg), more Aggresive (+Agg).

These behaviors correspond to the actions such as: +Con (ActionQ), Con (Actionl),
-Con (Action2), +Neu (Action3), Neu (Action4), -Neu (Action5), -Agg (Action6),
Agg (Action7), and +Agg (Action8).
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Fig. 2. Negotiation session (two agents) from SISINE software

Note that, in this work, + Neu is considered belonging to positive socio-emotional
area than - Neu.

The answers are linked to actions such as for instance, the answer corresponding
to +Con(Action0), is considered as a more conciliatory answer, or the answer corre-
sponding to Con(Actionl), is considered as a conciliatory answer, and so on.

Then, after learning, the answer corresponding to the character with the max
Qvalue is chosen. Rewards given in Table 1 for the suggested basic buying strategy,
are used for training. Note that, for most part of everyday negotiations, a completely
conciliatory agent strategy, or completely neutral agent strategy, or completely ag-
gressive agent strategy are insufficient. Then, an interesting strategy is necessarily a
combination of these three basic conciliatory, neutral, and aggressive strategies. Such
interesting combination is given through a basic buying strategy which could be neu-
tral (+Neu) for some first states, then aggressive (-Agg) for some second states, and
conciliatory (-Con) for the last states, suggesting for buying something with less
price, it is interesting to negotiate at first neutrally, then aggressively, and finally con-
ciliatory to conclude (buy).

4.4 Reinforcement Learning Approaches

One of the most important breakthroughs in reinforcement learning was the develop-
ment of an off-policy temporal-difference control algorithm known as Q-learning and
Sarsa-learning [21], [22], [23].

Reinforcement learning allows an agent (the learner and decision-maker) to use its
experience, from the interaction with an environment, to improve its performance
over time [21], [22], [23]. In other words, from the interaction with an environment an
agent, can learn, using reinforcement Q-learning, to maximize the reward r leading to
an optimal behavior policy. Indeed, in this on-line reinforcement learning, the agent
incrementally learns an action/value function Q(s, a) that it uses to evaluate the utility
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Initialize Q(s, a) arbitrarily
Repeat (for each episode):
Initialize s (initial state)
Repeat (for each step of episode):
Choose a from s using policy derived from Q
Take action a, observe r, s’
(s, a) «=O(s, a) + a[r + ymax, Q(s’, a’) = Q(s, a)]
s s’

until s is terminal (final state)

Fig. 3. Q-Learning: an off-policy learning paradigm

Initialize Q(s, a) arbitrarily
Repeat (for each episode):
Initialize s (initial state)
Choose a from s using policy derived from Q
Repeat (for each step of episode):
Take action a, observe r, s’
Choose a’ from s’ using policy derived from Q
s, a) < Qs, a) + a[r+yQ(s’,a’) =Q(s, a)]
ses';aea

until s is terminal (final state)

Fig. 4. Sarsa-Learning: an on-policy learning paradigm

of performing action a while in state s. Q-learning leads to optimal behavior, i.e., be-
havior that maximizes the overall utility for the agent in a particular task environment
[18]. The used Q-learning paradigm [21], [23] is shown in Fig. 3, while the used
Sarsa-learning paradigm [23] is shown in Fig. 4.

Table 6. Strategy rewards (basic buying strategy).

States From SO to S8 States From S9 to S16 States From S17 to S24
+ Con - 60 - 60 - 60 - 60 - 60 - 60 -2 -2 -2
Con - 50 - 50 - 50 -50 -50 - 50 -1 -1 -1
- Con - 40 -40 -40 -40 -40 -40 +1 +1 +1
+ Neu +1 +1 +1 -30 -30 -30 - 10 - 10 .. -10
Neu -1 -1 -1 -20 -20 -20 -20 -20 .. =20
- Neu -2 -2 -2 - 10 - 10 - 10 -30 -30 .. =30
- Agg - 40 -40 - 40 +1 +1 +1 - 40 -40 ... -40
Agg -50 -50 -50 -1 -1 -1 -50 -50 ... -50

+ Agg - 60 - 60 - 60 -2 -2 -2 - 60 - 60 - 60
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Fig. 5. Strategy results (Q-Learning: Y= 0.01).

Table 7. Strategy results (Sarsa-Learning: Y= 0.86).
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The parameter settings of the initial Q values, constant step-size parameter (0 <= o
< 1), and discount rate (0 <=y < 1) have been done following the choice approaches
given in [21] and [23] resulting in: initial Q values = 0.5, a0 = 0.1, and vy = 0.01. The
results of Q-Learning of the basic buying strategy, from the strategy rewards given in
Table 6, with Y= 0.01 are globally following the rewards.

Q-Learning succeeded in learning the strategy giving the maxQvalues (1.0) for Ac-
tion3 in the states (or rounds) from SO to S8, then giving the maxQvalues (1.0) for
Action6 in the states from S9 to S16, and finally giving the maxQvalues (1.0) for Ac-
tion2 in the states from S17 to S24, as shown in Fig. 5. Note that similar results of
Sarsa-Learning (basic buying strategy), from the strategy rewards given in Table 6,
are obtained with y=0.01.

For other values of 7y, Sarsa-Learning offers the advantage of safe solutions (not
optimal solutions which could be dangerous offered by Q-Learning) [30], [31]. In-
deed, in this case, Q-Learning offers optimal solution (similarly to the rewards shown
in Table 6) corresponding to Action3. However, in on-line learning some results
could be dangerous in the sense that, when learning Action3 (+Neu), the result could
be related sometimes to Action2 (-Con) or Action4 (Neu). In the case of Action2 (-
Con), this is dangerous because of the complete changing of the character under
learning from neutral character to conciliatory character. Thus, Sarsa-Learning is of-
fering more desirable properties to the suggested character learning than Q-Learning.

In this work, such safe solution (Sarsa-Learning) is obtained with y = 0.86, as
shown in Table 7 and Fig. 6. In fact, for state O to 8, action under learning is Action3
(+Neu) an offered solutions are Action4 (Neu) and Action5 (-Neu) ; for state 9 to 16,
action under learning is Action6 (-Agg) an the offered solutions are Action6 (-Agg)
and Action7 (Agg) ; and finally for state 17 to 24, the action under learning is Action2
(-Con) an the offered solutions are Actionl (Con) and Action2 (-Con).

T

Actions
-y

S S S S S ST Y S ST S ST Y N S Y S S S W R
012345678 91011213141516171819202122232425
States

Fig. 6. Strategy results (Sarsa-Learning: y = 0.86).

4.5 Fuzzy ArtMap Neural Networks (FAMNN)

Neural network (fuzzy artmap neural network in this work) implementation of rein-
forcement Q-learning offers the advantages of learning and generalization (essential
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traits of intelligent behaviors), robustness, massively parallel computations and dis-
tributed memory [25], [26], [27] and limited memory requirement for storing the
knowledge [32], [33].

One of the main features of human memory is its ability to learn many new things
without necessarily forgetting things learned in the past. The ability of humans to
remember many details of an exciting movie is a typical example of fast learning. Such
learning can be achieved exploiting the Adaptive Resonance Theory (ART) in combi-
nation with neural networks and fuzzy logic. Indeed, ART can be used to design a hi-
erarchical artmap neural networks that can rapidly self-organize stable categorical
mappings between i-dimensional input vectors and n-dimensional output vectors [34].
To better reflect human reasoning, fuzzy inference is incorporated to the basic architec-
ture leading to Fuzzy ArtMap Neural Networks (FAMNN) [26], [34]. FAMNN are
capable of fast and stable learning of recognition categories in response to arbitrary
sequences of input patterns. Therefore, they achieve a synthesis of fuzzy logic and
ART neural networks by exploiting a close formal similarity between the computations
of fuzzy subset hood and ART category choice, resonance, and learning.

FAMNN classifier is then trained to acquire the suggested strategy (a basic buying
strategy), from the learning algorithm detailed in [35], from one hundred (100) exam-
ples of the training set (4x9 examples for Action3, 4x8 examples for Action6, and 4x8
examples for Action2) with a normalization of the inputs (between 0 and 1) either by
incorporating an example into an existing output category node or creating a new out-
put category node for it. This classifier sprouted the output category node number
OCNN = N with N =9 and yields convergence in well under the cycle number CN =
1 with the learning rate m = 1, small positive constant A = 0.000001, baseline of the
vigilance 6 = 0.4. FAMNN results demonstrate a fast and stable learning (all adaptive
weights only decrease in time).

After learning, the resulting FAMNN classifier is built of raw input layer (com-
plement coder), input layer, output category layer, and category layer shown in Fig. 7.

Raw Input Layer Output Category ~ Category
Input Layer Layer
Layer

X, |Complement

Coder

with n=0, ..., N
N=38
j=0,..,8

Fig. 7. Resulting Fuzzy ArtMap Neural Network (FAMNN) architecture.
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Raw Input Layer: with three inputs corresponding to components of the input vec-
tor X: strategy (Xo), character (X;), and state or round (X,).

Input Layer: with six input nodes, constituting the input vector I in Eq. (14), ob-
tained from the three inputs implemented in a complementary coding form by a com-
plement coder from an input i-dimensional vector to 2i dimensional vector.

I=[X;. X, X3, X, X, X5 1. (14)

Output Category Layer: starts with no output category nodes (no weights) and
grows reaching finally nine output nodes.

For each input I, the output activation function (choice function), T,, is defined by
Eq. (15):

|I(2i) A Wn(Zi) |

7»+|W

T = ,
n(2i)|

5)

where A is a small positive constant 0 < A << 1.
Fuzzy AND operator A is defined by Eq. (16):

(P A Qm = Min(p, qm), (16)
withm=1, ..., M ; norm|. | is defined by Eq. (17):

M
Pl = 2p,|. (17)

for any m-dimensional vectors p and q.
Then, category choice in Eq. (18) is indexed by N:

Ty=Max {T:n=1,...,N }. (18)

Category Layer: with nine category nodes Oj, the maximum number of categories
the network can learn, each to be labeled as a unique category (class).
The resulting weights W,,;, illustrated in Fig. 7, are:

WI[0][0]=0.320000  W[0][1]=0.000000  WI[O0][2]=0.000000 W[0][3]=0.680000  WI[0][4]=1.000000
WI0][5]=0.680000 CAT_NOEUDI[0]=3.000000 ;

WI[1][0]=0.320000  W[1][1]=0.200000 ~ W[1][2]=0.360000  W[1][3]=0.680000  W[1][4]=0.800000
WI1][5]=0.360000 CAT_NOEUDI[1]=6.000000 ;

WI[2][0]=0.320000  W[2][1]=0.400000 WI[2][2]=0.680000 W[2][3]=0.680000  W[2][4]=0.600000
WI[2][5]=0.040000 CAT_NOEUD[2]=2.000000.

5 Discussion and Conclusion

In first part of this Chapter, a combination (inspired from empirical human negotia-
tion research) of time-dependent behaviors has been suggested for autonomous agent
systems with incomplete information intending to find the adequate (win-win solu-
tions for both parties) strategy, in one-to-one single issue negotiation. With regard to
strategies using behaviors individually, the obtained results demonstrate that the sug-
gested combination allows agents to improve the negotiation process in terms of agent
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utilities, round number to reach an agreement, and percentage of agreements. Another
interesting conclusion is that, since with incomplete information, an adequate strategy
could be a strategy which imitate the other agent (adequate strategies have been BL-
BL, BC-LB, LB-BL, LC-LC, CB-CB, and CL-CL).

With regard to the work developed in [13]:

- the strategies of the class starting reasonable and conceding moderately lead, on
average, to superior outcomes (in our case this is corresponding to LB-BL and
LC-LO),

- the strategies of the class starting high and conceding slowly lead, on average, to
fewer and slower agreements (in our case this is corresponding to BL-BL and
BC-LB),

- the strategies of the class starting low and conceding rapidly lead, on average, to
more and faster agreements but with inferior outcomes (in our case this is corre-
sponding to CB-CB and CL-CL).

An interesting alternative for future research works is with regard to type of
combinations (linear) suggested in [7], which is expected to improve our suggested
combination if it is used in our combination particularly for time-dependent with be-
havior-dependent behaviors.

In second part of this Chapter, a negotiation strategy essentially based on the
psychological aspects of the human personality (negotiation behaviors: +Con, Con, -
Con, +Neu, Neu, -Neu, -Agg, Agg, +Agg) is suggested. Such negotiation behaviors
are acquired by reinforcement Q-learning and Sarsa-Learning approaches in order to
guarantee the agent reactivity, agent proactiveness, and agent social ability. Analysis
and comparison show that Sarsa-Learning offer the advantage of safe solutions with
regard to Q-Learning. The strategy (a basic buying strategy) is then acquired by
FAMNN exploiting particularly their fast and stable learning capabilities (essential
trait of intelligent behavior), massively parallel computations, and limited memory
requirement for storing the knowledge. Thus, suggested strategy displays the ability to
provide agents, through a basic buying strategy, with a first intelligence level in
SOCOSYS for learning negotiation strategies from interaction (human-agent and
agent-agent).

In addition, this first intelligence level provided to an intelligent agent through ne-
gotiation behaviors acquired by Q-learning and FAMNN allows to interact, during a
negotiation session, with another agent or with human through SISINE software.
More, with such interactions, different training scenarios are possible with on-line
learning (Q-learning) and on-line learning (FAMNN) exploiting one or the other, or
exploiting them together. This first intelligence level still not enough to allow an
agent to learn a negotiation strategy, for instance, from a human with a high negotia-
tor quality. For this, a second intelligence level is under work handling problems of
strategy, cooperation, competition.

Another interesting alternative for future works is to investigate the research works
developed by Jim Camp “Start with No” (http://startwithno.com/) with regard to win-
win solutions.



174 A. Chohra, A. Bahrammirzaee, and K. Madani

Finally, we believe that an intelligent negotiation system, win-win with incomplete
information, should combine in an efficient way such behaviors developed in the first
and second parts of this Chapter with fuzzy and prediction behaviors.
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Abstract. The goal of the paper is building the knowledge-based model for
predicting the state of the IT support organization. These organizations are
facing the problem of their transformation. The complexity of the processes, the
difficulty adjusting the operations and limited ability to control the evolution
implies the need of the solutions supporting the decision-makers to make the
change happen. The solutions are based on systems gathering and processing
the knowledge, built in the research units for the support of business
organizations. The paper is the example of the applying this research for the
banking sector. The result of the research is the intelligent, knowledge-based
system used for the assessment of the organization and support the evolution of
the organizations based on fuzzy modeling and mechanisms of reasoning using
uncertain and incomplete knowledge and classification according to the ITIL
(IT Infrastructure Library) model. The sources of the knowledge are the
authors’ experiences in managing the IT support organization in the banking
sector. The paper presents the results in two areas. One of them is the financial
sector, for which we propose the prognostic model for the IT support
organization. The second is the selection of reasoning in social systems with
uncertain and incomplete knowledge. In the paper we present the mechanisms
of reasoning based on the knowledge and data in the research in the evolution
of the IT support organization in the financial institution. The publication
contains the description of the assumptions of the experiment, the experiment
itself, the analysis of its results and conclusions.

Keywords: intelligent systems, IT support organization, ITIL, fuzzy modeling.

1 State and Processes of the IT Support Organization

1.1 The Problem of the Organization Evolution

Traditionally, IT organization is the supplier of technology and systems. IT supplies
to its customers (internal or external) technology ‘boxes’, e.g. desktop computers, off-
the-shelf systems or other pieces of IT infrastructure. Its purpose is defined as the
maintenance of existing technology pieces (as network links, servers, desktops,
applications) and purchasing (together with deployment) of new technology pieces for

E. Szczerbicki & N.T. Nguyen (Eds.): Smart Infor. & Knowledge Management, SCI 260, pp. 177
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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the core business units. From that point of view, the main objectives of such
organization are:

e Relevant procedures for fulfilling the customers’ requirements through projects,
e Development or purchase of the information systems for these projects.

However, in the last years the market of IT services is quickly changing through
saturation of the modern enterprise with information systems and technologies. The
result of these changes is the need of different approach to IT organizations. The
mature business organization expects that its IT will supply services rather than
‘technology boxes’. First, it will understand the business goals and needs. Then it will
select appropriate tools and technology. Last, it will supply it continuously according
the agreed service level, supporting the business processes.

This approach requires fundamental rebuilding (or transformation) of the IT
organization: from its structures, through processes and services, redefinition of the
systems and technologies, rebuilding the competencies to change in every working
workplace (fig. 1).

MATURE BUSINESS ORGANIZATION

BUSINESS PROCESS ;

¢ l ¢ TRADITIONAL IT ORGANIZATION

<4—

RESOURCES AND TASK
MANAGEMENT

APPLICATION

APPLICATION
TECHNOLOGY

MATURE BUSINESS ORGANIZATION

BUSINESS PROCESS

SUPPORTING SERVICES

MATURE IT ORGANIZATION

SERVICE PROCESS PROJECT SECURITY
MANAGEMENT [ MANAGEMENT || MANAGEMENT || MANAGEMENT

APPLICATION
APPLICATION
APPLICATION

APPLICATION
TECHNOLOGY
TECHNOLOGY

Fig. 1. Characteristic of the state of the IT Support Organization [4]
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With this approach, the new objectives for the IT organization should be defined as

e Building and alignment of the strategy,

e Analysis of the business processes and their maturity,

e Identifications of customer requirements and needs and satisfying them though
projects deploying systems and services,

¢ Building, agreeing and delivering IT services suitable for the business processes of
the customers.

The crucial role in this transformation is played by the standards, in particular two
of them: Capability Maturity Model (CMM), Capability Maturity Model Integration
(CMMI) [2, 5] and IT Infrastructure Library (ITIL) [1]. They set up the direction
based on the market’s best practices and they build up a framework for the
organization processes, at the same time providing the tools for IT organization
assessment. The application of this assessment schema for the organization and its
processes is the important metrics for the IT organization transformation and its
current maturity.

1.2 Application of the ITIL Standard for the Assessment of the Maturity of the
IT Support Organization

The ITIL standard can be used or assessing the maturity of the IT support
organization [7] (fig. 2). It describes the process’s framework, goals and its typical
artifacts (input, output, intermediate products). It defines the roles, e.g. the role of the
Problem Manager, and the typical actions and tasks of these roles, for instance, the
Root Cause Analysis (RCA). ITIL, like CMM or CMMLI, is the reference model and
provides the maturity assessment for the processes.

Therefore, it can be used to assess (compare) existing processes to the framework
or template model. The organization itself decides which of the processes are more
important, which activities it selects and to what extent it is going to deploy the
model. ITIL doesn’t support or promote any kind system as ‘supported’ or
‘preferred’, leaving the initiative in the hands of the software companies.

The selection of the ITIL [8] model was based on the market’s best practices,
opinions and experiences and it wasn’t by the structured framework selection process.

The ITIL version 2 was built by the Office of Government Commerce (OGC) [12]
and divided into:

Service Delivery,

Service Support,

Planning to Implement Service Management,
Application Management,

ICT Infrastructure Management,

Security Management,

Business Perspective.

The experiences for using the ITIL standard in the existing organization show that
the Service Delivery and Service Support are dominating parts [9]. From that point of
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Fig. 2. The ITIL Standard

view, the assessment from these two perspectives is crucial for identifying the state of
the organization.
The Service Support covers 5 processes and one function:

Configuration Management,
Incident Management,
Problem Management,
Change Management,
Release Management,
Service Desk function.

These processes cover the daily maintenance and operational management of the
services. The second area is the Service Delivery and its covers the following
processes [11]:

Service Level Management,
Capacity Management,

IT Service Continuity Management,
Availability Management,

IT Financial Management.

The Service Delivery area describes the IT services from outside of the
organization and in a more tactical perspective. On the other hand, the Service
Support provides a more internal view and operational perspective. These two
perspectives were chosen as a representation for the variables in the prognostic model.
Using the questionnaire (used for self-assessment or external assessment) the IT
organization, can decide to what extent it fulfills the requirements of a certain level of
maturity. The questionnaire also helps to choose the reference maturity model
(typically between 60% and 80%) as ‘pass’ level.
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As the Service Support and Service Delivery define 6 management processes,
together with 9 maturity levels for each process, it all brings a complete environment
to assess the maturity of IT support organization.

1.3 The Evolution of the IT Support Organization with ITIL

The ITIL standard describes the state of the IT support organization (in particular, the
maturity of the processes in this organization), but it doesn’t describe the transition
processes from the traditional, technology-oriented organization to the modern,
service-oriented organization that focuses on customers’ needs and processes.

In the earlier publications, we used the word ‘transformation’ to describe this
strategic shift; however, now, the word ‘evolution’ seems to be more descriptive.
‘Transformation’ suggests somehow finished boundaries in time and relative stability
of the organization in the start and end state. In reality, the change in the organization
is a continuous process and the organization is never really stable in any of its states.
The strategic shift is more iterative. The organization can capture the current state
through the assessment, but it doesn’t mean that it freezes the state — in the same way
as taking a photo of the moving train doesn’t stop the train itself, even if it seems not
to be moving in the picture [4].

The literature on ITIL [15] presents a wide spectrum of the solutions related to the
state, but it doesn’t offer clear recipes on transition towards higher maturity. The
objective of this research is to build up an addition for the model and to increase its
usability in this way. Also, the goal is to use the environment of assessing the
organization.

In order to cover a possibly complete spectrum of evolution, the research was
carried out in six fields: processes, services, projects, knowledge management,
technologies and organization culture. The dynamics of the evolution of the
organization in these fields can be different, but the balance between them is essential.
If the balance is not kept, the ‘organizational tension’ can be observed, which can
result in a lack of stability. For instance, the organization that builds up the internal
processes, but doesn’t offer services needed by the customer, can face the opinion
,we don’t care how much you control your own organization as long as you don’t
support our business” form the customer.

The changes in the organization can be divided into three main groups:

e Management processes — are spread along a period of time, change the structure
of the organization, the way it works, its tools and qualifications, e.g. the
deployment of the software tool.

e Management decisions — are one-time actions that institutionalize and ‘legalize’
earlier processes. The example of such decisions is announcement of the official
internal regulation that formally obliges the employees to follow the process
Change Management.

e Management artifacts — are products — items, documents, etc. related to the
management processes or decisions. The example of the management artifact is the
detailed description of the RCA form in the Problem Management process.

It seems that the good example of all three kinds of changes is the service in the
Service Level Management process. The management process is the negotiation of
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the shape and the parameters of the service with the customer. The management
decision is signing off the agreement with the customer. The management artifact is
the detailed description of the service, defining its availability, capacity, agility, hours
of service, etc.

Having described the organization states and the transition processes it is important
to show the relationship between them. The experience shows 4 kinds of such
relationships (correlations) (fig. 3):

1. Very strong — observed in different organizations as well as different processes.

2. Strong — observed either in different organizations or in different processes, but not
both at the same time.

3. Weak — observed partially in organizations as well as processes, but not
consistently and repeatedly.

4. Inconsistent — observed in organizations as well as processes, but in different ways
or directions.

observed in different organization as well as different

VERY STRONG processes

observed either in different organization or in different

STRONG processes, but not both at the same time

observed partially in organizations as well as processes, but

WEAK not consistently and repeatedly

observed in organization as well as processes, but in a

INCONSISTENT different way or direction

(L

Fig. 3. Types of relations between the organization states and the transition processes

All correlations can be either positive (certain changes support higher maturity) or
negative (certain changes disable higher maturity or decreases maturity). All in all, we
have 7 combinations of correlations:

Positive — very strong
Negative — very strong
Positive - strong
Negative - strong
Positive - weak
Negative - weak
Inconsistent

The relationship between the action and the maturity can be represented in the
knowledge base as discrete or fuzzy rules. This knowledge base can be used for
predicting the organization state or decision support in managing the evolution of this
organization.
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1.4 Methods of Reasoning Based on Uncertain or Incomplete Knowledge

The description presented above based on the ITIL standard can be used for assessing
both maturity of IT support organization and the strength of relationships between
state and transition. It implies the use of reasoning algorithms suited for uncertain or
incomplete knowledge. Therefore, before building the model, the preliminary
assessment was done in order to choose the right way of reasoning methods. The
methods chosen are very important as it comes to the correctness of reasoning — they
are based on the assumption that the information in the knowledge base is true and
therefore the reasoning is correct and the results are true.

This assumption can be too hard to take, because the knowledge gathered from
experts — even if is certain — is possibly incomplete and therefore not perfect. Using
the methods normally suited for complete and ‘perfect’ knowledge for incomplete and
imperfect knowledge, there is a risk that the results will be incorrect. Therefore, it is
very important that the reasoning system be supplied with additional mechanisms for
preprocessing this knowledge to increase the overall certainty. In this way it will be
possible to characterize the uncertainty level of the knowledge about the organization
state and transition processes. This approach can be used for the new knowledge
inferred from the existing one by the reasoning system.

There are three basic kinds of uncertainty in knowledge about the IT support
organization state and transition:

e The uncertain knowledge about the transition processes for which the knowledge
about relationship between the change and state is certain,

e The incomplete knowledge about the organization state some of the certain states
are unknown, but we cannot assume that ‘unknown’ means ‘incorrect’,

e The imprecise knowledge about the transition and state, in which some of the
relationship is not known exactly.

In case of uncertain knowledge the results cannot be clearly labeled as true or false.
The methods are needed for characterizing the level of the knowledge certainty — both
this from the preliminary knowledge base and this from experts’ assessment.
Incompleteness of the knowledge means that the status of the results inferred is
unknown — they may be true as well as false, which may require taking the
assumptions about the certainty or leaving it open to repeat (and — potentially —
change) the reasoning in case of getting the new knowledge that would invalidate the
previous results. Uncertainty is the consequence of an inability to distinguish the
knowledge in the area, for which we are researching, or the objects in the certain
relationship to this knowledge, from the objects in different area, unrelated.

For the purpose of building the model, the analysis was carried out in the reasoning
methods for different kinds of uncertainty [10]. It was carried out in such a way that
the reasoning led to the results whose quality could be assessed. These characteristics
would allow answering the question how uncertain or incomplete results can be
inferred from uncertain or incomplete knowledge. The following methods were
considered [6]:

e Fuzzy logic — methods for processing the incomplete knowledge, for which partial
relationship between the item and set is considered.

e Dempster-Schaffer algorithm — for processing the uncertain knowledge, for which
the probability of correctness is attributed to base statements.
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e Certainty levels — the method for processing the uncertain knowledge, for which
each statement has the certainty level attributed, expressing the expert’s conviction
about the correctness of this statement.

e Non-monotonic logic — methods for processing incomplete knowledge, in which it
is allowed that the new statements will appear invalidating earlier inferred rules.

e Probabilistic reasoning — the method for processing unsure knowledge based on
direct application of the probabilistic calculus; in this approach the probability
level of correctness is attributed to results.

2 Stages of Building the Model

The previous part of the paper presents the concept of building the model for
predicting the evolution of the IT support organization.

This chapter concentrates on the detailed model in the proposed and used
mechanisms and algorithms. The analysis of the knowledge gathered in the project
was performed. We identified the variables (parameters) relevant for the changes in
the IT support organization and, from that point, we present the model that is
responsible for processing this knowledge and generating conclusions.

The analyzed case shows exactly that it is not possible to gather complete, sure
knowledge. The authors decided to use the means for processing the unsure and
incomplete knowledge.

2.1 Input and Output Variables

The project of predicting changes in the IT support organization was initiated by the
thorough analysis of the current state. Both interviews and the analysis of the
documentation were intended to identify the key factors that induced the current state.
It seems to be obvious that such factors can be found in different areas of the
organization’s activities. It was assumed that the acquisition of the knowledge
relevant for this project will be done in all such areas (called threads) by the dedicated
member of the research team. This kind of division of responsibilities determined also
the division of the overall goal into the partial goals for the team members. The
division was done according to the components of organization evolution (fig. 4). It
should be noticed that the overall success of the evolution is the result of the
orchestration of the following components:

Design and deployment of processes,
Harmonization of structures,
Knowledge gathering and distribution,
Tool support,

Cultural change.

Obviously, these components cannot be treated separately. If one wants to achieve
an overall result, the organization should be perceived in a holistic way, e.g. as in
corporate architecture framework TOGAF (The Open Group Architecture
Framework).
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DESIGN AND DEPLOYMENT OF PROCESSES

HARMONIZATION OF STRUCTURES

KNOWLEDGE GATHERING AND DISTRIBUTION

TOOL SUPPORT

CULTURAL CHANGE

Fig. 4. Components of the successful evolution [3]

From that point, the following threads were chosen in order to structure the
knowledge about the state of the organization and transition processes (fig. 5):

Processes,

Projects,

Services,
Knowledge,
Technologies,
Organization culture.

PROJECT’S SUBJECT:
EVOLUTION OF BANK ORGANISATION

Projects Services Jechnology

Culture

Fig. 5. Evolution areas of the organization [3]

According to the assumptions, the result of this research was supposed to be the
knowledge base suitable for further processing. It should be ready to infer the relevant
change actions given the planned states. For building up this database, the researchers
chose the rule-based representation, because this kind of representation creates the
possibility of easy modeling / processing the knowledge. It seems also the most relevant
for reasoning about the relationships between the end state of the process as a
consequence of the begin state and given changes. Additionally, the experts’ knowledge
was represented by facts that are going to be used in the inference process [14].

Assuming the initial assessment of the current state in all of the six areas, it was
agreed that the products of the first stage of the project, will be informal description.
To describe this state in a formal way, it was necessary to identify the input and output
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parameters of the model. Unfortunately, this knowledge turned out to be incomplete.
Not all the threads received precise identification of the key factors influencing the
results of the research. Therefore, two knowledge bases were used [13]:

e Fundamental knowledge base KB_POD,
e Knowledge base for initial preprocessing of the input variables for the fundamental
knowledge KB_PRE1, KB_PRE2.

The fundamental knowledge are the overall relationships showing the changes in
the organization (fig. 6). The experts have agreed that the appropriate way of
representing these relationships is the following way (in the Prolog notation)

End_state :- Begin_state, Transition_processes

This rule clearly states that there are two fundamental factors that impact the end
(pr-edited) state of the organization: begin state and transition processes. Obviously,
this kind of statement, describing the evolution of the organization, is a significant
simplification. At this point it cannot be different (i.e. more detailed) as we are
thinking of the common knowledge base for all areas which are different from one
another. Therefore, for each variable we have found out the dedicated set of rules
making up a preliminary processing database. For instance, for the area
,»Technology”, the transition processes are the consequence of the number of factors.
The rule describing these processes can be the following:

Transition_Processes: -
Compliance_with_technology_ stack,
The_cost_of_technology,
Vendor_support,

Team_competencies

It should be noticed that the preliminary processing is applied to the input variables
(begin state of the organization and transition processes) as well as the output variable
(and end state of the organization).

| Knowledge base KB_PRE1 (PROCESSES area) —» /\
| Knowledge base KB_PRE2 (PROJECTS area) —> \/
Knowledge base KB_PRE3 (SERVICES area) —>
FUNDAMENTAL RESULTS OF
KNOWLEDGE BASE | —®  REASONING
Knowledge base KB_PRE4 (KNOWLEDGE area) |—> (KB_POD) (concerning changes
within whole
:t organization)

Knowledge base KB_PRE6 (CULTURE area)

N

Fig. 6. The scheme for processing knowledge and reasoning in the model

2.2 The Proposal for Model

The previous subchapter presents the relationship between the post-transition state of
the organization and the pre-transition state. This is one of the stages on the way to
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build the full prediction mode, which would allow simulating the evolution thus
becoming the tool of the decision support for the managers running the evolution of
the organization.

The goal is to build the mechanism that would be supplied within existing
knowledge. For this, the following notation was chosen:

End_state :- Begin_state, Transition_processes

where:

the variable: End_state has values from the set [1..5]

the variable: Begin_state: has values from the set [1..5]

the variable: Transition_processes has values from the set [1..5]

It was assumed that all the variables will have the numeric values representing the
achieved level. This assumption is obviously based on the previously presented
concept of the organization assessment using ITIL and CMMI framework. At the
same time, it is the way to formalize the knowledge when this knowledge is in some
way imperfect (e.g. incomplete or unsure). However, it should be noticed that the
built solution doesn’t represent technical matters (where knowledge is typically
precise and concrete), but is attributed to the social system (as the organization culture
is the research area).

Is the fuzzy model the only correct solution to the difficulty of incomplete
knowledge in the analyzed problem? Even if its application seems to be correct, it
cannot be the only method of reasoning for the knowledge coming from different
sources and represented in many ways. The fuzzy model will be implemented only in
the stage of processing the preliminary knowledge (KB_POD).

The situation becomes different for the knowledge bases dedicated to different
project threads. In each case the relevant input variables will be different, while the
output variables will be the same (for state of the organization and state of the
transition processes). Still we are facing the imperfect (incomplete, unsure)
knowledge, in which case the appropriate method for reasoning is necessary.

During the interviews with the experts, it was observed several times that the
knowledge is based only on the memory of the expert, without being backed up by
any documentation. Some statements (facts about the state of the organization as well
as rules describing the relationship between these states) were simply stated as
‘probable’. The only way to cope with this situation could be the consultancy in the
bigger group — but even then it wouldn’t be completely certain. Therefore it was
necessary to introduce a certainty factor (CF) in knowledge processing. For most
statements the subjective score representing the level of certainty in the given fact or
rule was given. The example of the fact from this knowledge can be represented in the
following way:

Exists_in_the_technology_stack (MS SQL Server, 2004,
0.5)

where the last argument is the certainty factor and can have the following values:
CFe [-1..1]. We should set the minimum level of CF, for which any reasoning from
so uncertain facts is acceptable.
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All in all, for such complex problem applying the right reasoning method seems
the most crucial task. There are several such methods, as shown in the previous
subchapters, but each of them has some limitations. In this case, the proposed method
is the hybrid.

2.3 Relationship between Variables (Strength of Impact)

During the analysis of the gathered knowledge the hypothesis, which wasn’t
considered before, appeared, suggesting that not in all cases the variable End state is
related to both input variables in the same way. Generally, it seems that this
relationship is applicable to all areas in this research, but the strength of influence
should be considered. The issue is to identify which input variable has more impact
(influence) on the end state of the organization after the evolution. It may happen that
in some cases the end state will be strongly influenced by the begin state, while in the
other cases it will be strongly be the result of transition processes.

At the time of building the model, we adopted the simplest solution — the strength
of influencing was represented by multipliers (weights) as the modifiers of reasoning
processes, which are arbitrarily set up by the expert.

The authors are planning to use the reasoning method based on Dempster-Schaffer
method in this context, which allows reasoning from the statements (in our case:
rules) based on their relationship with other rules. Are such relationships present in
the KN_POD knowledge base? During the knowledge acquisition process it was
assumed that the bases will be separate and independent. During the analysis of the
documentation we noticed an explicit relationship. It seems that the evolution in
the area of e.g. technology influences the organization as a whole and it influences the
evolution in other areas. Therefore, it would be useful to be able to reason about the
results of the evolution in all areas. At this point the authors are facing the problem of
finding the right means for representing this kind of knowledge and relationship.

2.4 The Reasoning Processes - The Experiment Plan and Its Execution

The above considerations should be treated as the guidelines and assumptions to
practical activities that are carried out to achieve the goal of the research project. This
goal, building the prediction model in the area of evolution of the IT support
organization, requires a plan. This subchapter presents the plan of the experiment.

It should be noticed that some of the stages of the project are already fulfilled and
earlier in this paper we described their results and problems that we have faced. The
list of stages shown below should be treated as some kind of structuring this
information. The most important part of the plan is the part about next steps, as they
show the directions of future research.

— Stage 1: Knowledge acquisition

The system will be the knowledge-based solution. In the first step it is crucial to
gather this knowledge. The analysis of a problem so complex as the evolution of the
IT support organization in many areas doesn’t allow to choose only one method of
gathering the knowledge. It is assumed that it will be knowledge of a different quality,
gathered in different ways. So the product of the first stage is the semantic description
of the current state, divided into six areas (threads) of the research. For this project,
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both the people from the inside of the organization were involved (as experts and
thread leaders) and the students from Gdansk University of Technology. There were
realizing their graduation theses in this project. The principal methods for gathering
the knowledge were the interviews and analysis of the documentation.

— Stage 2: Knowledge formalization

The way that the knowledge is gathered in the first stage is not perfect. However, it is
not possible to perform the knowledge formalization earlier, i.e. during acquisition,
because at this stage its characteristic (i.e. which variables, discrete or linguistic, etc.)
is unknown. The analysis of artifacts gathered in the first stage would allow setting
the rules of the knowledge formalization.

As it was described in the earlier subchapters, it is assumed that the knowledge will
be divided into several separate knowledge bases, including the fundamental
knowledge base and the knowledge bases for preprocessing (for each thread). It is
worth to mention at this point that there isn’t any reasoning at this stage, only
‘translation’ of the gathered specifications to the rule-based knowledge. This stage is
realized by the employees of the Information Technology Management Team who are
knowledge engineers at this stage.

— Stage 3: Knowledge verification and reasoning

The product of the previous stage will be the structure of the knowledge base using
the proper combination of variables and relationships. In case of the preliminary
knowledge, what should be expected are the conclusions inferred from the input data.
During the interviews this knowledge should be structured, but it is not possible to
build up the preliminary reasoning for the whole KB_POD knowledge base. The
question arises how to carry out the reasoning in the fundamental knowledge base.
Two possibilities are considered:

e Identification of rules considered on few examples that would be the generalization
for the knowledge; this approach would allow automatic reasoning,

e The session with the expert, presentation of the preliminary structure of the
knowledge base and performing full reasoning (for each rule) solely with his or her
knowledge.

The first solution would be more effective (mostly, because automatic reasoning is
more scalable). This is the objective that we are setting. There are several threats, i.e.
the incompleteness of the knowledge and incomplete understanding of the problem
domain may cause the ambiguity during the definition of such algorithms.

Because of that we propose the experiment that would mutually verify both
approaches. We want to attempt building the algorithms, but at the same time to run a
session with an expert. The expert wouldn’t know the algorithm; therefore he will be
using only his subjective knowledge. In both cases the goals is the same — to get the
complete set of rules with conclusions. Both results will be then compared and then,
again with the expert’s help, we will point out the conclusions that are significantly
different (in particular, conflicting). It cannot be assumed that any of the sources will
generate the results more credible. The expert has more experience, but this might be
an apparent strength. In case of larger number of rules, the human might be unable to
formulate conclusions for all possible combination of input variables or even can
make multiple mistakes. The experiment’s objective is to identify and eliminate the
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weaknesses of the algorithms and its improvement in such a way that it is applicable
to any size of the knowledge base.

During this stage it is necessary to consider the activities related to the completing
the knowledge base. It could happen that the gathered knowledge is so unsure or
incomplete that it will be necessary to perform the sessions with experts in all threads.
Even if it will make the whole experiment longer, such a step should be included in
the schedule.

— Stage 4: Building the model, implementation of the reasoning algorithm

This step is purely technical. At this stage we don’t need to analyze the quality of
the knowledge or verify the correctness of reasoning. The product of the 4" stage
should be the implemented model allowing making predictions related the IT
organization evolution. This step should be divided in the smaller steps allowing the
incremental checking of the functions of the system.

— Stage 5: Fine-tuning the model, final verification

This is the last stage of the projects that ends up with the acceptance of its products by
the all beneficiaries. It is assumed that it is possible to fine-tune the model in the full
application area or even — in case some major issues are found — the return to the
previous stage. At this stage the knowledge will not be analyzed, only the
mechanisms for its processing and management.

2.5 Verification of the Applicability of Prepared Model in the Evolution of the
IT Support Organization

The next stage is the verification of the applicability of the IT support organization
evolution model. At the beginning we have presented the example of using the model
for selected organization. Then the model was assessed both for the given example as
well as its applicability to other organizations. At the end we pointed out the future
development possibilities taking into account better availability of input variables and
reasoning methods.

The prognostic model was verified against incomplete and unsure knowledge.
Therefore two levels of the solution verification were prepared.

The first level covered the verification for the knowledge for the output variables.
We assumed five values classifying these variables. This approach was used because
of existing assessment framework (aggregation of ITIL process maturity framework).
For other threads (projects, services, knowledge management, technologies and
organization culture) such assessment framework is not present or cannot be applied
and therefore the solution presented in this paper should be verified. A similar
solution was applied for assessing transition processes.

The second level of the verification covered the procedures of reasoning for the
model. The verification process was executed in two steps. In the first step we
assessed the initial values for input variables used in the reasoning algorithms. The
selection of the reasoning algorithms was incremental. They were selected according
to the possessed knowledge. The more knowledge the expert had, the higher the level
of applied solution was. At the beginning, we used the approaches based on fuzzy
modeling, then the approach using certainty levels, later the Dempster-Schaffer
algorithm, at the end the proposed hybrid approach. The proposed scenarios were then
verified by the experts.
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The experimentation process:

— Stage 1: Selection of the areas for IT support organization assessment

We assumed that the research will cover 5 previously chosen areas (threads). During
the research process we have found out that the most difficult will be the cultural
organization area. The difficulty was the consequence of fact that the we were
missing the knowledge as well as specialists (psychologists and sociologists) that
would be able to assess current status of the organization culture and identify relevant
management processes. That’s why this area was excluded from the research but in
the further development of the model this area will be included again.

— Stage 2: Acquisition of the knowledge in other areas

The knowledge describing the state of other areas was acquired with the research in
the company involving the employees of the departments of the IT support
organization. These specialists were supported by the students realizing their MSc
thesis. The knowledge acquisition was performed incrementally. In the first iteration
the knowledge was acquired and preliminarily assessed. We considered the
completeness of this knowledge in terms of organization state and transition
processes. Initial assessment has shown incompleteness of the knowledge. Therefore,
we analyzed its applicability and we prepared the plan for the next iteration.

— Stage 3: Initial formalization of the knowledge

For the knowledge acquired and preliminarily assessed we assumed that the reasoning
will be carried out with the fuzzy approach. The choice of these methods was
impacted mostly by the experiences of the authors using this approach [6]. Therefore
at this stage we picked the input variables and the levels of their granularity. The
knowledge was assigned to the levels of granularity.

— Stage 4: Full formalization of the knowledge

After the choice of variables and their values’ range we started to build the model
selecting the areas for the needs of the model. As we said before, the organization
culture was excluded because of the lack of the data. For other areas (threads), the
fuzzy model was applied as presented above.

— Stage 5: Reasoning processes

The processes of reasoning were performed in two streams. The possible values of the
variables were initially assessed. It appeared that we faced the problems during the
assignment of the results. Therefore this approach was assessed as initial and the
scenario-driven analysis was performed. There were three scenarios: the first,
following the initial results; second, where the levels of certainty in the fuzzy model
were chosen and the third using the Dempster-Schaffer algorithm.

— Stage 6: Verification of the picked scenarios
The scenarios were verified. The verification processes included the expert’s
assessment of the presented scenarios in the company. During this assessment it
appeared that the initial assumptions were corrected in the practice. The experiment
(assessment of the scenarios) has shown that the approach selected in the experiment
plan cannot be carried out without an expert.

The experiment plan included that during the building of the scenarios the
preliminary analysis will be carried out for the informal knowledge. Based on this, we
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prepared the full set of rules (for each scenario) including all combination of initial
variables implemented according to the Prolog structures:

End_state :- Begin_state, Transition_processes.

The verification processes were carried out in one thread (processes) with an expert
(the IT manager of the company). It covers two scenarios:

e Scenario one: the expert carries out the reasoning processes about the target state of
the organization according to the initial conclusions prepared during the automatic
rule generation in the knowledge base. Then, the expert verifies the rules, builds
alternative conclusions (and comments). During that process the engineers do not
interfere.

e Scenario 2: the expert, using the same set of rules, carries out the reasoning
processes. This time he considers additionally the levels of correlation between the
input parameters and their impact of the value of the output variables. The
objective of this scenario is the attempt to pick the appropriate algorithm of
reasoning, its formal statement and the building the relation to the algorithms
covered in this paper. Using this statement gives a strong foundation for using the
approach for similar knowledge bases and rules.

The reasoning processes, carried out according to the first scenario, made the
authors understand the complexity of the process and the need for verification by the
expert. It appeared also to be very difficult to use formalities in the processes of
automatic reasoning. The initial assessment of the process by the knowledge engineer
would rather cause the rejection of several rules because of low probability of their
applicability in practice, for example the companies with very low maturity realizing
the transition that would immediately transform them into high-maturity organization.
However, even if these considerations had low applicability in practice, it appeared to
be fruitful in the experiment. It led to discovery of other, previously unknown,
mechanisms of reasoning, they were very valuable in the attempting the automation of
the results generation. The same time, the verification process allowed to discover the
weaknesses of the model and pointed out the directions of the future research in the
reasoning processes.

The second scenario was applied for building up the algorithm with the objective
of supporting the reasoning process (reasoning without an expert). Being independent
of an expert at each stage of the reasoning process would significantly simplify the
whole system, e.g. because if the errors that could cause an inconsistency in the
reasoning. During the verification process, the knowledge engineer suggested the
solution based on assigning the weighs for variables of the model (the mechanism
applying this approach was prepared for the session with expert). Using this approach
would increase the effectiveness of the reasoning by expert, even in case of using the
weighs introduced by the engineer. This approach seemed to be more useful for the
knowledge engineer. The Dempster-Schaffer algorithm was proposed as the next
stage of the model verification. It will be used as a mechanism supporting the
reasoning processes based on the initially processed knowledge.

Using this approach, the results appeared to be achievable and usable by the
organization. These results were related to the assessment of the ability of the
organization to increase its maturity. It was clear the achieving the higher maturity of
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the organization is possible only when it carries out the transition processes suitable
for its maturity level or — which is not as clear — a slightly more challenging. If the
same organization would have been carrying out processes suitable for the lower
maturity organization, its state would remain the same (but it will not deteriorate).
This reasoning allows predicting the state of the organization. What would happen to
the organization that would carry out the transition processes suitable for significantly
higher maturity that it actually is on? These cases were identified as the most
destructive for the companies. As they are not ready for such advanced changes, they
would spin off the chaos and — additionally — make a negative impact on the morale
of the IT support organization personnel. These results significantly limit the
mechanisms of reasoning and bring up the need of finding the intermediate solutions.

The presented scenarios have shown that the incomplete understanding of the
domain is the factor that effectively prevents understanding of the reasoning for the
key rules. The experiments have confirmed the theses stated initially:

e The construction of the knowledge base at the assumed level of generality a the
given level of preprocessing is generally correct,
e [t is possible to reason automatically, but the expert must verify the results.

— Stage 7: Verification of the model base on the survey research in other
organizations

The data was gathered in the on-line survey. It spanned about 100 of the support
organizations and its goal is to answer the question: to what extent the company’s IT
support organization is typical for the market as a whole and therefore — to what
extent the conclusions from the deep case study can be generalized to other
organizations. It is also trying to answer the question to what extent the model of the
evolution is generic for all IT support organization and to what extent it is specific for
the support organization of the financial institution.

3 Analysis of the Results

It is clear that the evolution processes are one of the key aspects of the development
of the organization. It is difficult to find out the reason. Possibly, this is the
consequence of the crisis in the financial sector and the need to adjust this
organization the needs of the customer. Surely, these processes are (and will be) going
on in the majority of the financial institutions and large organizations in which
supporting processes are key for their efficiency. The pressure arises from the
representatives of the banking sector for the solutions that support the transition
processes. This pressure has the key importance for building the business models, but
it doesn’t automatically mean the availability of the knowledge about the evolution.
On one hand the organizations would like to know about the processes of evolution.
On the other, they are reluctant to share the knowledge about these processes. It is
even more difficult to process this knowledge. That’s why the support organization of
the bank uses the convenient procedure of supporting their evolution with the ITIL
model.
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The standard allows describing the organization with five key processes (for both
Service Support and Service Delivery) and enables to assess the maturity of these
processes according to the framework. This approach lets us describe the complete
organization which is very important in the evolution. The representative of the
organization as well as the modeling person have agreed that the ITIL model can
make up a solid base for the preparation (about the knowledge of the evolution, from
the organization’s side) and the formal description, using semantic model (from the
modeler side). The commitment to use the model was mutual and so the modeler as
well as the representative of the organization agreed on using it. When they started
modeling they were sure about the availability of the complete knowledge from all
five areas. Actually, quickly it appeared that the knowledge availability is limited. It
was difficult to find out in the organization the people responsible for the about the
organization culture. This area is rather specific because of the need to aggregate the
psycho-socio-technical knowledge and therefore the need for particular knowledge
arises. Neither inside the IT support organization, nor on the modeler side such
competency existed. That’s why it was agreed that this area will be researched in the
next phase of the research project. The lack of the data from this area raises the
question about the correctness of the reasoning with so incomplete knowledge. The
same question arises in other areas as well. In the paper it was defined which
knowledge is crucial from the point of view of building the model and its verification.
It appeared that it wasn’t acquired entirely. What’s more, the acquired knowledge
isn’t completely certain. That’s why on the modeler side it was assumed that the
methods for reasoning suited for processing incomplete and uncertain knowledge will
be applied. Because in such cases several algorithms are used, it was proposed to
verify which of them will be adequate to this level of uncertainty in reasoning. The
selection was preceded by the experiment described in the paper.

Because of the specifics of the IT organization (in the researched case, IT support
organization) there is a need to carry out specific experiments with the objectives of
verifying the selected approach and the assessment of the model for predicting the
state of the organization. Because of that it was proposed to:

Pick up relevant scenarios of reasoning based on existing knowledge,

Carry out the preliminary reasoning processes,

Assess used mechanisms of reasoning,

Assess the credibility of the predictions and its applicability to the organization.

4 Conclusions

The goal of the paper was the presentation of the model for the assessment of the IT
support organization evolution and its application in the predicting of the transition of
the organization. In the conclusions three mains aspects of this paper are covered:
processes of the evolution of the organization, the ITIL model (formalizing the
evolution processes) and the model solution. The solution is presented in the context
of the provided knowledge about the evolution processes, used formalization methods
and reasoning methods and the possibility of extending the model.

The proposed experiment was complex both in terms of designing and executing. It
was clear that the knowledge obtained from the expert completely verified the
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applicability of the reasoning methods. It allows picking the fuzzy model, adequate
both in terms of reasoning and prepared model. However, the knowledge available
was assessed as insufficient. This opinion applies mostly to the sources of the
knowledge about the initial state of the organization. It appeared that in the IT support
organization in the financial companies the documentation about the state of the
organization is not complete.

The knowledge about the state of the organization is typically informal and hard to
discover by the modeler. It seems that this is not specific to the bank; in most cases the
status of the processes of the organization is not a subject to the research. That’s why
the concepts presented in this paper can be intermediate solution in which the
knowledge about the IT support organization doesn’t require complete documentation,
only the preprocessing of the knowledge for to suit the model.
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Abstract. Digital preservation can be regarded as ensuring communication with
the future, that means ensuring the persistence of digital resources, rendering
them findable, accessible and understandable for supporting contemporary reuse
as well as safeguarding the interests of future generations. The context of a dig-
ital object to be preserved over time comprises the representation of all known
properties associated with it and of all operations that have been carried out on it.
This implies the information needed to decode the data stream and to restore the
original content, information about its creation environment, including the actors
and resources involved, and information about the organizational and technical
processes associated with the production, preservation, access and reuse of the
digital object. In this article we propose a generic context model which provides
a formal representation for capturing all these aspects, to enable retracing infor-
mation paths for future reuse. Building on experiences with the preservation of
digital documents in so-called memory institutions, we demonstrate the feasibil-
ity of our approach within the domain of scientific publishing.

1 Introduction

There exist diverse notions of context in various communities and environments, hence
a clear understanding of context in a complete, concise and unambiguous way remains
a challenge even within computer science (cf. [18]], [4]). However, across the board con-
text is defined by the interrelated conditions in which something exists or occurdl]. This
implies for digital resource management, that the context of a digital object is com-
plex, possibly containing concepts which are shared with other objects. This might be
the process environment in which they are created, the associated actors, resources and
information objects. Or the preservation environment in which they are stored. Hence
it is feasible to regard context representations as separate entities describing particular
perspectives, which maintain references to concepts and instances within a particular
universe of discourse.

The preservation of digital content, especially in the long term, covers periods of
time, during which the nature of digital resources as well as their usage settings change

I Context. (2009). In Merriam-Webster Online Dictionary.
http://www.merriam-webster.com/dictionary/context. Cited 30 Apr 2009.
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[30]]. An important goal of digital preservation is to foster reuse of digital content. Ex-
ploitation with a novel purpose and verification are important variants of reuse. Produc-
tion and consumption of digital content from the archive do not coincide. Preservation
of digital content, especially in the long term, bridges gaps in time, space, culture, ex-
pertise, interests, and other dimensions. As consumers cannot refer back to the creators,
reuse depends on proper descriptions of preserved digital objects provided through the
archive. Understanding the nature of the digital content and its origin can support inter-
ested parties in identifying relevant elements in the archive collection and interpreting
them correctly.

1.1 Digital Preservation

Digital preservation can be regarded as ensuring communication with the future, that
means ensuring the persistence of digital resources, rendering them findable, accessi-
ble and understandable for supporting contemporary reuse as well as safeguarding the
interests of future generations.

Online publications are becoming increasingly important: be them electronic jour-
nals, domain-specific databases, abstract collections, independent publications such as
digital dissertations or electronic books. Internet resources appear in parallel to paper
publications, even superseding them in certain disciplines.

Results from scientific research which are based on primary data are preferably pub-
lished through digital platforms. Paper publications that are retroactively digitized with
enormous efforts create vast amounts of digital information. Archives are confronted
with collections of electronic records, which have to be transferred to digital archives to
be preserved for the future. Museums which incorporate digital artifacts in their hold-
ings are, according to their legal mandate, important actors in the creation of digital
surrogates.

All digital resources with enduring relevance need to be accessible for long-term in
the light of rapid changes in technology and despite outdated software environments.
The extensive range of individual problem statements in digital preservation spans from
the situation, discussing basic issues such as appraisal criteria towards the provision of
appropriate hardware and software which guarantees that a digital document can be
opened in the future, towards the search for scalable storage infrastructures allowing to
persistently manage large amounts of data and metadata.

The preservation of digital resources as part of the cultural heritage enables the rep-
resentation of social, historical, technical and artistic developments, but also safeguards
access to existing knowledge. Since scientific research always requires the reflection of
past achievements, the long-term preservation of digital resources is essential for the
competitiveness of education, science, and businesses.

[17] provides a good starting point for the characterization of digital preservation
and related concepts, some of which are also discussed in from a slightly different
perspective.

1.2 Problem Statement

The preservation of their environmental context has a huge impact on rendering digi-
tal holdings accessible, understandable and reusable in the future. Special care has to
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be taken to capture, represent and preserve the information about the context in which
the digital objects have been created. Hence a context model for digital preservation
needs to provide an infrastructure-independent representation of the attributes associ-
ated with and (implied) relations between digital objects. Context is not only defined
by the digital objects themselves, but also by the processes, in which they were created,
assembled, ingested, preserved, accessed, adapted, and reused. Context is thus defined
as a model for resources and their spatial, temporal, structural and semantic relation-
ships within a particular environment. It is suitable for adopting various perspectives,
including document-centric and process-centric views on preservation.

The Open Archival Information System (OAIS) reference framework specifies
the relevant terms and concepts for archiving digital information. The OAIS standard is
established as the predominant, widely accepted conceptual frame in digital preserva-
tion. It comprises a functional model, an environment model, and an information model.
While the OAIS reference model focuses on representation information (cf. Sect. [3), it
only offers a limited characterization of (preservation) processes and their effects.

The scope of OAIS is limited by its archival-centric view, largely ignoring anything
outside the archival environment. OAIS delegates full responsibility for what happens
before a digital object enters the archive and for everything that happens after a digital
object leaves the archive to abstract stereotypes denoted as Producers and Consumers.
OAIS Producers and OAIS Consumers are defined by their relationship with the archive
system as the role played by those who provide digital information or those who access
digital information, respectively. However, more often than not, Digital Objects are
not created for the purpose of archiving! In the domain of scientific publishing, for
example, typical business comprises processes like abstract writing, reviewing, editing,
indexing and publishing and involves actors like researchers, scientific associations and
publishing houses. If context like reviewing criteria or review reports is not captured
within these phases in the life cycle of a digital object, most of its imprint is lost for
archival. Institutions with the aim to bring OAIS into application cannot ignore these
facts and have to implement mechanisms to capture, store, and preserve relevant context
information.

Therefore, a comprehensive context model is needed that can be smoothly aligned
with the OAIS framework and that provides means for modeling the dimensions of
context explicitly throughout the whole life time of digital objects.

1.3 Approach

Following the definition of the context of a digital object as the representation of known
properties associated with it and the operations that have been carried out on it [27),
this article proposes a generic model for representing the required context information.

Sect. 2lintroduces the domain of application: document production, archival, access
and reuse within digital archives and libraries. We will show and exemplarily illus-
trate that the rapid changes in digital publishing and archiving, the rising number of
stakeholders and their complex interactions demand a detailed analysis of the processes
affecting objects before archiving with respect to preservation and future reuse.

As a prerequisite to the development of the context model, Sect. [3] discusses neces-
sary extensions to the OAIS reference model. At first, the OAIS environment model is
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complemented with an extended life cycle model that identifies and differentiates the
phases which are relevant for capturing context, i.e. before a digital document enters an
archive (Pre-Ingest) and after it leaves the archive (Post-Access). To accommodate our
notion of representing context as a separate object, the OAIS information model will be
extended by a specialized context information package.

In Sect. @ we suggest the OAI-ORE model as a feasible starting point for representing
complex objects. Exemplarily, we demonstrate the interoperability by mapping the pop-
ular packaging and exchange format METS to OAI-ORE. The object model establishes
the basis for embedding complex digital objects within a sophisticated representation
of context.

After setting the baselines above, we develop the details of our context model in Sect.
The proposed formalism has contact points to ontologies as well as business process
models and is based on the ABC Ontology and Model. The context model itself is light-
weight, but provides a yet powerful enough framework to express the concepts (actors,
activities, events, states) required for adopting process-centric as well as data/resource-
centric perspectives.

Sect. [6] illustrates the developed formalisms with a comprehensive example taken
from the domain of scientific publishing. Lastly, Sect. [l briefly summarizes the contri-
butions of this article and discusses some of its main outcomes.

2 Scenario - Document Production, Archival, Access and Reuse

This section describes the scenarios for demonstrating the feasibility of our proposed
context model. Starting with a brief characterization of archiving and preservation in li-
braries and archives, we more closely inspect the domain of scientific publishing, which
is used as a example in Sect. [6]

2.1 Digital Archiving and Preservation within Libraries and Archives

Digital archiving and preservation is first of all pushed forwarded by depot libraries and
digital archives which have the mission to provide their digital holdings for future reuse.
As may be expected from a domain that has its roots in paper based publications, the
most widespread digital object formats currently archived proved to be document-style
formats containing text and images, with dedicated image, sound and video formats
proving to be important for particular collections.

In the majority of the depot libraries and archives processes for digital archiving are
already under development and partly operational in day to day work practices. Further-
more, these institutions have begun to make decisions on the preservation functionality
they are intending to implement and the requirements the preservation tasks will have
on collecting and preparing digital documents for archiving. For an overview of the
current state of discussion in the National libraries see, e.g., [33]] or [30].

Archiving and preservation processes are seen as generally embedded within the
business processes of these organizations, such as acquisition, cataloging, and search
and retrieval according to their objectives, obligations, and business models.

Most libraries started collecting and archiving digital material with the focus on text
documents very similar to printed publications adopting the processes for indexing and
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cataloging they had at hand for printed material. So-called book-like digital publications
are publications which are in content as well as in layout and structure very similar to
printed books. The same holds true for journal-like digital publications. Both can be
published electronically in parallel to a print version or as digital born publications
without a print version. A typical example of book-like publication holdings are the
collections of electronic thesis that are currently build at several university libraries as
well as at the national libraries.

Besides cataloging data, administrative and - if remaining capturing mechanisms are
realized - preservation metadata are generated and stored with the digital documents.
For organizing digital content and metadata the Metadata Encoding and Transmission
Standard (METS)d becomes more and more popular. An example of an online thesis
and the relating METS file can be found in the appendix, the METS standard will be
described in more detail in Sect.

In addition to this primary group of digital object types a wide variety of other
digital object types can be identified that libraries and archives have a remit to pre-
serve in future, e.g., database files, emails and newsletters, computer game binaries, or
web sites.

Digital publishing evolved very quickly beyond the scope of traditional publishing.
The production, distribution and use of documents are being subjected to fundamental
change. Digitization and interconnectivity fuel liberalization, in which new structures
emerge that challenge traditional institutionalized structures with their well-defined, in-
part exclusive roles and tasks. As to be described in the following scenario, besides
publishing houses, research organizations and universities start to operate publication
repositories and also individual authors make use of the Internet in order to bring their
work to the public.

2.2 Scientific Publishing

Congresses serve the mediation of information and the establishing of contacts. Within
a short period of time, the important heads of a field of science meet in order to present
their work and ideas, to discuss new products, to determine trends, to socialize, and to
initiate co-operation and collaboration. The scientific associations make efforts to create
the ideal environment, possibly supported by a professional congress organizer. Special
attention is paid to the assembling and provision of scientific contributions. For the
conference, scientific contributions are accepted, indexed and reviewed, speakers get
invited, a scientific program is set-up, categorized and linked thematically. Congresses
are an integral part of work and discourse in the field of science.

Traditionally, printed abstract books document the scientific contributions of the
congress. For some time now, congress organizers have been giving electronic copies of
these abstract books to congress participants on CD-ROM that feature full-text search.
Moreover, the scientific contributions are made available online in the congress web
site. Embedded in the scientific program of the congress, the interactive presentation al-
lows for structured access along date and time, type of presentation, topic, and
presenter. Taking into account ongoing changes in the field of scientific publishing,

2 http://www.loc.gov/standards/mets/mets-home.html
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another publishing packaging and other publishing formats are feasible and are likely
to be developed in the future. Such formats could be, for example, single abstract net
publications.

Single conference editions scale up to 8000 participants, 2000 abstracts, and 500 pre-
sentations and beyond. The data collection incurred and managed in the course of one
conference and/ or consecutive editions of one conference features heterogeneous ma-
terial with metadata and multitude of relationships. Entities in the collection comprise,
amongst others, abstracts, papers, posters, presentations, authors, sessions, and topics.
Data and document collections comprise two general types: self-contained documents
that can be considered complete and well-established (for example, presentation slides,
posters, the printed conference abstract book), and the multitude of data, texts, images,
and document parts gathered or produced in the course of the conference. This material
includes, amongst others, organizational data including conference participants, pre-
senters, events, sessions, talks, and topics, as well as structured text information from
conference contributions, especially abstracts and their tables and figures.

Scientific contributions are characterized by the following features exceeding the
regular scope of traditional publishing:

— A scientific contribution can be represented by several publications of different
type, for example abstract, slides, poster or full paper.

— Each of these manifestations can be disseminated using different media such as
printed proceedings, a conference web site, an interactive CD-ROM or a net publi-
cation.

— A scientific contribution can be embedded in the world of scientific discourse via
several mechanisms as citation nets, interest and competence profiles of persons
and organizations, and discussion threads.

— A scientific contribution holds direct and indirect connections to other documents
like review reports and conference reports.

Spanning the whole process from production to archiving, this scenario focuses on
the interactions of the stakeholders before and in the course of ingest processes and the
organization of context capturing within these complex interactions. A special challenge
will be to preserve persistent links between the different manifestations of the scientific
publications to be archived.

This scenario aims for providing an experimental application scenario that takes into
account the changing publication practices leading to complex publication and archiv-
ing processes with several stakeholders and diverse but highly interlinked outcomes.
We chose scientific publishing and archiving in the context of scientific conferences as
concrete instance of this scenario.

3 Contextualizing OAIS

With the Open Archival Information Systems (OAIS) Reference Model (ISO 14721,
[8]) a conceptual framework for the standardization of systems for archiving infor-
mation was provideﬂ. It defines common terminology and comprises several models

3 http://public.ccsds.org/publications/archive/650x0b1.pdf
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which prescribe a minimal set of responsibilities required for the preservation of digital
information. The Functional Model (see Sect.[3.1)) distinguishes between seven separate
functional entities and their related interfaces. The Information Model (see Sect. 3.4)
recognizes three types of information packages, namely Archival Information Package
(AIP), Submission Information Package (SIP), and Dissemination Information Package
(DIP) which address the encapsulation of information objects within an OAIS. Infor-
mation packages include content information composed from the data object and Rep-
resentation Information and Preservation Description Information (PDI) and additional
packaging information. With the Environment Model (see Sect. 3.2), OAIS differenti-
ates between three roles: Producers, Consumers and Management. OAIS is intended
to identify the necessary features of an archival information system rather than recom-
mend any particular type of implementation.

3.1 OAIS Functional Model

The OAIS functional model aims for structuring the whole functionality provided
within compliant preservation systems into functional entities and to specify the inter-
faces and the major information flow between them. Doing this, the functional model
provides the internal structure of OAIS systems from a functional point of view, inde-
pendent of concrete system architectures and implementations.

The entities defined within this model and their naming has become the most known
and widely accepted part of OAIS definitions used in all discussions on digital preser-
vation.

Beside various Common Services dedicated to basic functions concerning operation
systems, network and security the OAIS Functional Model identifies the following six
entities (for reference see []]):

Ingest provides all functions to accept submission information packages from Produc-
erd], to ensure quality assurance of the received data, to enrich the representative
information if needed, and to prepare the material for storage and management
within the archive including the generation of archive information packages.

Archival Storage provides all functions for the storage, maintenance, and retrieval of
archive information packages.

Data Management provides all functions for populating, maintaining, and accessing
the archive database holding both descriptive metadata which identifies and docu-
ments archive holdings and administrative data used to manage the archive.

Administration provides all functions for the overall operation of the archive system
including auditing and monitoring, maintaining hardware and software, and main-
taining standards and policies.

Preservation Planning provides all functions to ensure that the information stored re-
mains accessible over the long term, even if the original computing environment
becomes obsolete.

Access provides all functions that support Consumers in determining the existence,
description, location and availability of information stored and address consumers
requests for information products.

4 For the definition of the OAIS roles Producer and Consumer, see Sect.[3.21
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3.2 OAIS Environment Model

The OAIS Environment Model embeds OAIS systems into their overall environment
by defining, on a very high level of abstraction, generic roles interacting with OAIS
systems. OAIS identifies Producers, Consumers, and Management as these external
roles [8]]:

Producer is the role played by those persons, organizations, or systems, which provide
the digital information to be preserved.

Consumer is the role played by those persons, organizations, or systems that address
the OAIS systems to find and acquire preserved information.

Management is the role played by those persons or organizations who set the over-
all OAIS policies in the sense of Management’s responsibilities, not in day-to-day
archive operations.

A Designated Community is an identified group of potential consumers, which might
also be composed of multiple user communities, who should be able to understand a
particular set of information.

While there exists a correlation between the environmental management role and the
administrative management of an archival, (producers and) consumers are outside the
OAIS, only vaguely characterized by the Designated Community umbrella. This sep-
aration of concerns is adequate from a purely conceptual, archival perspective which
has only the concern to draw - together with the functional model - the borderline
of OAIS.

Nevertheless, the environment around OAIS affecting the digital holdings and their
information context before ingest and after access is much more complex. The follow-
ing section depicts that a further differentiation of this environment within a Life Cycle
Model of digital archive holdings offers the chance to identify the relevant steps in the
life time of objects feasible for capturing representative context information needed for
long-term archiving and future reuse.

3.3 Information Life Cycle Phases

From the perspective of long-term preservation, Digital Objects undergo during their
life-span the phases Creation, Assembling, Archiving, Adoption, and Reuse.

Creation is the initial phase during which new information comes into existence. More
often than not, Digital Objects are not created for the purpose of archiving. Their shape
aims at use within regular business models of the creator. Creation processes can be
rather complex and involve a multitude of stakeholders until chunks of information re-
sult which are worth considering for archival. Use means the exploitation of information
according to the original purpose the object was created for. Traditionally, objects are
archived right after Creation. From the perspective of the Archive, Use is a concurrent
thread in the life of a Digital Object that also starts with completion of Creation.

Assembly denotes the appraisal of objects relevant for archival and all processing and
enrichment for compiling the complete information set to be sent into the future, meet-
ing the presumed needs of the Designated Community. Assembly requires in-depth
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knowledge about the Designated Community in order to determine objects relevant for
long-term preservation together with information about the object required for identifi-
cation of relevant archive objects and their Reuse some time later in the future. Assem-
bly generates SIPs for ingest.

Archival addresses the life-time of the object inside the archive. During Archival, Dig-
ital Objects are managed in the form of AIPs. In most archives, policies prohibit irre-
versible deletion of content. Hence, preserving is a perpetual activity. The Archiving
phase is open-ended - unless Digital Objects are to be irrevocably removed from the
archive. As a matter of principal, information disseminated by the archive must enable
the Designated Community to use that information.

Adoption encompasses all processes by which accessed Digital Objects, received as
DIPs from the archive, are examined, adapted, and integrated to enable understanding
and Reuse. It is not the mandate of the archive to accommodate arbitrary consumer sce-
narios and the corresponding requirements of their respective Designated Communities.
Adoption makes efforts to re-contextualize Digital Objects and accompanying informa-
tion for the respective Consumer Environment for effective exploitation within regu-
lar operational infrastructure and working processes. Altogether, the Adoption phase
might be regarded as a mediation phase, comprising transformations, aggregations,
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contextualization, and other processes required for re-purposing data. Additional infor-
mation beyond that provided by the DIP could be drawn on.

Reuse means the exploitation of information by the Consumer. In particular, reuse may
be for purposes other than those for which the Digital Object was originally created.
Reuse of Digital Objects can lead to the Creation of other, novel Digital Objects. Reuse
also may add or update metadata about the base Digital Object held in the archive. For
example, annotations change information content and associations change relationships
with other Digital Objects. In collaborative working environments, there is a continu-
ous flow between access and ingest, in that retrieved digital objects are reused and/or
modified, yielding new revisions and additional (composite) digital objects which have
to be preserved, along with their provenance information.

The following example illustrates the instantiation of the Information Lifecycle Model
within the scientific publishing domain. It also shows that organizations may take up
multiple roles in the various phases, i.e. the actors involved are not necessarily asso-
ciated with separate organizational entities. Scientific findings (Information) are at the
heart of scientific publishing. Journal articles, books and conference papers (Digital Ob-
Jjects) are established means to document, report and publish scientific works and ideas.
Publishing houses support researchers in the production of these documents (Creation).
Regular business models envisage the distribution of scientific information, enabling
scientific discourse, fostering the researchers reputation, and satisfying the publishers
commercial interests (Use). According to their mandate, memory institutions like Na-
tional Libraries drive the long-term preservation of these documents. They either pur-
chase that material or obtain it by universal legal arrangements like legal deposit or by
agreements with single publishers. Being one single organization, memory institutions
often act both as a library and as an archive, providing library services as well as preser-
vation services. But this may change in the future. However, publishers never directly
interact with the archive system. It is the memory institution who appraises and indexes
the documents, collect and organize the necessary context information for preservation,
and prepare the material for archiving (Assembly) before it is ingested into the archive
and preserved from one generation to another (Archival), primarily for research, edu-
cation, cultural and legal purposes (Designated Community). Also, memory institutions
take care that Consumers can understand and reuse Digital Objects accessed from the
archive. Provision systems offer to end-users interfaces for search and retrieval. They
unpack, examine, adapt, transform, integrate and display archive packages (Adoption).
If required, this processing also includes emulation or migration by access, respectively,
as well as linkage to related information. Building on previous findings as one ultimate
principle of science, leads to the generation of novel insights documented in other Dig-
ital Objects (Reuse).

3.4 OAIS Information Model

The OAIS Information Model describes the types of information that are exchanged
and managed within the OAIS [8]. Information objects that are exchanged and man-
aged within the OAIS are encapsulated as Information Packages [3]. Information pack-
ages include content information (the data object and Representation Information),
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Preservation Description Information PDI, and additional packaging information, the
following two definitions are derived from [§]].

Representation Information accompanies a digital object, or sequence of bits, and is
used to provide additional meaning. It typically maps the bits into commonly recog-
nized data types such as character, integer, and real and into groups of these data types.
It associates these with higher-level meanings that can have complex inter-relationships
that are also described.

Preservation Description Information includes information that is necessary to ad-
equately preserve the particular Content Information with which it is associated. It is
specifically focused on describing history of the Content Information, ensuring it is
uniquely identifiable, and ensuring it has not been altered.

OAIS specifies three representation information types, which are referred to as the
Structure Information, Semantic Information, and a Representation Network. It fur-
ther distinguishes between four different PDI types, namely Reference Information (as-
signed identifiers for the content information), Context Information (relationships with
the environment), Provenance Information (history of the content information), and
Fixity Information (data integrity checks).

The OAIS Information Model recognizes three types of information packages which
get deployed at different stages of archiving. With Submission Information Packages
(SIP), Producers hand-over content for preservation to the archive. Internally, the
archive manages content as well as additional data required for executing preserva-
tion in Archival Information Packages (AIP). The archive responds with Dissemination
Information Packages (DIP) to Consumer requests. These variant types differ in their
mandatory content, the complexity of their internal structure, and their function. Espe-
cially, these information package variants differ even if applied to one and the same
digital object, e.g., submissions might not contain all information necessary for preser-
vation, whereas not all content information needs to be disseminated to consumers.
The OAIS specifications for representation information and preservation description
information are vague, providing only basic guidelines for the information types to be
contained within an information package. The OAIS information model is document-
centric, providing a logical model for archival information. Hence its purpose is to
preserve information for a designated community over time by providing additional
metadata which is attached to a content object. While cross-references between rep-
resentation information are admissible, the resulting representation network is con-
strained by the containing information package.

3.5 Extended Information Model

To accommodate our notion of context, the OAIS information model has been extended,
see Fig.[2l In order to avoid overloading, OAIS concepts remain unaltered. Information
packages are either aggregated traditionally (red dotted fringe), or constitute (complex)
context representations (blue dashed fringe). Links between layers or across informa-
tion packages require persistent identification of the referenced objects, possibly de-
limited by logical namespaces. Adhering to the principle of separation of concerns, the
Extended Information Model expresses context within a distinct, separate information
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package. Consequently, OAIS representation information and OAIS preservation de-
scription information constitute mandatory segments of an individual digital object’s
context, possibly complemented by references to one or more external shared context
information packages.

The elements of the extended information model can clustered in five layers, where
each layer corresponds to particular roles within the model. The traditional OAIS infor-
mation package (red dotted fringe, bottom to top) is composed of the following layers:

The Data Layer is responsible for preserving the bitstream through time, whereas
the Representation Layer describes the logical structure of the digital object being
transported, but also the information necessary to decode its content. The Preserva-
tion Layer manages the properties related to the archival of a digital object within its
preservation environment, i.e. it documents past and present states of the digital object
being preserved, provides persistent identification of its content, and information about
the integrity of its data. The Packaging Layer wraps the various data and metadata ob-
jects, together with corresponding manifests and packaging information. The external
Knowledge Base expresses the intellectual assumptions which characterize a particular
designated community.
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The context information package (blue dashed fringe, top to bottom) has a slightly
different structure: The Context Layer contains the representation of the context (and
its serialization), which is further decomposed into three main constituents (see Sect.
[52)). It represents different a information type, which is wrapped similar to above as an
information package in the Packaging Layer.

Conceptually, a context information package does not constitute a new type
of information package, but follows the regular flow of SIP, AIP, and DIP. Context
representation and digital objects are explicitly linked through logical namespaces, as-
sociating persistent state information at instance level with conceptual references de-
scribing the surrounding environment. However, context information packages do not
need to maintain their own preservation description information. Their evolution is doc-
umented through the PDIs of the digital objects which are linked to them, i.e. prove-
nance, reference and context information are updated with the unique identifier of the
new (or revised) context information package.

The OAIS community knowledge base could in principle be used to store context
information, but its manifestation, preservation and evolution are not formally spec-
ified (cf. [8]). OAIS does not prescribe the knowledge base as an information tech-
nology component, but a conceptual entity external to the preservation environment.
Pragmatically, the knowledge base might be implemented, and accessible/usable for
the preservation environment. If versioned properly (and provided with unique persis-
tent identifiers), the externalization of context information as first class objects allows
for modeling changes of concepts and terminology over time, characterizing produc-
tion and (potential) reuse environments, and facilitates transfer to different communi-
ties by providing mappings of the underlying structured representations of concepts and
relations.

The interaction policies between context representation and the community knowl-
edge base need to be defined. In principle, the context layer operates at instance level,
with the corresponding semantics and schema information being stored in the knowl-
edge base (if implemented as information technology component) or in a separate
context representation. From a preservation perspective, referential integrity and onto-
logical commitment have to be maintained through ongoing evolutions. Alternatively,
context information packages might also be self-contained, i.e. complete representation
of schemas and instances at the cost of storage (and processing) overhead.

Within the extended information model, context constitutes a manageable segment of
the world. It is represented partly within the information package wrapping the digital
objects, as separate context information packages which might be shared across dig-
ital objects, and expressed through the background on production, archival and reuse
provided by the community knowledge base.

3.6 Context Components

Production and Reuse Context corresponds to the producer and (anticipated) consumer
environment, i.e. the respective designated communities creating and accessing digital
objects. The creation environment includes the actors and resources involved, but also
a formal representation of the organizational and technical processes carried out in the
production of a digital object. To re-trace information paths the representation of the
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production context has to be maintained during the transition from the production into
the preservation environment. Reuse depends on proper descriptions of the significant
properties of preserved digital objects and the associated domain-specific knowledge,
allowing for efficient access and usage even from outside the original creating commu-
nity. The producer and consumer environment are not explicitly part of an OAIS, hence
only fragments of those are preserved through representation information. In this sense,
the context information package provides sophisticated models of the production and
future reuse context, complementing the representation information of the objects being
contextualized.

The scope of the Preservation System Context is to capture the way organizations
address their issues related to information, processes and technology. From the preser-
vation perspective, this implies the documentation of an implemented archival system
with respect to the assumptions, principles, and rules defined by a corresponding refer-
ence architecture. The virtualization of processes for the explicit representation of poli-
cies, preservation processes, operations and their effects within logical name spaces is
theoretically covered by preservation description information (PDI context information
and PDI provenance information). Digital audit trails have to document service instan-
tiations, including the particular revision of a service that has been invoked. Hence the
evolution of an information system has to be tracked over time, unveiling limitations of
the (current interpretation of) PDI. Correspondingly, the context information package
(complementing/extending PDI) might be more adequate for explicitly representing the
underlying enterprise architecture.

There is a fluent passage between Production and Reuse and Preservation System,
since both notions of context can be expressed through concepts of an Enterprise Ar-
chitecture Framework. Only the denoted purpose and perspective differs, whereas the
context representation might exhibit and share similar structures and patterns on various
levels of abstraction.

4 Object Model

An Object Model is an abstract specification of the structure of a digital object, its
constituting components, and associated resources. In essence, object models pro-
vide platform-neutral and language-neutral interfaces for implementing digital objects
across system boundaries. Therefore, the object model of choice provides the underly-
ing framework to organize digital documents and the relating representation informa-
tion throughout the processing of the objects in their life cycle.

A Packaging Format is a specific instantiation of an object model, e.g., through a
XML Serialization and corresponding URIs (Uniform Resource Identifiers) needed for
data exchange between the functional components of a preservation system. Application
Profiles specify further application-dependent configurations and semantics.

The OALIS reference model does not specify any particular object model or packaging
format for information (cf. [3]]). Hence, various implementations have been proposed
for serializing OAIS information packages. In the following we will describe briefly
the relatively new OAI-ORE abstract object model and illustrate it with a simple ex-
ample taken from the scenarios described in Sect. 2l Subsequently we discuss shortly
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the alignment between OAI-ORE and METS to demonstrate the compatibility of our
approach with existing standards. The Metadata Encoding and Transmission Standard
METS is widely used to describe digitized library material, but becomes more and more
popular in the preservation community for born digital material.

4.1 OAI-ORE

The OAI-ORH] is a relative new development and build on the web architecture as
defined by the W3C. It defines standards for the description and exchange of web re-
sources, for the definition and identification of composed digital objects.

The OAI-ORE abstract data model specifies Resource Maps, which contain asser-
tions about Aggregations, Aggregated Resources and optional additional properties, i.e.
metadata about the resource map and aggregation. An aggregation is a set of other
resources, whereas aggregated resources denote the constituents of an aggregation. Ad-
ditionally, a Proxy might be used to contextualize aggregated resources, i.e. it asserts
relationships which are specific to a particular aggregation.

Digital objects described as resource maps constitute connected RDF graphs, which
are constrained by a number of structural restrictiondd. The nodes of these RDF graphs
are resources identified by URIs, and the edges are predicates expressing relationships
between these resources.

Fig.Blillustrates the formalism with a simple example taken from the book-like dig-
ital holdings described in Sect. 2.1l The representation depicted on the left represents a
digital PhD thesis encoded in several files. The related METS file organizing the con-
tent files together with all remaining metadata can be found in the appendix. As it can
be seen there, the structure of the content files is very simple, 32 files are organized in a
flat hierarchy within one unit. Therefore, also in the OAI-ORE representation only one
Resource Map with one Aggregation is needed. Metadata elements like persistent iden-
tifier, authors name, transfer checksum, and package creation date are assigned directly
to the Resource Map.

Resource Maps can be expressed in different syntaxes to generate exchange data.
OAI-ORE does not define a specific serialization for that but offers RDF/XMIE, RDFﬁ
or ATOM XMIf

4.2 Relating OAI-ORE to Metadata Schemata and Exchange Formats Like
METS

The Metadata Encoding and Transmission Standard (METSE is a container format for
metadata and content files maintained by the Library of Congress (USA). METS aims
for the management of objects within a repository as well as the exchange of objects

5 Open Archives Initiative Object Reuse and Exchange [20]], http://www.openarchives.org/ore/
6 http://www.openarchives.org/ore/1.0/datamodel.html

7 http://www.w3.org/TR/rdf-syntax-grammar/

8 http://www.w3.org/TR/xhtml-rdfa-primer/

9 http://www.atompub.org/

10 http://www.loc.gov/standards/mets/mets-home.html
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Fig. 3. Simplified ORE Example representing a digital phd thesis

between repositories. Therefore, METS is not a pure object model, but a standard to
define complex hierarchically organized container structures containing content files as
well as their remaining metadata usually serialized in XML.

A METS file for a digital object could contain the following sections:

Descriptive Metadata describes the content of the object.

Administrative Metadata holds data about the object itself including technical meta-
data, rights metadata, source metadata and digital provenance metadata.

File Section lists all the files of the object.

Structural Map defines the hierarchical structure of the resources listed in the File
Section.

Structural Links record hyperlinks between items of the Structural Map.

Behavior Section associates executable behaviors with content in the METS object.

The internal structure of resources is described in the Structural Map that organizes
all components in a strict hierarchical manner. In addition, the Structural Links provide
the opportunity to connect elements independent of the hierarchical structure and, there-
fore, allows for representing general graph structures essential to capture the linking of,
e.g., web content.

Currently, there are ongoing efforts to align OAI-ORE with the METS world pushed
forward by members of both communities. [24] discusses issues that arise in mapping
METS to OAI-ORE and makes some suggestions for best practices in METS implemen-
tation to ensure OAI-ORE compatibility. T. Habing and T. Cole present two approaches
for describing OAI-ORE aggregations in METS and illustrate them by providing XSLT
transformations for both approachesﬂ. The first approach suggests a mapping in METS

Il Currently available as preliminary draft only, http://ratri.grainger.uiuc.edu/oremets/
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such that a specific METS structMap could be thought of as corresponding in essence
to an OAI-ORE Resource Map. The second approach suggests a mapping where the
METS document itself is an alternative serialization of the OAI-ORE Resource Map.

5 Context Representation

The context of a digital object to be preserved over time comprises the representation of
all known properties associated with it and of all operations that have been carried out
on it. This implies 1) the information needed to decode the data stream and to restore the
original content, ii) information about its creation environment, including the actors and
resources involved, and iii) information about the organizational and technical processes
associated with the production, preservation, access and reuse of the digital object. To
retrace information paths for future reuse, a formal representation of all these aspects
of context is a fundamental prerequisite.

In this section, we propose a generic model for representing the required context
information, which specifies high-level concepts and activities for documenting the
control flow (process-centric), and data/resource flow (document-centric) of produc-
tion, working, and preservation processes. It provides a unifying framework for
context-aware, knowledge-based process support using domain, enterprise and pro-
cess ontologies. It integrates conceptual descriptions of process definitions with typed
representations of the entities, roles and information objects involved. It supports the
characterization of processes to support the explicit representation of policies applied,
services and operations carried out and their effects within logical name spaces, with
digital provenance trails documenting specific instantiations.

5.1 Contact Points

Our proposed context model has contact points to ontologies, enterprise modeling as
well as business process models. Adopting an information technology perspective, this
section established a brief thematic and terminological foundation for these topics, cov-
ering the relevant aspects which are necessary for the definition of the context model.

Ontologies - To improve ease of access, information has to be organized and made
available for search and browsing. Hence, if it is connected in a meaningful way it
becomes knowledge. Ontologies represent concepts and their relations to one another.
Concepts can be associated with facts (instances) and in consequence, relations can be
defined concept-concept, concept-instance and instance-instance. Ontologies are formal
models of a specific domain (see, e.g., [16]), or, as defined by Gruber in [14]:

An ontology is a specification of a conceptualization.

Here conceptualization denotes an abstract, simplified view on the world which is
represented to serve a particular purpose. Ontologies are used to establish a common
understanding about knowledge existing within a domain. They describe a shared vo-
cabulary and a set of logical propositions which define the semantics of the concepts
and relations described (cf. [22]]).
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One important aspect of ontologies is that they formally express the semantics of
each element contained, enabling Humans and machines alike to access and process
the knowledge represented. Rules and inference (or reasoning) mechanisms can be em-
ployed to derive new insights, i.e. making so far implicitly existing knowledge explicit.
Essentially, ontologies allow the knowledge sharing and communication, re-use, deriva-
tion and analysis of knowledge about a domain.

There are several standardized languages for ontologies, e.g., RDF (Resource De-
scription FrameworkE) and OWL (Web Ontolo Languageﬁf represent more recent
specifications from the Semantic Web communir)gé.

Enterprise Modeling - Enterprise Modeling provides instruments for man-
aging current and future operations and developments in organizations. Enterprise
models address business issues as well as technological aspects, such as the improve-
ment of communication between persons, increased interoperability of tools, a higher
flexibility for reacting to changing circumstances and appropriate means for support-
ing the employees in performing their tasks. Often, enterprise models comprise a
collection of integrated ontologies formalizing particular aspects of an organization

(cf. [32]], [12]), [13]).

Business Process Models - A business process consists as a set of coordinated activ-
ities that are embedded into a net of control-flow constructs that define their order of
execution. Activities represent the tasks and resources which are required to accomplish
a certain business goal. They can either be atomic or aggregated from other activities
as a semantic unit (see, e.g., [1I], [23]]). A business process is described by an (abstract)
process model, a formal definition of its constituting activities, with distinguished start
and end points, and constructs prescribing the flow of control (e.g., sequential or parallel
execution, choice) between the activities. Each activity is characterized by its input and
output parameters, called preconditions and postconditions respectively. Activities are
performed by actors, which are Humans or other resources. A business case describes
the concrete instance of a business process.

There exist a large variety of different representation formalisms for process mod-
els, some are graphically oriented, others are structured textual representations mostly
based on XMLLJ. Graphical notations are easier to understand for Humans (especially
for non-experts), whereas XML-based representations can be processed directly (with-
out serialization) by machines. Mappings between the various representation formats
are possible, exploiting shared process concepts. But due to mismatches in the intended
purposes such mappings are not always sound and complete, i.e. information is lost
during the transformation. Generally, commercial interests undermine ongoing stan-
dardization efforts, resulting in often proprietary tool suites with limited interoperability
support.

12 http://www.w3.0org/RDF/

13 http://www.w3.org/TR/owl-ref/

14 http://www.w3.0rg/2001/sw/

15 eXtensible Markup Language, http://www.w3.org/XML/
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5.2 Context Model

Our notion of context comprises an infrastructure-independent representation of the
attributes associated with and (implied) relations between digital objects and collec-
tions. Nevertheless, context is not only defined by the digital objects themselves, but
also by the processes in which they were created, preserved, accessed and reused.
Domain-specific groundings provide interfaces to the relevant concepts and topics of
the designated communities addressed, in addition to formalizations of the organiza-
tional structures involved, including associated role assignments. Our context model is
based on previous work on the representation and management of knowledge-intensive
processes (cf. Extended Process Model in [3]], [6], [Z]]).

Fig. @ illustrates a high-level overview of the context model, which is explained in
more detail below.

Domain Ontology

Mapping of Entity Concepts Rule Conﬁguratlon )
‘ param x = :-'O 4mp=-< IWWM
2 - Reachon Rulea. b e i
= . 10 oy e
S < twadeactions]_hoad><imact>

Fig. 4. High-Level Context Model

Process specifications are created by selecting appropriate activities from the process
ontology and embedding them within a control-flow structure. Domain and enterprise
ontologies are used to specify supporting entity concepts within logical namespaces,
and appropriate rule configurations determine context management policies. The rule
configurations are beyond the scope of this article and not discussed here.

Adopting a functional, knowledge-based perspective, processes are expressed as a
sequence of recurring activities, which represent instantiation templates for concepts
defined within the process ontology. A consistent terminology represents a fundamen-
tal requirement for the effective integration of the unified context representation, i.e.
there are cross-references and inter-dependencies between (instantiated concepts of)
the domain, enterprise and process ontologies.

Domain Ontology - The domain ontology defines the concepts and topics, but also
their relations which are relevant for a particular application domain (designated com-
munity). For the domain of scientific publishing, for instance, possible concepts include
Abstract, Abstract Book, Presentation or Supplement (additional data completing a doc-
ument publication), but also the Conference Topics or Review Criteria. An accepted
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abstract might be included in the published abstract book (Abstract is Part Of Abstract
Book), other relations between concepts within the domain ontology are admissible as
well. Even though the superclass/subclass relationships might be dominant, there are
other relation types spanning vertically.

Enterprise Ontology - The enterprise ontology models the structural layout of orga-
nizational environments, such as Affiliations, Persons, or Roles for describing a set of
relevant concepts for scientific publishing. The enterprise ontology is neither strictly
hierarchical nor completely self-contained, e.g., an instance Of person affiliated With
a particular instance Of institution might have the role (has Role) of reviewer for a set
of given abstracts, the latter are instantiated concepts from the domain ontology.

Process Ontology - The semantic classification of processes and activities as their
building blocks requires their formal, hierarchical representation and description within
an ontological structure (see [29]). A purely syntactical approach based on data types
would be inappropriate, severely impeding the reasoning capabilities about the concepts
involved. The process ontology contains the process specifications and their associated
activities, but also information about their implementations (service invocations). The
process ontology is also closely intertwined with concepts from the domain and en-
terprise ontology, which specify the role and parameter requirements, amongst others

(see [13I).

5.3 The ABC Ontology and Model

The context model is based on the ABC ontologyE (cf. [19]), which was developed
to model resources and their spatial, temporal, structural and semantic relationships.
Even though originally defined for the interoperability of metadata vocabularies in the
context of digital libraries, the ABC model is simple, yet powerful enough to express
the concepts (actors, activities, events, states) required for adopting a process-centric as
well as a data/resource-centric perspective. Strongly influenced by the RDF(SE data
model (Resource Description Framework, http://www.w3c.org/RDF/), the concepts of
the ABC Ontology which are most relevant for the context model are events, situations,
actions, agents and manifestations. According to the specification in [19]], the (abbrevi-
ated) definitions of the core classes are as follows:

— Situation - a situation is a context for making time-dependent or existential asser-
tions about actualities

— Event - an event marks a transition between situations, one that is associated with
the event through a precedes and another through a follows property

— Actuality - a primitive category for physically existing entities

— Agent - an actuality that is present during an event or is the party of some action.

— Action - an activity or verb performed by some agent or agents in the context of an
event

— Manifestation - a form of an artifact that stands as the sensible realization of some
work

16 http://www.metadata.net/harmony/
17 http://www.w3.org/RDF/, http://www.w3.org/TR/rdf-schema/
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ABC classes are interlinked by property relationships, which may have restrictions
with respect to their admissible source and destination classes (denoted range and do-
main in RDF(S)). The most relevant property relationships for the context model are:

precedes - binds a situation within its context as existing before an event

follows - binds a situation within its context as existing after an event

hasAction - an event can have one or more actions

hasParticipant - associates an agent as an active participant in an event or action
hasPatient - the actuality involved is transformed by the action or event

creates - some actuality is coming into existence as the result of an event or action
involves - expresses the involvement of an actuality in the performance of an action
or an event

The next section describes the specific interpretation of the ABC classes and property
relationships for modeling context.

5.4 Classes and Relations

The classes and relations of the ABC model are used to model the context of produc-
tion, preservation, and working processes. They are used to embed the activity concepts
from the process ontology within a formal control-flow structure and parameterize the
resulting process specification. The ABC property relationships are used to provide the
references to concepts from the domain and enterprise ontology. Hence, the semantics
of processes and activities is defined on a conceptual level, i.e. it is generic and inde-
pendent of a specific environment.

Within the context model, the operational semantics of the ABC classes specifying
control-flow is formed by the concepts from business process management (see, €.g.
[2], (23], [28]). The derived interpretation for these classes is described as follows:

Situation - describes a particular state within a process which is reached after a
particular sequence of activities.

Event - defines the transition from one state to another, i.e. it corresponds to (the
effect of) an activity

Action - referring to the components of an activity

Agent - corresponds to the actor role, i.e. the resource (e.g., human, web service)
performing an activity

Manifestation - models input and output parameters of processes and activities,
which correspond to different resource concepts

Furthermore, the semantics of ABC property relationships within the context model
are defined as:

precedes, follows - order activities and states

hasAction - elaborates on the structure of activities, if necessary
hasParticipant - assigns an actor to an activity or its subcomponents
hasPatient - associates resources with activities
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— creates - specifies the resources which are created during the execution of an
activity
— involves - expresses the involvement of a resource in an activity

To sum up, the context model is composed of events and situations, which are struc-
tured by precedes and follows property relationships. The associated actors and other
resources are modeled as agents and manifestations respectively, connected by the has-
Participant, hasPatient and creates relations. Activities might be further decomposed
by action/hasAction. In the next paragraphs, we will apply the context model to the sce-
nario of scientific publishing. Please note that the usage of ABC classes and property
relationships in the following examples is not exhaustive, but sufficient for the repre-
sentation for illustrating the overall approach.

5.5 Related Work

The context model in this article is based on the ABC Ontology and Model [19].
Other representation models might also be used to express the provenance of digital
objects, such as extensions to CIDOC CRM in [31]], the Open Provenance Model, or
the PREMIS Data Dictionary for Preservation Metadata.

The CIDOC Conceptual Reference Model (CRM) is an extensible semantic frame-
work describing concepts and relationships in the domain of cultural heritage [[10]. Its
primary goal is to enable information exchange and integration (semantic interoperabil-
ity) between heterogeneous sources of cultural heritage information. CRM is a formal
ontology which declares 90 classes and 148 properties, which are derived from the
underlying semantics of database schemas and document structures found in typical
cultural heritage and museum documentation. Since 2006 CIDOC CRM is official ISO
standard 21127:2006.

The Open Provenance Model (OPM) has been designed as a format and associ-
ated semantics for the interchange of provenance information [23]. It defines three pri-
mary entities (Artifact, Process, Agent) and five dependencies (used, wasGeneratedBy,
wasTriggeredBy, wasControlledBy, wasDerivedFrom) between these entities. The re-
sulting provenance graph captures causal dependencies between entities, some of which
(used, wasGeneratedBy, wasControlledBy) can also be annotated with differentiating
roles. The formal model underlying OPM can be exploited to draw inferences about
processes.

The PREservation Metadata: Implementation Strategies (PREMIS) Data Dictionary
defines a (core) set of semantic units, which are mapped (as properties) to the entities
of the Data Model (Rights, Objects, Agents, Events, Intellectual Entities) [9]. Some
semantic units are defined as containers, grouping related semantic units. Relationships
express associations between instances of entities. PREMIS semantic units have a direct
mapping to the metadata elements defined in the PREMIS XML Schemdd.

As noted in [26]], the ambiguity and complexity of CIDOC CRM might yield incon-
sistent models, rendering practical usage (e.g., the formulation of queries) without prior
harmonization difficult. There has been a mediation process to harmonize the ABC
and CIDOC CRM ontologies [[11]], some results of which have been integrated in later

18 http://www.loc.gov/standards/premis/premis.xsd
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versions of the CIDOC CRM. PREMIS focuses on preservation functions within dig-
ital repositories, but does not provide support for anything outside the archival phase.
Uptake of OPM currently appears to be limited to so-called provenance challenges@,
which are used to evaluate and further refine the specification. While there might be
slight incongruencies at the conceptual level, general mappings/transformations (of ad-
missible subsets) from one representation model into another can be performed, possi-
bly with some loss in expressiveness.

6 Example from Scientific Publishing

This section takes up the models presented in Sect. 4] and Sect. 3 and illustrates their
main concepts based on a comprehensive example from the domain of scientific pub-
lishing (see Sect.[2.2). We first present the control-flow of a scientific publishing process
and then go into more details regarding the actors, resources and information objects
involved. Finally, we illustrate the OAI-ORE object model based on the simplified ex-
ample of an abstract book.

6.1 Control-Flow

The following example depicts the simplified control-flow of a publishing process, in-
spired by the organization of large scientific congresses. Fig. [3] shows the control-flow
in full. The circles correspond to Situations, with Start and End respectively indicat-
ing the start state and end state of the process. The rounded rectangles denote activities
(Events), which are connected to situations by precedes (solid line) and follows (dashed
line) relations.
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Fig. 5. Simplified Scientific Publishing Process - Control Flow

The process starts with the Submission of an abstract to the congress organizer, which
then has to undergo a peer-reviewing process (Reviewing). In case the submitted abstract
is accepted (Acceptance), its presentation during the congress is scheduled (Schedul-
ing). In parallel, the Provision of the relevant documents for the accepted contribution
is coordinated, possibly including technical quality control. Then the abstract is pub-
lished as part of an abstract book (Publishing), and finally the scientific contribution is
presented during the congress (Presentation).

19 http://twiki.ipaw.info/bin/view/Challenge/WebHome
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6.2 Resource/Data-Flow

From the perspective of resource and data flow, the publishing process is a bit more
complex, as illustrated in Fig.[6l Here, activities (Events) are again depicted by rounded
rectangles, but the control-flow structure is omitted. References to the domain ontol-
ogy (Topics, Reviewing Criteria) are illustrated by the symbols in the upper left corner,
whereas a reference to the enterprise ontology (Speakers, Moderators) is indicated by
the symbol on the middle right-hand side. Agents are marked by a yellow circle, and
Manifestations are denoted by the green shape. Relations to existing Actualities (here:
actors and manifestations) are marked by a solid line (hasParticipant, involves, hasPa-
tient) and new Actualities (here: manifestations) are marked by a dotted Create line.
The abbreviations for Actors and Manfestations are explained in the two legend boxes
in the lower-left corner.

Each abstract (AB) is submitted by at least one author (AU) and is categorized ac-
cording to a set of predefined Topics. Additional supplementary material (SU) might
also accompany the submission. During submission, the author has to provide descrip-
tive metadata (DM) about her contribution. Each submission is then evaluated by one
or more reviewers (RV), according to the Reviewing Criteria provided by the congress
organizer. The organizer (OR) consults the review report (RE) in order to take a de-
cision (RU) whether the submission should be accepted or not. The organizer creates
the schedule for the scientific program (SP) based on the list of accepted submission.
The information published in the scientific program (SP) is based on the descriptive
metadata (DM) provided by the author (AU). Additionally, the organizer (OR) specifies
a list of (invited) speakers and moderators (Speaker, Moderators) for the presentation
sessions.

The author (AU) provides the demonstration material (PP) for her contribution.
The abstract book (AB) is prepared by the publisher (PU), which also has received
the submitted abstract (AB), optional supplementary material (SU), and the descriptive
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Fig. 6. Simplified Scientific Publishing Process - Resource and Data Flow
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metadata (DM). During the scientific congress, the presenter (PR) uses the demonstra-
tion material (PP) to give her talk. Note that presenter and author roles coincide in many
cases.

6.3 Object Model

Similar to the example in Sect. .1l complex objects in scientific publishing can also
be expressed as an OAI-ORE aggregation. Fig. [J] illustrates a possible structure of the
abstract book (BO) manifestation from above.
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Fig.7. Scientific Publishing Process - Example Object Model

Here, the abstract book for Example Congress 2009 comprises an imprint, which
might list the editor-in-chief and the editorial assistants, assistant managing directors,
associate editors, reviews editors, contributors, editorial board, ethics committee and
international advisory board. The imprint is followed by the table of contents, and
another listing of the executive committees of the organizer association and associated
organizations. The accepted abstracts constitute the remaining aggregated resources
(AG-1...AG-N). The abstracts are modeled as simple files which are identified by their
local filenames (which should be translated into URIS). In real-life, each abstract might
as well be complex, comprising various text sections (such as objectives, methods, re-
sults, and conclusions) and be complemented with additional supplements (e.g., tables,
diagrams, photos). Like the abstract book aggregation, the abstracts themselves might
also be provided with descriptive metadata (omitted here).

7 Conclusions

In this article we have discussed the notion of context in digital preservation. We have
identified relevant components of context and the interrelationship between the different



222 H. Brocks et al.

aspects of context and we have proposed a generic model to represent the required
context information.

This article has presented an approach that defines the context of a digital object as
the representation of known properties associated with it and the operations that have
been carried out on it [27]. As stated in the introduction, implied aspects of context are
i) the information needed to decode the data stream and to restore the original content,
ii) information about its creation environment, including the actors and resources in-
volved, and iii) information about the organizational and technical processes associated
with the production, preservation, access and reuse of the digital object.

We chose the Open Archival Information System (OAIS) as the conceptual frame-
work for introducing context to digital preservation. While OAIS is widely accepted in
the area of digital preservation and archiving, requirements analysis in the domain of
memory institutions and scientific publishing revealed that context has to be modeled
more explicitly than OAIS does and that capturing and handling context has to take
into account Pre-Ingest and Post-Access processes in a much more detailed way than
OAIS suggests. Therefore, we have presented in this article an Information Life Cy-
cle Model complementing the OAIS environment model. The Information Life Cycle
Model divides Pre-Ingest into Creation and Assembly and Post-Access into Adoption
and Reuse. This allows classifying context capturing processes according well defined
phases in the Information Life Cycle taking into account the different stakeholders in-
volved in each of this phases and supports modular solutions embedded into broader
system environments involved in the production, archival, and reuse of digital objects.

To accommodate our notion of context within the OAIS information model we have
proposed to express context within a distinct, separate information package. Novel ele-
ments form the Context Layer which builds upon a stack of Data Layer, Representation
Layer, Preservation Layer, and Packaging Layer, as we interpreted the existing elements
of the OAIS information model.

The Information Life Cycle as well as the Extended Information Model extend OAIS
concerning the needs of digital preservation within memory institutions and scientific
publishing, but for compliance, all basic OAIS concepts remained unaltered. The exten-
sions were aligned carefully with the OAIS functional model, the OAIS environment
model, and the OAIS information model.

After having discussed adequate object and packaging formats, we proposed OAI-
ORE as a feasible starting point for a flexible and generic abstract object model which
is capable to represent the internal structure of any kind of digital material, content data
as well as context information. We have shown that OAI-ORE representations can be
aligned with popular packaging and exchange formats like METS (Metadata Encoding
and Transmission Standard) to ensure compatibility with existing metadata schema.

Based on these prerequisites we have detailed the formalism of our context model.
The proposed formalism has contact points to ontologies as well as business process
models and is based on the ABC Ontology and Model. Itself slight, ABC provides a yet
powerful framework to express the concepts (actors, activities, events, states) required
for adopting a process-centric as well as a data/resource-centric perspective for context
modeling.
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With exemplary illustrations of our formalisms by means of two scenarios in the
domain of document production, archival, access and reuse within digital archives and
libraries we could show that the context comprising stakeholders, resources, and their
complex interactions before archiving adds eminent information to emerging objects
with respect to preservation. This context information modeled in an adequate man-
ner and preserved together with the content data is an essential prerequisite for future
access, understanding and reuse of data.
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object over time. Based on this framework, the project provides application-oriented
solutions across a range of sectors, including those of digital libraries and archives,
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Appendix

The METS file below describes a typical example of a digital thesis taken from the
holdings of the German National Library. This file captures the internal structure of
the content files, in this case a flat hierarchy of 32 files listed in the Structural Map.
The amdSec (Administrative Metadata) contains administrative and preservation meta-
data serialized using the LMER schemd?]]. This includes the persistent identifier of the
object.

The METS file presented was generated with the KoLibRi# tool, which is part of the
digital preservation infrastructure of the German National Library developed within the
Kopal=] project. It constitutes together with the content files the submission information
package to be ingested into the long-term archive.

<?xml version="1.0" encoding="UTF-8"?2>
<mets OBJID="" TYPE="kopal SIP" PROFILE="DNB" xsi:schemaLocation="http://www.loc.gov/METS/>
<metsHdr CREATEDATE="2007-08-01T13:22:31.192+02:00" RECORDSTATUS="TEST">
<agent ROLE="ARCHIVIST" TYPE="ORGANIZATION">
<name>Deutsche Nationalbibliothek</name>
</agent>
</metsHdr>
<amdSec ID="AmdSec-0001">
<techMD ID="TechMD-LMER-Object">
<mdWrap ID="TechMD-LMER-Object-MdWrap" MDTYPE="OTHER" OTHERMDTYPE="lmerObject" LABEL="LMERobject">
<xmlData>
<lmerObject:name>Boffi, Pierpaolo Infrared holography for optical communications</lmerObject:name>
<lmerObject:persistentIdentifier>urn:nbn:de:1111-5796628066-9364-6</1lmerObject:persistentIdentifier>
<lmerObject:transferChecksum>648b87769b17d5£74204271270c882f4bcle78el</1lmerObject: transferChecksum>
<lmerObject:masterCreationDate>2007-08-01T13:22:31.193+02:00</1lmerObject :masterCreationDate>
<lmerObject:metadataCreationDate>2007-08-01T13:22:31.193+02:00</1lmerObject :metadataCreationDate>
<lmerObject :metadataRecordCreator>KOPAL DIAS</lmerObject:metadataRecordCreator>
<lmerObject:startFile>./tocs/t3086.htm</lmerObject:startFile>
<lmerObject:numberOfFiles>33</lmerObject :numberOfFiles>
</xmlData>
</mdWrap>
</techMD>
</amdsec>

<fileSec>
<fileGrp ID="ASSET" ADMID="TechMD-LMER-Object">
<file ID="FILE-0"><FLocat LOCTYPE="URL" xlink:href="file://./tocs/t3086.htm"/></file>
<file ID="FILE-1"><FLocat LOCTYPE="URL" xlink:href="file://./bibs/3086/30860075.htm"/></file>
<file ID="FILE-2"><FLocat LOCTYPE="URL" xlink:href="file://./bibs/3086/30860091.htm"/></file>

<file ID="FILE-17"><FLocat LOCTYPE="URL" xlink:href="file://./majour/3086/30860023.nmjr"/></file>
<file ID="FILE-18"><FLocat LOCTYPE="URL" xlink:href="file://./majour/3086/30860157.nmjr"/></file>

<file ID="FILE-31"><FLocat LOCTYPE="URL" xlink:href="file://./papers/3086/30860041.pdf"/></file>
<file ID="FILE-32"><FLocat LOCTYPE="URL" xlink:href="file://./papers/3086/30860059.pdf"/></file>
</fileGrp>
</fileSec>
<structMap TYPE="ASSET">
<div ORDER="1" LABEL="File list" TYPE="ASSET">
<fptr FILEID="FILE-0"/>
<fptr FILEID="FILE-1"/>
<fptr FILEID="FILE-2"/>

<fptr FILEID="FILE-17"/>
<fptr FILEID="FILE-18"/>

<fptr

"FILE-31"/>
<fptr FILE-32"/>
</div>
</structMap>
</mets>

21 http://www.d-nb.de/eng/standards/Imer/lmer.htm
22 http://kopal.langzeitarchivierung.de/index koLibRLphp.en
23 hitp://kopal.langzeitarchivierung.de/index.php.en
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Abstract. The article is a condensed journey over UML2SQL.: a tool for model-
driven development of data access layer. UML2SQL includes an object query
language and allows for behavior modeling based on UML activity diagrams,
effectively linking structural and behavioral aspects of the system development.
From the general idea of UML2SQL and its origins, we go through the details of
its architecture and beyond the processes and schemes which make UML2SQL
a distinct tool in the data access domain. Finally, an example of developing an
application using UML2SQL is given as an illustration of its practical usage.

1 Introduction

The realm of Model-Driven Development (MDD) or, in general, Model-Driven Architec-
ture (MDA) introduces the idea of a complete model-based application generator. Such
a concept seems really attractive: it would allow concentrating only on an application’s
design, driving it to perfection. The process of coding and testing the application would
be as simple as clicking a button and getting through some wizard dialogs. It is obviously
a simplification, but indeed Model-Driven Development can be seen in such a light.

Unfortunately the research on existing projects leads to the conclusion that actually
there is no fully functional MDD tool to facilitate application development in the do-
main of data access layer. Nevertheless, there are some CASE solutions which provide
their users with various benefits of MDD. Mainly, these tools let one design and develop
applications of the real-time genre (examples include Telelogic Rhapsody [21] and IBM
Rational Rose [[10])). There are also tools like LLBLGen Pro [12] or OrindaBuild [13],
which let users generate code to support data access. But none of those tools can be
regarded as really MDD ones, since the connection between application model and its
development in general is rather scarce, if any.

The aim of UML2SQL is to fulfil the need to have a tool for data layer model-driven
development. The ambition of being an MDD tool is only one aspect of UML2SQL—
the other, equally important, is to provide a possibility to use only one integrated appli-
cation model during all system engineering phases.

The paper is organized as follows. First, in section [2] a short discussion of exist-
ing MDD tools is given. Then, section [3| presents basic concepts of UML2SQL, and
section l—selected implementation details of the tool. In section [3] the process of
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modeling of a simple application is presented, which serves as a proof-of-concept of
UML2SQL.

2 A Glance at Existing MDD Tools

There are many examples of tools that try to make use of Model-Driven Development
ideas and approaches, ranging from simple code generation extensions in UML-based
graphical tools, to advanced modeling, development, simulation, and testing platforms.

The first complete tools for MDD were introduced in the field of real-time systems,
with the most widely known example of Telelogic Rhapsody. Rhapsody is targeted at
embedded and real time systems, with its goal set to provide a fully generated appli-
cation code. It is able to construct all necessary artifacts necessary to build the sys-
tem from a platform-independent model by targeting C/C++, Java or Ada languages.
Rhapsody uses, known since the 70s, the Shlaer-Mellor method [32]], which utilizes
state machines to model behavior. By creating UML state diagrams with transitions and
states annotated with conditions and activities, a complex behavior of a system can be
described. The ability of adding a custom code to all elements of the diagram, which is
later included in generated code skeletons, allows for specifying a complete system in
UML only.

The generation of a complete application code from an UML model was not unique
for the real-time systems’ domain for a long time. Nowadays many tools allow for creat-
ing code from a UML model, and the extent and range of this code depends on the tool in
question. Basic functionality of generating high-level programming language skeletons
of classes (packages, modules etc.) is currently present in almost all UML modeling
tools. However, they can not be perceived as Model-Driven Development tools merely
because of the fact that they are, after all, general purpose modeling tools with simple
option allowing for transformation of UML model into its another representation—a
programming language. Only the presence of integrated and embedded behavior model-
ing mechanisms means that a specific tool is actually a Model-Driven Development one.

There are numerous examples of tools that facilitate behavior modeling using UML
models, and the most widely known are IBM Rational Rose, Blu Age or AndroMDA.
All of them, apart from allowing for modeling complete logical models, support mod-
eling business logic of an application. This is achieved by making the use of many
Shlaer-Mellor method variations or by using activity and sequence diagrams. For in-
stance, the Blu Age documentation states that the modeling is done with the use of
three groups of components [3:

— class diagrams integrate the business objects notions and the simple and complex
business rules, such as the entities,

— services’ modeling, the same as the controllers’, is made by the means of activity
and sequence diagrams,

— the roles and authorizations are expressed by means of use cases.

All these tools also offer the ability to insert user-defined code into the generated code
skeletons, thus ensuring that a complete, working application can be generated solely
from the model. The option of reverse engineering is also available, making them even
more productive.
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Table 1. Selected features of the most important MDD tools and platforms

. . . Add custom
Tool I Platform Orientation UML Oriented StructL_lraI Stnflctural Behav_lor Behaviormodglling code during
modelling | modelling scope | modelling approach )
modelling
Telelogic real-time a5 i complete logical 7 Shlaer-Mellor state a5
Rhapsody [16] systems v v model y machines y
yes (via depending on the yes (via
AndroMDA [1] |MDA framework yes cartridges) cartridge cartridges) NIA NIA
AndroMDA business s s complete logical s activity diagrams s
BPM4Struts [2] process Y Y model 4 9 4
. yes ) .
Openwl-\arlihE:Z;ture MDA framework |(integrated via yes depelr:IdlilI:g on yes depeI:dli:g on NIA
Eclipse EMF) piug plug
complete logical activity/sequence
Blu Age [5] JavaEEI.NET yes yes model yes diagrams yes
database
Middlegen [13] DB persistance RSB V&S persistance layer G NIA NIA

layer using EJB, JDO,
Hibernate etc.
object models,
data models and
yes yes data storage no N/A NiA
models; physical-
logical mapping
logical, physical
data layer yes yes domain models for no NIA NIA

IBM Rational Rose database
Data Modeler [9] applications

IBM InfoSphere

Data Architect [8] various RDMSes
can design queries | caninclude
LLBLGen Pro [12] data layer no yes database model limited using a complex ling
query builder expressions
complete logical Stored ves (using a
umML2SaL data layer yes yes yes proceduresitriggers query

modsl by activity diagrams builder)

The extensive and “rich” abilities of MDD tools for general application development
are unfortunately insufficient in the field of data layer modeling. Even though, there are
tools that allow for generating a database schema or database persistence layer code
from a UML logical model, however the lack of support for modeling business logic in
databases is obvious at first glance.

Such tools as IBM Rational Rose Data Modeler is able to convert a UML logical
model expressed as class diagrams into a physical storage model in Relational Database
Management Systems (RDMS), expressed in terms of tables and relations comprising
a complete database schema. There are also tools, such as Middlegen, that are able to
generate a database persistence layer code which facilitates using the generated schema
from inside a programming language such as Java or C#. There is still no way, however,
for modeling stored procedures, triggers or any other business logic that can be included
in a database, which sets this scenario of MDD usage light-years behind the mainstream
of “Java application” scenario. The ability, available in probably the most advanced
data layer MDD tool—LLBLGen Pro, to design queries using a complex graphic query
builder and include linq queries [[L1] in the generated code is still nothing compared to
the abilities of Telelogic Rhapsody or AndroUML.

A short comparison of tools mentioned above is presented in table [I It is needless
to say, that there is a need for a tool that in the context of data layer, apart from structure
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modeling, facilitates also behavior modeling. UML2SQL, which aims to be such a tool,
is also included in the comparison, and will be presented in the following sections of
this chapter.

3 UML2SQL Concept

What would be the requirements like for a tool which could aid model-driven engi-
neering? How do existing systems approach this problem? It is an obvious practice to
base an MDD (CASE) tool on the Unified Modeling Language [10/21]]. Using this stan-
dard allows architect(s) to get accustomed with new functionality delivered by the tool
quickly and painlessly. The power of UML [30/27] itself is well known and we do not
want to focus on it in this article. It has to be stated that UML2SQL is based on the
UML standard too—as it is explained later (in section 1)), the tool is designed as a
plug-in to an existing UML modeling application.

Consequently, the process of designing system structure is similar for all types of
CASE tools. We can model the application using different types of diagrams. Automat-
ing application code generation from its structure description is not a problem either.
Although mapping of the object-oriented application model to the relational data model
is not straightforward and requires some consideration regarding the choice of mapping
strategy, it is well described in literature ([I8/22]] and section [43)) and many (if not all)
UML modeling tools provide such functionality.

What is more, the structural model of an application can be used to produce method
skeletons and CRUD-like (Create, Read, Update and Delete) operations which can be
deduced from the model. Such model characteristics are also widely applied in various
engineering systems. One may ask so, how does UML2SQL differ from the above-
mentioned CASE tools? What is its added value?

3.1 Behavior Modeling

The big issue starts when one wants to model the behavior of an application. It ap-
plies not only to UML itself, but foremost to the later possibilities of application code
generation and general MDD tool operability. UML provides the designer with several
types of diagrams (e.g. state diagrams, collaboration diagrams, sequence diagrams, etc.)
which can be used to present system’s behavior. However, even the most accurate dia-
gram cannot be simply translated into source code. What is more, it is not the diagram’s
goal to be a complete template for code generation! To enable automatic application
creation, some kind of an extension to UML has to be used, that would allow one to
describe precisely the actions taken by the system.

The most popular approach nowadays is to model system behavior using the concept
of state machines. The discussion on this idea dates back to the 1970s, when “Shlaer-
Mellor Method” was presented [32]]. It is widely used in real-time and embedded sys-
tems domain. Some other methods described in literature include:

— “Interaction Based” [20] modeling based on collaboration and sequence diagrams
with an example of generating Java code from collaboration diagrams [24];
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— “Contract Based” [20] method which abstracts from behavioral models and uses
strongly the structural model, additionally equipped with some pre- and post-
conditions imposed on operations and expressed in Object Constraint Language
129126];

— using Abstract State Machines with AsmL language to model application behavior
and also to test and evaluate a running system [[19];

— applying activity diagrams to represent application behavior, which is expressed
by means of states and transitions [2]. Such an approach is used in AndroMDA
powered BPM4Struts cartridge (Struts J2EE application generator) and it can be
understood as some variation on state machines.

As a practical example of behavior modeling, Rhapsody by Telelogic [21] can be pre-
sented. The diagrams created to illustrate system functionality can be completed with
Java or C++ code snippets which are later included in the generated code. In the case
of modeling an “executable” application it is an acceptable approach. The high-level
programming language code inserted into diagrams still holds the idea of developing
the Platform Independent Model (PIM), which can be easily compiled to the plat-
form specific application (PSM) [28]. But when it comes to model data access, things
get complicated.

First of all, when accessing data there is no straightforward object collaboration
or message passing that could be modeled by executing adequate methods. It is not
a situation that can be described by changing application’s or objects’ states either.
Moreover, it is hard to imagine having to insert handcrafted high-level programming
language code, which would access the database into any type of diagram. Even in-
serting code based on object-relational mapping technology would be painful, as any
model refactoring could make it obsolete and, additionally, translating such code into
SQL could be difficult. The natural way of accessing data is SQL, but even if the MDD
tool provided us with such a possibility, we would encounter another problem: the
impedance mismatch between object-oriented paradigm and relational databases.
Finally, by using a dedicated SQL dialect we face the danger that changing the database
vendor would require rewriting code which operates on and communicates with the
database.

Proposed UML2SQL tool was designed in order to avoid the mentioned above prob-
lems. It lets one model procedures that access data with activity diagrams (see section
[£4). Additionally, a dedicated language (called eOQL for enhanced Object Query Lan-
guage) was designed. eOQL is a simple extension of Hibernate Query Language (HQL)
[6, Chap. 14] and can be understood as a middleware between the application’s struc-
tural model and its behavioral model (more details may be found in section [£.3)). With
the assistance of a graphical editor one can create statements that are assigned to activity
diagram nodes—each node has one statement—and later used to generate stored pro-
cedures in a required SQL dialect (described in details in section [.3). The connection
between structural and behavioral models as well as the whole system architecture will
be elaborated in section [l One thing worth of mentioning here is that when modeling
procedures with the eOQL editor, one can focus on the structural (i.e. object) model
only, and need not to worry about the low-level data model. In MDA terminology, one
copes with PIM instead of PSM [28]].
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At this point, it has to be underlined also that proposed approach is one of many pos-
sibilities when it comes to generate code that operates on data. Stored procedures are
taken under consideration since using them lets preserve the consistency of the whole
generated system and integrates easily with other components which emerges as out-
come of running UML2SQL generators. It can be imagined that instead of stored proce-
dures for example high level programming language code is generated which connects
to the database, queries data and runs according to the model data flow.

Questions may arise whether UML2SQL is something more than the already men-
tioned tools like LLBLGen Pro [12] or OrindaBuild [13]. These tools provide func-
tionality of object-relational mapping and generation of database access code. Below
it is argued that such functionalities are merely an outcome of UML2SQL, and not
its essence.

3.2 Is This Endeavor Worth It?

“MDA is another small step on the long road to turning our craft into an engineering
discipline.” Since designing a new system is often a challenge of adopting a new
environment and a new technology, fast prototyping techniques are priceless. Still, the
refactoring activities are very important from the quality point of view. Linking the
application design directly with its code means the process of keeping both of them
up-to-date is easy and can be done by clicking the proverbial button. It contributes not
only to the quality of the code, but facilitates later system maintenance.

Apart from the purely engineering motives, the second equally important issue con-
nected with UML2SQL is the aforementioned impedance mismatch between object-
oriented approach and modeling data in a relational fashion. Relational databases are
independent from programming languages and can be easily shared among multiple
systems and users. It is also important that behind the relational model there is a highly
reliable and mathematically proven theory, tested for a very long time. Moreover, the
biggest database management systems vendors invested huge assets in their products
and it is obvious that they will not easily give the stage to competitors providing other
solution for managing data (e.g. object-oriented databases [23]). Even though coping
with relational database engines introduces some problems in application development,
it will not be abandoned in the near future. Consequently, the concept of keeping one
common model describing relational data and object-oriented structure of the applica-
tion seems crucial. The simplest solution is UML [30], but UML itself is not enough.
Some kind of a connector between relational and object-oriented paradigms is neces-
sary to enable using one model in both aspects.

4 UML2SQL Deep Dive

From the concept presented in the previous section, a standard usage scenario was cre-
ated. It perfectly underlines the goal of UML2SQL. The list of steps to go through is as
follows:
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—

The user designs the application structural model in an UML modeling application.

2. The user also creates abstract procedures accessing data using activity diagrams
(also in the modeling application).

3. Activity diagram nodes are populated by the user with eOQL statements, which are
directly based on the model designed in the first step (see sections [£.3] and [4.4).

4. The tool generates Hibernate mappings, application source code, database schema
and stored procedures (section 3.

5. Generated code is compiled against the database if necessary.

4.1 Background

As it was already mentioned, the ambition of UML2SQL is to become a complete MDD
tool for data access layer development. Thus, the first thing to consider was the choice
between delivering a proprietary UML editor or using an existing one, extending its
functionality with plug-ins. We have chosen the latter. This choice was dictated by the
potential to reach a wider audience (i.e. users of an existing tool), and of course by our
limited resources. After thorough research we decided to use Visual Paradigm Standard
Edition [17].

The second, even more important decision regarded the approach to the object-
relational mapping (ORM). To achieve relational and object models consistency and
ensure that UML2SQL user could focus on PIM [28] design, the following issues were
taken under consideration:

usage of a custom ORM implementation vs. usage of an existing ORM engine,
providing a simple way to access designed and generated stored procedures,
usage of a query language which would allow operating on object model,
building a graphical query editor vs. parsing user input.

Our experience with first prototypes of UML2SQL let us decide to use an existing ORM
engine. Hibernate [6]] was determined to be a perfect solution for us. It not only supplies
a recipe for mapping object model to relational model and the interface to use it, but it
also provides a way to use stored procedures compiled against the database as any other
query. This way the developer, equipped with specific Hibernate mappings generated
directly from the application design by UML2SQL, can easily access data stored in the
database and call procedures generated from the model.

As far as the query language is concerned, its origin is associated with the chosen
ORM engine. The simple to learn and use Hibernate Query Language (HQL) [, Chap.
14] was adapted for UML2SQL. In order to enable an architect to model the behav-
ior precisely, HQL was extended to give birth to enhanced Object Query Language
(eOQL), which is discussed in section A3

4.2 UML2SQL Architecture

In Fig. [l a component view of UML2SQL is presented. Two main components can
be distinguished: “UML2SQL Core” and “UML2SQL Plugin”. The main reason why
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Fig. 1. UML2SQL component view

presented system is split into such parts is maximal independence from the UML editor
and its interface. As it was already described, the first two steps of the scenario presented
at this section’s beginning are done using Visual Paradigm, but it can be imagined (and
it was taken into consideration) that UML2SQL is plugged into another CASE tool
when the “Plugin” component is replaced.

When the structural model of an application is ready, we can start playing with
UML2SQL. When a request to build an eOQL statement for an activity diagram node
is detected “Analyzer” is launched. It gathers the data from the UML editor and creates
an internal UML model. Providing no errors or incompleteness of the UML model are
detected, the “Query Builder” starts. This is a tool, an editor, which give an opportunity
to build eOQL statements. From a software engineering point of view, it is worth to
mention that the command design pattern was used here ([23]).

When activity diagrams are ready (i.e. populated with eOQL statements), application
code can be generated. Using the “Wizard”, the generation process can be customized
in order to comply with application requirements. With the support of Velocity tem-
plates [4] and Hibernate [6] and using various generator types the application code is
manufactured. The process is described in details in section 3]
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4.3 eOQL—Enhanced Object Query Language

The question which for sure arises is whether it was necessary to introduce a new lan-
guage to satisfy the undertaken requirements. We have already mentioned that a lan-
guage to perform queries in an object-like fashion does exist! What is more, HQL [6]
Chap. 14] is not the only one language to do that. There are also other languages like
JPQL and OQL. When using object query languages it is possible to benefit from the
power of their declarative approach known from SQL language and to stay in the realm
of object-oriented programming simultaneously. Therefore, the problem of impedance
mismatch is avoided as one does not have to be aware of relational model when writing
queries. So, why have we decided to go for the eOQL then?

Again, we should look at UML2SQL from MDA perspective. “Fully-specified plat-
form-independent models (including behavior) can enable intellectual property to move
away from technology-specific code, helping to insulate business applications from
technology evolution and further enable interoperability.” The procedure that ac-
cesses data is not only a collection of queries that select, update or delete it. To specify
precisely the behavior of such a procedure some additional functions have to be used.
For example, it may be necessary to create new objects (which can be understood as
inserting data into a database), specify conditions deciding about the execution path,
call other procedures or use helper variables or transactions.

Some of those things are not purely object-oriented, but one has to remember that the
aim of such modeling is to generate SQL stored procedure’s code. Its nature however is
not object oriented, but conforms to a procedural programming paradigm. The essence
of eOQL is therefore to provide well-known techniques for querying data in an object-
like manner, at the same time giving an opportunity to use other types of statements
to model application behavior (business logic) as accurately as it is possible. eOQL is
not an extension of OQL language itself. It should be treated as an extension of object
query language concept in general.

One more important issue regarding eOQL is that UML2SQL’s user does not have to
be aware of its concept or presence. From the user’s perspective, eOQL is a middleware
between structural and behavioral models of the application. eOQL is hidden behind the
graphical editor which provides the interface to build eOQL statements. Consequently,
the knowledge of any query language and some rudiments of computer programming
are perfectly enough to build eOQL statements and use UML2SQL.

Types of eOQL statements and their relation to SQL expressions are described in
the following sections (4] and [£.3). The eOQL “grammar” also includes instructions
which are not available to the end user, but are used during code generation. These are
mainly flow control statements and declarations.

4.4 Behavior Modeling

Since UML2SQL strongly depends on the provided UML model, the diagrams describ-
ing the application structure have to be adequately prepared. UML diagrams that are
used for code generation must have some restrictions imposed on them. The following
sections describe them in details.
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Class diagrams preparation. In the case of class diagrams, our goal was to ensure
maximum support for existing diagrams. Therefore, UML2SQL tool supports all class
diagram elements by using the graceful degradation approach. That means that all un-
recognized elements (that is, unnecessary as far as UML2SQL is concerned) of UML
class diagrams are ignored. This is in contrast with the treatment of activity diagrams,
which is described in the next section.

Bearing in mind that UML models can be constructed on different levels of abstrac-
tion, we decided to require an explicit indication of classes that should be included in
the data model generated by UML2SQL. This allows the user to use an existing UML
class model (with all the implementation-specific or utility classes) and only indicate
to UML2SQL which classes should be included in the data model. In current imple-
mentation (under Visual Paradigm), this is achieved by adding the “ORM Persistable”
stereotype to the class. Moreover, if system requirements demand having relations that
keep the order of entities, one can use the “ordered” stereotype to mark the relations
and have them generated appropriately later.

Apart from these requirements, there remain only a few rules. In general, a few de-
tails which are optional in UML class diagrams, should be defined. Among those are
field names and association multiplicities. Without these details the engine would not
be able to properly interpret class diagrams.

Building activity diagrams. Activity diagrams are treated in an entirely different way
from class diagrams. The reason becomes apparent when one takes a look at a sample
activity diagram presented in Fig.

Partner ; : Web site Manager

Request partner
account

Create generic Forward request Evaluate
account to manager request

{enable=yes}
Enable partner
access

Email user
login information

{enable=no}

®

Fig.2. An example of an activity diagram
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From UML2SQL’s point of view, there are several problems with such a diagram.
First of all, several modeling constructs could not be translated to stored procedures
because of lack of support in a declarative language that is SQL. These include, among
others, elements related to object flow, constraints, synchronization elements (stored
procedures are by design sequential and database engines do not provide any way of
parallel execution inside a stored procedure) and exception handlers (some of the di-
alects provide exception handlers for stored procedures, but this is still far from the
complexity that can be modeled in UML).

Moreover, even after restricting the structure of a diagram problems still remain
mainly with the contents of the diagram. Human-friendly, textual information has lit-
tle meaning for the procedure translation engine. Therefore UML2SQL requires that
contents of activity diagrams are edited using an eOQL editor (see section ..

To sum up, an activity diagram that can be translated by UML2SQL into SQL should
meet the following criteria:

— it should contain only initial and final nodes, action nodes, decision nodes and loop
nodes,

— each action, decision and loop node should have a statement assigned to it,

— each statement must be build using the eOQL editor (£.4).

Using eOQL editor. As it was already mentioned, the eOQL editor is a graphical tool
to define eOQL statements which are assigned to activity diagram nodes. The classifi-
cation of eOQL statements and their correspondence to the activity diagram nodes is
presented in Table 21 The eOQL editor also provides a possibility to associate initial
node with a list of variables which will be treated as procedure’s arguments and to as-
sign a variable to final node which would indicate that the user wants the procedure to
return a value.

Since eOQL operates on object model only, eOQL editor provides user with the
concepts defined on the class diagrams, i.e. classes and their attributes. One has no

Table 2. eOQL statements types

General state- Description

ment genre

Query Well known query types (e.g. “SELECT”, “DELETE”) have their direct counter-
parts in eOQL, whose semantics are just the same. “Pure” queries can be assigned
to action nodes and additionally “SELECT” query can be used to define subqueries
in other statements (including logical expression attached to decision node) and to
define an iterable collection for loop node.

References  There are two statements which allow modeling an action of adding and removing
an object to/from a collection (which corresponds to a relation modelled on class
diagram). An example can be seen in section 3

Condition Decision nodes have to be populated with a statement modeling the logical expres-
sion determining the execution path.
Other There is also a possibility to assign values to variables, execute other procedures

and handle transactions.
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awareness of how the object model is mapped to the relational model in the process of
SQL generation. Described editor delivers some handy, wizard-like panels which assist
user in query building in a fashion known from MS Access interface.

It has to be stressed once again that the main concept of introducing eOQL together
with its editor is to set an additional layer of abstraction on the top of the object-
relational mapping process. In that way one can model the behavior of the application
operating on object model only preserving one of the fundamental assumptions that the
whole process of modeling is based on one model, i.e. object model.

4.5 Code Generation

Finally we can look at the output generated by UML2SQL. This is also a section which
gives a basis for regarding UML2SQL as a complete MDD tool in the field of data
access. After thorough design preparations, including building application structural
and behavioral models and specifying concrete actions to be undertaken by created
activity diagrams using eOQL editor, the code generation process can be launched and
the delivered components can be used within an application.

Generation plan. The whole generation process is designed in a pipeline manner [23].
The initial input consists of the application class model, activity diagrams with assigned
eOQL statements and database information (gathered by the “Wizard” mentioned in
section[£.2). The process can be divided into three main stages, i.e.:

1. Hibernate mappings and configuration generation;

2. database schema and application source code generation and compilation (at the
moment Java code generation is supported);

3. assembling stored procedures from activity diagrams and SQL code generation.

Hibernate mapping files. The first stage is done independently by UML2SQL itself.
Using Velocity templates [4]] the following Hibernate XML files are generated:

configuration file (e.g. storing database connection data) [6, Chap. 3],
mapping of persistent classes [[6, Chap. 5-9],

mapping of non-persistent classes,

mapping of stored procedures [6, Chap. 16].

Two class mapping files are generated in order to distinguish classes from which SQL
schema has to be generated. Both mappings are additionally equipped with some meta
data describing the methods modeled on class diagrams and any other characteristics
according to the Hibernate specification [6, Chap. 5-9]. As far as the object-relational
mapping strategy is concerned, UML2SQL generates code which complies with “map-
ping each class to its own table” method [18]. Selected strategy provides intuitive oper-
ability at the object level and does not introduce any redundancy. However, performing
operations at database level is sometimes a little bit complicated, especially when it
comes to updating or deleting data.
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Hibernate tools in action. During the second stage the outcomes of the first, pre-
sented above, are used intensively. Taking the advantage of Ant [3]] and Hibernate tools
[7], Java code for persistent and non-persistent classes is generated and compiled. The
database schema and a Java interface with constants describing created procedures and
their arguments are also created.

Stored procedures generation. The last stage is the most complicated one. The activ-
ity diagram itself is a graph describing possible execution paths. However, we do not
cope directly with constructs known from programming languages. The naive approach
to building procedures would include labelling every single statement and adding goto
instructions when a “jump” is detected. Obviously, it is not an acceptable solution to
have code full of the “hated” goto instruction. In UML2SQL, each diagram is subject
to the loop detection algorithm as described in Chap. 20], after which eOQL flow
control instructions (like DO-WHILE, WHILE-DO) are added. FOREACH loop is gen-
erated for “Loop” nodes, “Decision” nodes are translated into /F-THEN statements.
The variables that are used inside procedure’s statements and are not its arguments are
gathered to be listed on declaration list. After the procedures are assembled from the
abstract eQOL statements, the SQL generator is launched. The generation process uses
the following components:

— dialect specific template provider, whose responsibility is to feed the generator with
an adequate Velocity template for a given eQOL statement;

— Velocity templates [4], which describe how given eOQL statement is translated into
SQL code and, for statements other than queries, provide the recipe for direct gen-
eration;

— Hibernate “QueryTranslator” [6] which is used to transform “SELECT” queries;

— Hibernate “Executor” [6] which stores the execution plan for queries that modify
data, i.e. “DELETEs” and “UPDATEs”;

— compiled Java binaries (generated during the previous stages) which are used by
components taking their origin in Hibernate.

All of the components mentioned above are dialect dependent and the generated code
may differ when various SQL dialects ([[6, Chap. 3]) are chosen. Finally, when the
SQL code is ready it can be complied against the database if requested. There is also a
possibility to create the database itself. The example of generated code can be found in
section 3]

At the moment UML2SQL is equipped with generators which let one generate whole
database system (i.e. database schema together with stored procedures) in MySQL and
T-SQL. However, only code generated for MySQL is well tested. As far as database
schema generation is concerned, all dialects supported by Hibernate library can be
handled.

5 UML2SQL Test Case

This section serves as an illustration of the ideas introduced in the paper—an example
of making a use of UML2SQL is presented. The goal is to show how UML2SQL can



240 L. Siwik et al.

Get information about particular route

Add routN
x

{_ Extension Points
User cky an e

Fig. 3. Use case diagram describing requirements for the designed system

be applied in the subsequent stages of the application development process. Generally
speaking, such a process can be divided into some well-defined phases, and UML2SQL
covers some parts of the application structural and behavioral design, development,
testing and post-deployment maintenance.

The proposed example is based on an application that can be described as a computer
aided register of tourist routes or as an ElectronicRoadAtlas. After pointing out how
UML2SQL supports development of ElectronicRoadAtlas, a short discussion presents
what has to be conducted to create a similar system without UML2SQL’s help.

5.1 Definition of Requirements

The first step of application development engaging fully software engineers is the
process of defining and describing requirements for a created system. In figure 3] an
use-case diagram is presented which conveys the requirements set for the application.
Analyzing the diagram the following requirements can be distinguished:

1. Adding and editing routes between cities.

2. Defining a new city together with creating new links between existing cities and the
one defined.

3. Adding new routes, which can require adding non-existent cities, which are present
on the added route.

4. Retrieving the information about existing routes.

If the scope of the UML2SQL is taken under consideration, the requirements should be
seen more from the data access layer domain perspective. Consequently, the problem
of user interface will not be described here since the main stress is put on the way how
selected functionalities are exposed in the programming interface.

5.2 Structural Modeling

Having the requirements’ definition, one can focus on architectural-oriented activities.
The first step is the preparation of a structural model. The form of the model itself is
strongly determined by the requirements for the final application. All requirements have
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Fig. 4. Computer aided route database system data model

to be satisfied, therefore the structural model cannot restrict the development of some
areas, which can make final product unacceptable. An exemplary model, which can be
understood as a database of information regarding tourist routes, is presented on the
diagram[4]

A particular tourist route (described by the Route class) is represented by a list
of subsequent cities which appear on it. The association class Track describes data
characterizing the link between two cities. The relation of self-aggregation for the City
class can be understood as an extended representation of distance table which can be
commonly found in the road atlas books. It is user responsibility to keep the data correct,
i.e. the distance between cities A and B should be the same as the distance between B
and A.

5.3 Business Logic Modeling

Taking into account the typical UML2SQL usage scenario the next step is the modeling
of business logic, which can cover some of the application requirements. Some of the
requirements will be satisfied thanks to the applying Hibernate library with delivered
(generated) by the UML2SQL tool configuration and object-relational mapping files
only. The requirement which would demand delivering a stored procedure is “Getting
information about particular route”. A model of an algorithm, which computes a dis-
tance and an expected travel time (two figures are returned as a result) is shown on
diagram[3] The UML2SQL procedure model is constructed as an activity diagram. The
algorithm computing mentioned data is based on iteration process, which step by step
sums up the distances and expected travel times assigned to the subsequent cities’ links
appearing on the considered route.

5.4 Application Code Generation

Referring to the typical UML2SQL usage scenario again, the next step to take after
having all modeling activities finished is to launch application code generation process.
As a result UML2SQL gives the following artifacts which can be used in various ways
at the subsequent development stages:
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Fig. 5. Model of a procedure computing expected time and travel time of chosen route

Hibernate configuration files,

Hibernate object-relational mapping files,

database schema (in a chosen SQL dialect),

SQL stored procedures code (in a chosen SQL dialect),

Java code of structural model and some additional interfaces facilitating further
development.

The code of a stored procedure based on the activity diagram shown in fig.[Blis presented
below:

CREATE PROCEDURE SP getExpectedTimeAndDistance ( route bigint )
BEGIN

DECLARE km double precision

DECLARE time double precision ;

DECLARE lastCity  bigint ;

DECLARE cities ¢ id  bigint ;

DECLARE fetchFailed integer DEFAULT O ;

DECLARE cities CURSOR FOR select city2 .id as col 0 0 from route
route0 inner join routeCities cities] on
routeQ .id=cities] .routeld inner join city city2
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on citiesl . cityld=city2 .id where route0 .id=route
order by cities] . index;

DECLARE CONTINUE HANDLER FOR NOT FOUND SET fetchFailed = 1;

SET km= ( 0) ;
SET time= ( 0) ;
SET lastCity = ( NULL) ;
OPEN cities ;
FETCH cities INTO cities c id ;
WHILE ( NOT fetchFailed )
DO
IF  ( lastCity IS NOT NULL ) THEN
SET km= ( ( km+
(select neighboursl . distance as col 0 0 from city city0
inner join track neighboursl on cityQ .id=neighboursl . cityld
inner join city city2 on neighboursl . targetCityld =city2 .id
where cityO .id= cities ¢ id and city2 .id=lastCity )));
SET time = ( time +
(select neighboursl .expectedTime as col 0 O from city cityQ
inner join track neighboursl on cityO .id=neighboursl . cityld
inner join city city2 on neighboursl . targetCityld =city2 .id
where cityQ .id= cities c id and city2 .id=lastCity )) ;
END IF;
SET lastCity = ( citiescid ) ;
FETCH cities INTO cities c id ;
END WHILE;
CLOSE cities ;
SELECT km resultl, time result2 ;
END

Finally, a question has to be raised how the generated application code conforms to
the requirements assumed. The generated procedure’s code can be compared with an
algorithm described in the previous section.

5.5 Applying Generated Code

The generated source code for data model and associated object-relational mapping files
provide an easy and comfortable way to manage the persistence layer. Entity adding,
editing or deleting is done simply by creating Java objects and invoking adequate Hiber-
nate session methods. For example, the addition of a new city to a database is as simple
as City class object creation and Hibernate session save method invocation. Summing
up, Hibernate engine gives an access to persistence layer management functions in very
flexible way. Additionally, the generated stored procedures make using application busi-
ness logic possible, which in a consequence gives an entire well-defined interface to the
layer implementing all requirements for a given system.

A Java code snippet is presented below, which applies generated by UML2SQL and
complied against database stored procedure to sort a list of all existing routes retrieved
from the database:
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SessionFactory sessionFactory = new Configuration (). configure (
” hibernate —config—sql.xml”"). buildSessionFactory ();
final Session session = sessionFactory .openSession ();
List <Route> routes = (List <Route>) session.createQuery (”from._Route”). list ();

final Map<Route, Double> lengths = new HashMap<Route, Double>();
Collections . sort ( routes , new Comparator<Route>() {

@OQOverride

public int compare(Route routel, Route route2) {
double d1 = getDistance (routel );

double d2 = getDistance (route2 );

return Double.compare(dl, d2);

}

private double getDistance (Route route) {
if (!lengths .containsKey(route)) {
Query query = session
.getNamedQuery(ProceduresRepository. SP_.GETEXPECTEDTIMEANDDISTANCE)
.setLong(ProceduresRepository . SP_.GETEXPECTEDTIMEANDDISTANCE_ARGUMENT_1,
route . getld ());
List<Object> result = query. list ();
if (result.size () == 1 && result. get(0) instanceof Object[]) {
lengths . put(route, (Double) ((Object[]) result .get (0))[0]);
} else {
lengths . put(route, new Double(0));
}
}
return lengths . get(route );
}
s
for (Route r : routes) {
System.out. println (r.getName() + ”:.” + lengths . get(r));
}

session . close ();

At first, Hibernate library is configured and initialized with an XML file generated by
UML2SQL too. Then a list of all routes is loaded from a database using an HQL query.
Finally, a list of routes is sorted using an anonymous Comparator object in which
the stored procedure is called to compute a total distance of a particular route.

5.6 Developing a System without MDD/MDA Tool Support

How would the application development process look like without the support of the
tool such as UML2SQL? The question should be seen from the perspective of the im-
plementation process comfort and the clarity and integrity of the code. Assuming that
the system model is the same, the problem of providing a separate physical data model
occurs. That model has to be used to create database schema. Since there are many-
to-many relations in object model—prepared data model would have to introduce some
additional elements (i.e. association tables) which would cover those issues. So, already
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at the stage of modeling, models become incompatible and introduce additional diffi-
culties associated by the impedance mismatch problem.

As usually, such an incompatibility introduced at the very beginning of the applica-
tion development process returns with double power in the following stages. To name
only a few, the implementation of data access methods would have to find a solution for
translating SQL tables’ rows into objects. Mixing SQL code with high-level program-
ming language constructs introduces unclarity and make any code refactoring almost
impossible. Mentioned issues can be handled by a programmer but the problem would
arise if the application model changes. In such a case, all native SQL code has to be
at least double checked, and what is more probable—fixed, so that it conforms to new
database schema. The lack of automation in refactoring code responsible for data access
layer management and the lack of separation of SQL code handling business logic can
coerce into spending long hours on analyzing and fixing existing SQL code.

6 Conclusion

“The aim (of MDA) is to build computationally complete PIMs” where the term
“computationally complete” means capable to be executed. As presented in the pre-
vious section, using UML2SQL it is possible to create the model of an application,
which after translation into particular source code can be used as a component of a
“production-ready” system. The activity diagrams enriched with eOQL statements pro-
cessed by UML2SQL code generators produce SQL stored procedures that can be ex-
ecuted completely independently. It can be said that in the domain of developing data
access layer UML2SQL deserves the title of an MDD tool.

Once more we can go back to the advantages of using MDD tools. What is the most
frustrating activity for developers? From our experience we would point out coding the
same thing countless times and getting to know a new technology without any support-
ive examples as the most irritating. But having an MDD tool one may overcome those
issues quite easily. Instead of writing the same thing again and again, one may simply
generate it from the application model. In this way the developer’s productivity and sat-
isfaction will certainly increase meaningfully. As an MDD tool for building data access
layer UML2SQL can be also used in such aspects.

One may argue that MDA as an idealistic concept which has no rights to exist in
reality. However, an example of UML2SQL shows, that in a domain of data access
layer code generation, tool based on MDA concept can be quite useful, and what is
more, its usage does not require any additional, technology-specific, knowledge. The
idea of a system modeled once—deployed anywhere gains its full meaning here.

UML2SQL tool is available at http://uml-2-sql.sourceforge.net/.
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Abstract. In this chapter we describe a fuzzy logic based approach for
providing biologically based motivations to be used by agents in evolu-
tionary behavior learning. In this approach, fuzzy logic provides a fitness
measure used in the generation of agents with complex behaviors which
respond to user expectations of previously specified motivations. Our ap-
proach is implemented in behavior based navigation, route planning and
action sequence based environment recognition tasks in a Khepera mobile
robot simulator. Our fuzzy logic based motivation technique is shown as
a simple and powerful method for agents to acquire a diverse set of fit be-
haviors as well as providing an intuitive user interface framework.

Keywords: Agents, fuzzy logic, motivations, evolutionary, mobile robot.

1 Introduction

Having more natural and user friendly interfaces between people and artificial
systems is clearly a desirable and beneficial objective. Through the use of familiar
interfaces, users of technology can become more comfortable and may be better
able to utilize these systems to their full potential. One manner for this to happen
is to develop interfaces which are simple for average users to understand and
which hide some of the underlying technical complexity which enable artificial
systems to function in their environment. This allows people to utilize complex
applications and systems without having to suffer with a deep understanding
of all the details that form a necessary part of modern technology. This is an
ongoing effort and there are many examples of automated systems which aim to
free their user from technical details while providing a comfortable and intuitive
experience [1]7)].

Motivation are viewed by psychologists as an internal state or condition (e.g.
a need, desire or want) that serves to influence the intensity and direction of
behavior. Motivation is generally accepted as involved in the performance of
learned behaviors. That is a learned behavior may not occur unless its driven
by a motivation. There are many sources for motivations including: behavioral,
social, biological, cognitive, affective, and spiritual [@] In nature, differences
in motivations are key drivers in helping to produce a diversity of behaviors
which enables finding behaviors with a high degree of benefit (or fitness) for the
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organism. For example, in an animal these motivations might represent drives
such as hunger or curiosity, while an autonomous vehicle navigation agent will
have other motivations concerned with things like refueling, fuel conservation,
tire conservation, or parking safety.

Toward the goal of providing simpler interfaces to the users of technology, we
have developed a motivation based agent approach that aims to help provide a
more natural interface for end-users in a variety of applications and systems. We
have implemented it in the form of fuzzy logic based motivations which can be
used by behavior based agent systems to obtain fitness scores for a variety of
possible behaviors.

To evaluate the validity of our proposal, we test the fuzzy motivation based
fitness on behavior based agent navigation and environment recognition tasks
within a Khepera robot simulator. The results show that the motivation based
approach has the potential for improving human understanding of complex
robotic behaviors as well as provide a means for generating a great diversity
of robotic behaviors in an intuitive and user friendly manner.

In Section 2l we briefly describe a number of agent architectures. Section [3]
refers to fuzzy logic in robotic control. Our proposed method and how it was
implemented is described in Section dl In Section Bl we discuss and summarize
the experiments that were performed. Finally, in Section [ some conclusions
are drawn.

2 Survey of Agent Architectures

In this section, in order to illustrate and be able to contrast with other methods,
we briefly review a number of popular agent architectures. The architectures re-
viewed fall under four general classes: deductive approaches, deliberative toward
means-ends approaches, motivation based, and behavior based HIL ﬂ ]

2.1 Deductive Architectures

Deductive architectures require that a symbolic representation of the environ-
ment be implemented. The system manipulates these symbols using logical op-
erations in a manner that corresponds to logical deduction. In the view of agents
as theorem provers an executable specification through a set of deduction rules is
applied when certain conditions are satisfied. There are several difficulties with
these type of methods ﬂ, ﬂ ], the main ones being;:

— Transduction - the difficulty in translating the real world into an accurate
and valid symbolic representation.

— Representation/reasoning - the issue of getting agents to manipulate the
symbolic information correctly and in time for these results to be useful,
deliberate reasoning requires that the knowledge upon which reasoning is
based be consistent, reliable and certain.

— Dynamic and noisy environments - if the information which the agent uses
is inaccurate or has changed then reasoning may err seriously (e.g. a robot
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in a world with arbitrarily moving objects like a crowded hallway), it is
potentially dangerous to rely on old information that may no longer be valid.

— Highly hierarchical - where communication and control flow up and down the
agent structure hierarchy. If a change has occurred in the environment the
new information must flow completely up the hierarchy in order for the agent
to deliberate and decide on a new course of action. Then the order must flow
down the chain of command for the action to be executed. Because of the
time lag during this processing, hierarchical control systems are best suited
for structured and highly predictable applications (e.g. a manufacturing cell).

— Difficulty in engineering a complete system - as incremental competency
proves difficult to achieve, the entire system needs to be built before system
testing can be done. This is contrary to current engineering methods (e.g.
agile, iterative or incremental engineering processes iﬁ, @])

2.2 Deliberative towards Means-Ends Architectures

Deliberation toward means-ends reasoning is in general reasoning that is directed
towards actions, the process of figuring out what to do next (i.e. practical rea-
soning [1]). The Belief Desire Intention (BDI) paradigm embodies this type of
reasoning and contains explicitly represented data structures that loosely corre-
spond to these three mental states.

The earliest and most prevalent implementation of the BDI agent architecture
is the Procedural Reasoning System PRS which has been applied in a variety
of agent based applications @Y Ab seen in Fig. [l PRS consists of: (i)
a database (i.e. beliefs) containing facts about the environment and internal
states, (ii) desires which represent the agent’s goals, (iii) an intention structure
containing those plans that the agent has committed to achieve, and (iv) a set of
plans describing how sequences of actions that have their preconditions satisfied
are to be executed to fulfill certain desires. Plans in PRS each have the following
components:

— a goal - the postcondition of the plan,
— a context - the precondition of the plan, and
— a body - the recipe part of the plan - the set of actions to execute.

An interpreter runs the entire system by manipulating the components of PRS,
selecting the appropriate plans based on current beliefs and desires, putting
those that are selected on the intention structure so that they may be executed
in order. The body of a plan in PRS may include not only a sequence of actions
but may also have desires as components. The idea being that when a plan
includes a desire at a particular point means that the desire must be achieved
before the remainder of the plan can be executed. This may require that further
plans be pushed onto the intention stack which may require finding further plans
to execute those plans and so on. Desires are conditions over some interval of time
and are described using temporal operators. Desires can include achievement of a
certain state, goals of maintenance, or testing of a condition. An action succeeds
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Fig. 1. PRS Architecture

in achieving a given desire if its execution results in the satisfaction of the desires
description. Desires can be associated with the external environment or the state
of the system [1, [31).

BDI Basic Model. In BDI systems @], the environment (F) starts in a par-
ticular state out of a finite set of discrete states:

E ={ed,...}. (1)

The agent (Ag) chooses a particular action out of the set of possible actions
available (A) based on the environment and on previous action(s) performed:

A={a,,...}. (2)

A run (R) is a sequence of interleaved states and actions. The environment
starts in a state and the agent chooses an action to perform on that state. As
a result of that action, the environment can respond with a number of possible
states and so on:

R:ep, 28,61, 2, ..., "5 ey, (3)

The effect of the agent on the environment is mapped as a state transformer
function @] 7 which maps a run to a set of possible environment states:

T:R— p(E). (4)

The Ag function maps runs to actions, the agent decides on the next action
based on the history of the system it has seen so far:
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Ag: R — A. (5)

We will use (p, p', ...) to represent percepts and Per as the set of all percepts.
The agent uses the see(...) function to map the environment to percepts:

see: E — Per. (6)

Finally, the agent tries to find and execute the best plan (7) which is a series
of actions to execute in order:

= (1,2, ..., Q) . (7)

BDI Process Flow. The BDI process flow @, } is shown in Fig. 2 In this
process the agent performs the following functions:

1. An agent belief revision function (i.e. br f) updates the agent’s current beliefs
based on the set of all beliefs (Bel) and current percepts:

brf : p(Bel) x Per — p(Bel). (8)

2. During deliberation, the desire to be achieved is read from the intention
stack. This stack contains all the desires (i.e. goals) that the agent has com-
mitted to and are pending achievement. The agent searches through its plan
library to find the plans that have the desire (i.e. goal) that is on top of the
intentions stack as their postcondition. From those plans, only those that
have their precondition satisfied (based on its current beliefs) become the
possible options or desires for the agent.

Formally, the agent begins to deliberate using two functional components:
the options function takes the agent’s current set of beliefs and intentions
(Int) and produces a set of possible desires (Des) or options. In order to
select between competing options, the agent uses the filter function to find
the best option(s) to commit to:

options : p(Bel) x p(Int) — p(Des), (9)

filter : p(Bel) x p(Des) x p(Int) — p(Bel). (10)

Eventually, through deliberation one option will be chosen to be executed. This
may involve pushing further desires onto the intention stack, which may then in
turn involve finding more plans to achieve these goals, and so on. The process
ends with individual actions that may be directly computed. If a particular plan
to achieve a goal fails, then the agent is able to select another plan to achieve
the desire from all candidate plans.

There are several mechanisms for deliberating between competing options in
PRS-like architectures. In the traditional PRS system, deliberation is imple-
mented via meta-level plans which are plans about plans and are able to modify
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Algorithm BDI Agent
Input:
Bo; /* By are initial beliefs */
Io; /* Iy are initial intentions */
Variables:
B := By; /* B are current beliefs */
I :=Io; /* I are current intentions */
D : current desires;
7 : current plan;
begin
while true do
get next percept p;
B :=brf(B, p);
D := options(B, I);
I := filter(B, D, I);
= plan(B, I);
while not ( empty(7) or succeeded(/,B) or impossible(7,B) ) do
« := head(7);
execute(a);
7= tail(r);
get next percept p;
B := brf(B, p);
if reconsider(/,B) then
D := options(B, I);
I .= filter(B, D, I);
end-if
if not sound(n,/,B) then
= plan(B, I);
end-if
end-while
end-while
end;

Fig. 2. BDI Agent Algorithm

an agent’s intention structures at runtime (e.g. the reconsider(/,B) function).
The BDI algorithm may also use a plan soundness function (sound(n,/,B)) to
evaluate whether 7 is a sound plan for achieving current intentions (I) given
current beliefs (B). Simpler methods of deliberation are to use wutilities for op-
tions which are scoring mechanisms (i.e. numerical values) so that the agent can
choose the option with the best score.

2.3 Motivation Based Architectures

Motivations have been modeled in deliberative schemes to represent an agent’s
basic needs and desires. In deliberative motivation based schemes, associated
with each motivation is a numeric measure of strength or motivational value.
Motivations may also assist in modeling the context of an agent, this is due to
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the fact that the state of an agent’s environment is an essential driver in its plan-
generation capabilities. What is contextual depends upon an agent’s sensors,
actuators, size, internal states and so on. The context of an autonomous planning
agent is captured partly by representing and reasoning about the motivations
of the agent and is important in several ways: it constrains the desires that the
agent can generate, it enables the agent to prioritize its goals and to perform
plan selection ﬂﬂ]

Cognitive Overload. A traditional deliberative (e.g. BDI based) agent can
generate goals on the fly in response to a changing domain but there are resource
constraint issues once a multiplicity of goals have been generated. Computing if
a propositional planning instance has solutions is a PSPACE-complete problem
which may be reduced to an NP-complete once severe restrictions are placed on
the operators and the formulas used [27].

With this in mind, an agent may be physically able of achieving all its goals
given ample time but there are restrictions as to the amount of processing time
that can be given to planning, goal management and other deliberative tasks.
The agent will become overloaded by such tasks and they will exclude all other
activity. This is known as cognitive overload and a possible solution is to fo-
cus agent attention on a number of relevant goals so that cognitive overload is
avoided ﬂﬁ]

As shown in Fig. ] filtering can be used to reduce the amount of reasoning
that the resource constrained BDI agent has to perform. In the IRMA approach
@], options are filtered on the basis of how similar they are to current intentions.
Two component filters are described: a compatibility filter and an override filter
operating in parallel. The compatibility filter passes options that are compatible
with the agents current intentions, and the override filter passes options that
may be incompatible but are sufficiently relevant to allow consideration.

Unfortunately, the filtering mechanisms previously mentioned may not be very
successful in reducing cognitive overload because as time goes by a number of
valid alternatives may be generated which are all compatible with the agent’s
current intentions. Also if the override filter is too sensitive to alternative options,
the agent will tend to be easily distracted from its present intentions. But, if it
is too insensitive to other options, the agent will behave in a too single minded
fashion. The options that pass these filters are considered a deliberative process
and, if selected, are added to the agents intention structure. As the size of the
intention structure gets larger, the computational requirements of scheduling,
improving and evaluating these intentions may also cause cognitive overload [23].

Using motives is an alternative that has been investigated in BDI based agents.
Motives may be used to observe the environment and the internal state of the
agent and ensure that a particular interest is served according to the specified
motives. Specific goals are thus generated which have the potential of supporting
this interest. Hence motives cause an agent to act and have no other purpose.
The generation of goals may involve making decisions on what goals to generate
and under what conditions they should be acted on ﬂﬁ]
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Fig. 3. Deliberative motivated agent architecture

In typical schemes the numeric value associated with a motivation (e.g. in-
tensity) will vary M] with changing external or internal environmental circum-
stances. The changes represent the driving force that directs action to satisfy the
motivation. For example, in a vehicle driving agent the motivational value asso-
ciated with parking safety would be very low if not zero if the vehicle is moving
at a high speed but would increase when the vehicle is stopped or moving very
slow (in case it might be getting ready to park).

Deliberative Motivated Agents. In the deliberative motivated agent ap-
proach (Fig. B ]7 a motive is a mapping from the current beliefs of the agent
about the state of its domain to a, possibly empty, list of motivated goals (mgoal).
Such an agent will have two functions: goal generation and goal activation both
of which have the capacity to generate motivated goals in response to detected
changes in its current beliefs:

motive : p(belief) — p(mgoal). (11)

In this approach, the motivation value associated with a goal changes over
time as the agent’s beliefs change and reflects the current relevance of that goal
to the agent:

mgoal = (motivation, goal). (12)

This type of agent is driven, not by a conjunction of top level goals (like BDI
or IRMA based agents), but by a number of motives that can generate motivated
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goals in response to detected environment or domain changes. This is referred to
as goal generation, motivated goals that are generated are added to the agents
list of motivated goals.

generation : p(motive) x p(belief) — p(mgoal). (13)

The second main function of a motivated agent is the activation of goals. Only
if a goal is active will the agent act on that goal. A goal will be activated if:

— the intensity of the motivation to acting on the goal is sufficient to exceed a
threshold, and
— the agent decides that it is relevant to act on the goal now.

Triggering of goals occurs when the intensity of the motivation associated with
a goal exceeds a threshold. Thresholds are derived from the state of the planner
and are manipulated to control the triggering of goals. Typically, if a threshold
is high, goals will be less likely to trigger, and less likely to be considered for
actiation.

triggering : p(mgoal) x g(belief) x p(threshold) — p(goal). (14)

If a goal triggers, it is considered by the considergoal deliberative process,
and if it is selected then it is added to the agents focus of planning attention.
This process checks the conditions under which the goal was generated. If these
conditions still hold and the goal should still be acted on then it is passed on to
the planner.

considergoal : p(goal) x p(belief) — p(goal). (15)

So, the activation process acts as a two-stage filter where only goals with an
associated motivation that exceeds the threshold and are still considered relevant
for action will pass.

activation : p(mgoal) x p(belief) x p(threshold) — p(goal). (16)

Only activated goals will influence the planning processes of the agent. If the
level of the threshold depends on the load on the agents planning processes, the
goals that are active should be small in number so that the planner is not over-
loaded and restricted to the goals that the agent is most motivated to achieve.
Once activated, a goal is added to the set of goals which constitutes that agents
focus of planning attention. The function of the planner is then to direct action
in the pursuit of these active goals. However, its specific capabilities are not
prescribed by the architecture ﬂﬁ]

If the motivation of one goal is greater than that of another then the agent will
act on the former rather than the latter. Consider a warehouse agent that has
two mgoals, one is to prepare an order in a few hours time and another to remove
some old inventory from an area in the warehouse. Cleaning the warehouse is
less important than preparing the order, but it is more relevant for the agent to
clean the room now than to prepare the order for a client that will not arrive
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for several hours. So, the motivation to clean the area will be greater than the
motivation to prepare the order.

In the motivated agent architecture, goals are filtered on the basis of their
importance, temporal relevance and the current load on the cognitive resources
of the agent, and so the feedback from the planner is some measure of its load.
In generating a value for a motivation it is important to find a balance between
the influence of subjective importance versus temporal relevance. Otherwise, the
agent will tend to act in one of two undesirable ways: considering nothing but
the most important goals regardless of when these goals are to be achieved or
if the temporal relevance of the goal has too great an influence on motivation
intensity, the agent will consider only its most urgent goals regardless of their
importance [23].

The process of selecting between alternative goals (e.g. considergoal) is not
combined with the process of selecting between possible refinements of adopted
goals (i.e intentions). If the motivation associated with a particular goal which
depends on both the importance and temporal relevance of the goal exceeds the
current level of a threshold, the goal is considered for activation. These thresholds
depend on measures of the load on the agents computational resources and the
activation of goals is limited by the computational resources available.

The motivated deliberative agent architecture uses external mechanisms by
which goals are generated (e.g. alarms) and presented as options for adoption.
A system of alarms and associated guidelines could trigger goals automatically
and cause the intensity of motivations to vary (generally to increase but also
could be mitigated) in time [23)].

2.4 Behavior Based Architectures

Behavior based systems were first introduced in the realm of robotics (e.g. sub-
sumption architecture), but these concepts ﬂa, ] have extended into general
agent based systems ﬂﬂ] Behavior based (i.e. reactive) agent architectures in gen-
eral do not use world models, representative or symbolic knowledge and there is
a tight coupling between sensing and action. This design philosophy promotes
the idea that agent based systems should be inexpensive, robust to sensor and
other noise, uncalibrated and without complex computers and communication
systems.

Two key concepts of behavior based robotic systems (e.g. subsumption) that
can be extended into agents are situatedness and embodiment. Situatedness
refers to the ability of an agent to sense and readily react to its current sur-
rounding without the use of abstract representations (i.e. maps, symbolic repre-
sentations) and embodiment means that the agent(s) (e.g. robot, control system,
web search engine, etc) should experience the world directly. Behavior based
learning systems may typically include softcomputing based methods such as
reinforcement learning, neural networks, genetic algorithms, fuzzy systems, case
and memory based learning and others ﬁ, 1, ]

Planning actions based on complex internal world representations in not seen
as something beneficial because of its inherent error and associated temporal
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costs. In general, a purely reactive agent (Ag, ) will produce a response out of all
possible responses (R) based on current stimulus (S) which can be represented
by the following map:

Agr: B(S) — R (17)

Each individual stimulus or percept s; (where s; € S) is a tuple consisting of
a particular type or perceptual class (p) and a strength value A:

si= (P, A) (18)

The agent (Ag,) chooses a current response (r;) out of the set of possible
responses available (R) whenever A is greater than a threshold 7:

R:{Tl,’f‘z,...}. (].9)

mapping stimuli into responses can be discrete or continuous

Behavior Function. The behavior functions 3; (where 3; € N? responsible for
]

— Discrete: the stimulus produces a response out of an enumerable set of choices
(e.g. go-straight, turn-right, turn-left). R consists of a bounded set of re-
sponses to stimuli S as specified by §. Typical discrete behavior function
implementations may include: fuzzy rules, production rules, subsumption
encoded rules using the Behavior Language ﬂ@] and others (e.g. neural net-
works). There is no general restriction that precludes other methods as long
as they produce bounded discrete outputs to stimuli.

— Continuous: the stimulus produces a response that is continuous over the
range R. Continuous response allow an infinite space of responses to its
stimuli, a common technique is the potential field method ﬂa]

Several methods are available for representing behavior based systems ﬂﬂ, ]
These include: stimulus-response (SR) diagrams, functional notation and finite
state acceptor (FSA) diagrams. SR diagrams provide one of the most intuitive
means of representing behavior based robotic systems. As can be seen in Fig. [4]
a stimulus-response (SR) diagram is a mapping between a stimulus, a behavior
and a response.

Behavior Layering and Coordination. Behavior based systems tend to be
developed in an incremental manner in which multiple behavior functions are

layered on top of one another in an iterative process and without changing pre-
vious layers. In behavior based systems layering is done in a different dimension

Stimulus Response

Fig. 4. SR diagram



258 T.V. Arredondo

L]

(a)

Fig. 5. Layering models (a) vertical (b) horizontal

than what traditionally had been pursued in the AI community, the conven-
tional layering model being vertical (Fig. and the behavior based model
being horizontal (Fig. [5(b)).

Layered behavior based systems require a mediation mechanism (i.e. a coor-
dinator) that produces an appropriate overall output for the agent at any point
in time given current stimuli (Fig. B]). There are competitive and cooperative
types of coordination mechanisms for behavior based systems. In competitive
methods when conflicts arise as a result of two or more behaviors being active,
the coordinator typically will select a winner take all response in which the win-
ning response is chosen to be executed by the robot. This can take the form of
strict hierarchical methods through the use of suppression of lower layers (e.g.
subsumption) E], action-selection methods which arbitrarily select the output
of a single layer based on activation levels determined by the agent’s goals and
current stimulus, and voting based methods in which behaviors generate votes
and the action with the most votes is chosen. Cooperative methods require that
behaviors be fused or somehow added, this could take the form of vector sum-
mation based on individual behavior gains (similar to how a neural network
aggregates it’s inputs) but in general requires an output representation that is
amenable to such fusion [5].

Mediator Issue in Horizontally Layered Systems. One advantage of hor-
izontally layered architectures is their apparent simplicity as well as their in-
herent parallelism. In many behavior based architectures (e.g. subsumption)
higher layers may manage lower layer outputs by inhibiting or suppressing them

\ ] These parallel layers could also act more independently but as previously
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Fig. 6. SR diagram showing layered behaviors with a coordinator

mentioned, this approach requires a mediator to ensure consistency of behavior
and also to determine which layer is in charge of the system (i.e. producing the
output). As indicated in [1]:

If there are n layers in the architecture and each layer is capable of
suggesting m possible actions, then this means that there are m™ such
interactions to be considered.

The value of m™ interactions is the upper limit in terms of the number of
interactions or possible actions that a horizontal layered agent system would have
to consider. If a mediator was to consider each possible action in turn in order
to pick the best one it simply would shift all deliberation from the n horizontal
layers to a single layer (the mediator). This is another form of cognitive overload
as this approach is clearly not practical since problems requiring exponential
time are impossible to solve in constrained systems except for small values of n.

One possible way to get around this problem is to utilize a less granular par-
titioning of the possible action space. For example, this could take the form of a
much smaller deliberation which selects one of the m layers to take control of the
system based on a number of internal and external variables (e.g. significant en-
vironment, system state and sensor inputs). While this may seem like a less than
optimal approach, it is a typical compromise found in softcomputing based meth-
ods which do not in general try to find the best possible solution to intractable
problems but by using inexact methods try to find useful solutions ﬂ_’ITlL @}

3 Fuzzy Logic in Agent Behavioral Control

Behavior based agents implicitly demand embodiment and a tight interaction
with the environment [E] Due to this, we have focused our method on robotic
applications as a natural means of physical agent evaluation but clearly there
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are multiple other possible applications of fuzzy logic based agents in regard to
intelligent systems , , , @}

Fuzzy logic systems produce actions using a set of fuzzy rules and variables,
these variables are referred to as linguistic variables and indicate a degree of
membership of the variable to a particular fuzzy set. The degree of membership
(between 0 and 1) is defined by a membership function which maps a crisp in-
put to a fuzzy output (fuzzifier). Typically, fuzzy logic control systems consist
of: fuzzifier, fuzzy rule base, fuzzy inference engine, and a defuzzifier. In many
applications fuzzy logic provides a more natural interface with a large tolerance
for imprecision that gives greater flexibility, a reduced processing cost than tra-
ditional logic and which may be tuned to provide useful results in a variety of
applications , @]

Fuzzy logic has been used widely in various behavior based agent applications
such as robotic behavioral fusion. Flakey and Marge are two examples of robots
that used fuzzy based implementations to blend different behaviors for things
such as collision avoidance, goal seeking, docking, and wall following ﬂE, |E] As
can be expected with the exponential growth in the fuzzy rule base, these systems
had issues with scalability which they attempted to manage by: a reduction of
input spaces and using contexts with a limited world model ﬂﬁ}, or by using
independent distributed fuzzy agents and weighted vector summation via fuzzy
multiplexers for producing the final command signals for its drive and steer
mechanism [13].

More recently other fuzzy logic strategies have been used in mobile robotics in-
cluding: neuro-fuzzy controllers for behavior design (based on direction, distance
and steering) ﬂﬂ], fuzzy based modular motion planning ], fuzzy integration
of groups of behaviors ﬂﬁ], multiple fuzzy agents used in behavior fusion ﬂﬁ],
G A based neuro fuzzy reinforcement learning agents used in training a walk-
ing robot NE}, behavior based fuzzy logic integration for robotic navigation in
challenging terrain @] and motivations as fuzzy fitness functions for robotic
behaviors ia]

4 Fuzzy Motivations for Behavior Based Agent Learning

As indicated previously, different motivations are key drivers in helping to pro-
duce a variety of behaviors which have a high degree of benefit (or fitness) for
the organism. Our approach is a behavior-based extension of goal autonomous
motivation based agents in which motivations drive the planning of agents and
their corresponding actions ﬂﬁ] In this behavior-based extension, motivations
are not used to reduce the search space of behaviors as is the case with the delib-
erative motivation implementations but rather to provide a scoring mechanism
so that the agent(s) responsible for said behaviors can improve over time. As a
behavior based extension of the deliberative method, this method does not use
a separate goal activation system and associated triggers or guidelines. Towards
evaluating the feasibility of this approach we implement and test fuzzy moti-
vations in behavior based mobile robotics. The benefit of this approach versus
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Fig. 7. Motivation Implementation Overview

traditional behavior based implementations is that user expectations of agent
behavior are are mapped to a motivation profile which can then be compared
to the agent’s behavior. Traditional behavior based agents focus specifically on
the agent and the behaviors that are required in order for him to complete his
tasks but without a tweaking mechanism that the end-user can manipulate in a
simple and intuitive fashion.

4.1 Motivation Implementation

In our behavior based motivation implementation ﬂa], we use motivation settings
in order to determine the Takagi-Sugeno-Kang (TSK) based fuzzy fitness of an
agent’s behavior in various environments (Fig. [f]). The motivation set (M) that
we consider in this implementation includes: curiosity, homing, orientation, and
energy (the opposite of laziness).

In our sample implementation we utilized a feed-forward neural network as
the agent in order to map stimuli S to responses R with its outputs discretized
by using Action-based Environmental Modeling (AEM). The choice for this was
based on the simplicity of having a single neural network providing the 8 map-
ping function as this choice did not require a coordination mechanism. The lack
of a behavior coordinator provided simpler implementation and more obvious
exposure to the effects of fuzzy fitness (and motivations) on agent behavior.

In this implementation, the following general steps are considered:

— Select N motivations: the user selects the motivation values (i.e. my, ..., my)
that are to be used by the fuzzy fitness calculation (i.e. the motivations that
help determine the best agent out of the population of agents).

— Select one environment: the user selects one environment out of many in
order to train the agent.

— GA generates population: a genetic algorithm generates a population of dif-
ferent behavior based agents.

— Agent performs actions: each agent of the population performs actions in
the environment in turn.



262 T.V. Arredondo

very ) ) very
| Jow low medium  high  pigh

w(x)

0 0.25 0.5 0.75 1
T

Fig. 8. Fuzzy membership functions

— Based on actions compute N fitness values: based on each agent’s behaviors
a set of IV fitness values is generated.

— Compute fuzzy fitness F': fuzzy fitness is calculated based on the motivations
and fitness values.

— GA Ends: The optimization ends when the number of maximum iterations
of the GA is reached. The best agent out of the population is kept as the
final solution.

Other possible alternatives to the implementation presented include: using other
types of fuzzy logic such as Mamdani and using a different discrete agent im-
plementation (8 mapping function) such as fuzzy rules, production rules, neuro-
fuzzy, or subsumption encoded rules.

Fuzzy Fitness. In order to determine a fuzzy fitness score for a particular
behavior we use a TSK fuzzy logic model, TSK fuzzy logic does not require
deffuzification as each rule has a crisp output that is aggregated as a weighted
average ] We have used triangular fuzzy functions toward determining robotic
fitness. The membership functions used for each of the four motivations used in
our experiments are shown in Fig. Bl As shown in Fig. @ four fuzzy variables
with five membership functions each are used (5* = 625 different fuzzy rules)
and for the coefficient array C' we used an increasing linear function ﬂa]

The motivation set (M) considered includes: homing (m;y), curiosity (msz),
energy (ms), and orientation (m4). These motivations are used as input settings
(between 0 and 1) prior to running each experiment.

The set of fitness criteria and the fuzzy variables that correspond to them
are: proper action termination and escape from original neighborhood area (f1),
amount of area explored (f2), percent of battery usage (f3) and environment
recognition (f4). The values for these criteria are normalized (range from 0 to
1) and are calculated after the robot completes each run:

— fi1: a normalized final distance to home.
— fo: percentage area explored relative to the optimum.
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Algorithm FuzzyFitness
Input:
N : number of fuzzy motivations;
M : number of membership functions per motivation;
X|[N]: array of motivation values preset;
Y[N]: array of fitness values;
C[N] : array of coefficients;
u[N][M] : matrix of membership values for each motivation;
Variables:
wln] : the weight for each fuzzy rule being evaluated;
fln] : the estimated fitness;

n, o, T1,...,TN : integers;
Output:
I : the fuzzy fitness value calculated;
begin
n:=1;
for each z1,x2,...,zn := 1 step 1 until M do
begin
win) := min{u[La], pl2lfwa, ..., 1N fox ]}
fln] = SN, XY [iICLe):
n:=n+1;
end;
Fi= (DI w1/ (S wli));
end;

Fig. 9. Fuzzy Fitness Algorithm

— f3: estimated percent total energy consumption considering all steps taken.

— fa: binary value determined by having the robot establish which room he is
in (output node from a previously trained SOM network) versus the correct
one.

During training, a run environment (room) is selected and the G'A initial popu-
lation is randomly initialized. After this, each individual in the population per-
forms its task (navigation and optionally environment recognition) and a set of
fitness values corresponding to the performed task are obtained. Finally, robotic
fuzzy fitness is calculated using the fitness criteria information obtained and the
different motivations at the time of exploration.

Action-based Environmental Modeling. Action-based environmental mod-
eling (AEM) also follows the less is more philosophy of behavior based systems
by using a small set of set actions which are combined to produce complex be-
haviors. AEM based robots use this small action set (e.g. go straight, turn left,
turn right, turn around) in order to perform a sequence of actions based on
sensed states in a specific environment. Only local sensors are used in order to
navigate and perform environment recognition in various scenarios (rooms). The
search space of suitable behaviors is huge and designing suitable behaviors by
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Fig. 10. Fuzzy fitness and AEM implementation

hand is very difficult therefore Yamada @] has used a genetic algorithm within
a Khepera simulator to find suitable behaviors for AEM.

In the training phase of the AEM procedure and for each room of the set of
rooms being recognized the robot executes an action sequence which is converted
into an environment vector. These vectors are repeatedly fed into a SOM @]
network in order for the neural network to learn without supervision which is the
output node (r-node) that corresponds to each room. The environment vector
used for each room and the winning output node is also stored as a room instance.
The next step is a test phase in which the robot executes an action sequence in
one of the rooms previously used and the r-node for the test room is determined
using the previously trained SOM network. The robot then determines which
room used during training has the minimum distance to the current test room
by using 1-Nearest Neighbor with Euclidean distance HE]

Fig. shows how fuzzy fitness, GA and AEM are used toward training an
agent.

As seen in Fig.[I] to implement AEM, we select a highly fit agent (correspond-
ing to the neural network in Fig.[I) and make him navigate in all environments
(rooms). This navigation produces actions which are saved as action sequences.
These action sequences are converted using chain coding into an environment
vector @] These vectors are fed into the SOM network for unsupervised learn-
ing. After learning the SOM network associates a vector with one of its output
nodes (r-nodes).

Implementation Environment. We used the simulator YAKS (Yet Another
Khepera Simulator) for our agent implementation. YAKS is a simple open source
behavior based simulator ﬂﬁ] that uses neural networks and genetic algorithms
in order to provide a navigation environment for a Khepera robot. Sensor inputs
are directly provided into a multilayer neural network in order to drive left
and right wheel motors. A simple genetic algorithm is used with 200 members,
200 generations, mutation of 1%, and elite reproduction. Random noise (6%) is
injected into motor actions and sensors to improve realism. The GA provides



Fuzzy Motivations in Behavior Based Agents 265

N

Environment

Action vector (1:P)

sequence
—

Fig.11. AEM Overview

a mechanism for updating neural network weights used by each robot in the
population that is being optimized ﬂa]

For our implementation of SOM we select an input of 400 actions (steps) and
a linear output layer of 128 nodes. The actions are obtained by converting each
motor command (Motor L and Motor R) which is a real value between 0 and 1
into an action (left 30°, right 30°, turn 180°, go straight).

After training SOM we evaluate it by using the same robot and at random
select a room for him to navigate in. The SOM network is evaluated by the
ability of the robot to recognize which room (neural output node or r-node) it
navigates in.

5 Experimental Evaluation

In order to evaluate motivation based behavior learning we performed several
experiments. These experiments included: navigation, environment recognition,
and the effects of various motivations on robot behavior. All these experiments
were also a test of whether the motivation based interface could aid end-user
understanding of agent behavior. As previously mentioned, the motivation set
(M) considered included: homing (my), curiosity (msz), energy (mgs), and orien-
tation (my). The set of fitness criteria and the fuzzy variables were: proper action
termination and escape from original neighborhood area (f1), amount of area
explored (f2), percent of battery usage (f3) and environment recognition ( fs) ﬂa]

5.1 Scenario 1: Navigation

In this scenario, the agent was trained and then made to navigate in each of
five rooms in order. The rooms have the following shapes: H, T, L, Square and
Rectangle. In order to contrast the effect of curiosity we selected two sets of
motivation criteria, the first motivation criterion was (0.1,0.8,0.1,0) and the
second was (0.3,0.5,0.2,0). We stopped each experiment after 400 steps. As
seen in the examples of Fig.[[2 during the simulations performed average fuzzy
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Fig. 13. Navigation with M as (0.1,0.8,0.1,0)

fitness in the first generation was 0.1 and gradually increased. Figs. and [I4]
show representative results of navigation by various robots.

By changing the different motivation factors the characteristics of robot nav-
igation were changed. With lower curiosity and higher homing the robot con-
served its battery (battery usage was around 50%) and the robot managed to
explore only around 50% of the region. With higher curiosity the agent explored
more and used a higher amount of battery but it did not return home very
often. Agent learning was very rapid in both cases and in general by the 10"
generation good solutions were found to the navigation problem.
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Fig. 14. Navigation with M as (0.3,0.5,0.2,0)

Table 1. Navigation and Environment Recognition M as (0.1,0.8,0.1,0)

Room shape Fuzzy Fitness % of Optimal Exploration % Recognition

H 0.6421 93.84 80.00

T 0.6686 91.77 100.00

L 0.6507 97.04 100.00
Square 0.6699 99.88 100.00
Rectangle 0.6377 95.29 100.00

5.2 Scenario 2: Environment Recognition

The agent was trained and then made to navigate and recognize in the same
five rooms as the previous scenario. For comparison we selected two sets of
fuzzy motivation criteria (M), the first criterion used was (0.1,0.8,0.1,0) and
the second was (0.3,0.5,0.2,0). We stopped each experiment after 400 steps.

The procedure was repeated 10 times for each room. The threshold for -
node recognition was set at 10 nearest neighbor nodes in the SOM output layer.
Environment recognition is the % recognition of which room the agent actually
visited. Tables [l and 2] show our results.

Different motivation factors affected the capacity of the robot to recognize its
environment. With lower curiosity the robot managed to recognize its environ-
ment much less than with higher curiosity values. With higher curiosity (ms),
the environment vector generated was more representative of the room shape
which would explain this result.
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Table 2. Navigation and Environment Recognition with M as (0.3,0.5,0.2,0)

Room shape Fuzzy fitness % of Optimal Exploration % Recognition

H 0.2465 54.66 20.00

T 0.2694 57.84 0.00

L 0.2707 57.93 0.00
Square 0.3274 80.63 100.00
Rectangle 0.267 57.70 0.00

5.3 Scenario 3: Behavioral Effects

For this experiment, in order to see the behavioral effects of a variety of motiva-
tions, we used four sets of motivations. In order to have an objective comparison,
indicated score values are a weighted combination (according to M) of the ob-
tained behavior fitnesses {f1, f2, f3, f4}-

Training consisted of consecutively training the population in three different
randomly selected rooms (based on our own office layouts) r, —r.. The population
was trained for 30 generations in each of the three rooms in order. During testing
the best individual of the 90 generations was tested in six rooms r, — 7.

Ten complete runs were performed of each experiment (each run consisting
of one training and 10 test executions) and average values are reported in our
results.

Table 3. Exp. 2: Behaviors for M as (0,1,0,0).

Room Score Homing % Exploration % Battery usage

re 092 044 91.48 79.18
r, 093  0.67 92.92 79.32
re 091 0.56 91.23 79.60
rq 092 048 91.82 78.73
re 0.92  0.49 91.68 79.14
ry 0.89 048 88.82 79.47
Avg. 091 0.52 91.33 79.24

Table 4. Exp. 2: Behaviors for M as (0.45,0.55,0,0).

Room Score Homing % Exploration % Battery usage

re 0.86 091 82.50 80.13
089  0.93 85.03 81.49
re 0.89 0.95 84.28 81.31
rq 0.86 0.92 81.50 81.46
re 090 0.93 86.75 81.44
ry 087 094 80.94 81.30

Avg. 0.88 0.93 83.50 81.19
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Table 5. Exp. 2: Summary of Behaviors for (M) as (0.25,0.5,0.25,0).

Room Score Homing % Exploration % Battery usage

ro 0.83 0.83 84.85 79.49
r, 088 0.96 88.14 80.88
re 0.88 0.94 87.65 81.41
rq 0.85 0.86 85.92 80.67
re 085 0.83 88.08 81.14
ry  0.86 091 84.94 81.42
Avg. 0.86 0.89 86.60 80.84

Table 6. Exp. 2: Behaviors for (M) as (0.09,0.41, 0.09, 0.41).

Room Score Homing % Exploration % Battery usage % Recognition

re 0.86 043 81.38 80.44 100
r,  0.50  0.68 88.26 80.77 0
re 048 0.61 85.20 80.75 0
rq 0.63 0.46 76.52 75.59 50
re 0.90 0.62 87.22 80.89 100
ry 046 0.57 82.08 80.39 0
Avg. 0.64 0.56 83.44 79.81 41.67

In tables [3] - [@ we show the results of the testing phase after applying the
respective training method specified for these experiments.

Greater diversity in the specified motivations seem to cause lower average
score values. This could be attributed to the many conflicting requirements of
these different motivations upon a constrained agent brain (i.e. neural network).
Even though obtained fitness was generally lower with more diverse motiva-
tions, the obtained behaviors demonstrated very good capability (e.g. room ex-
ploration, battery usage, etc) and were in close agreement with the specified
motivations. In our experiments, environment recognition (e.g. SOM) was gen-
erally successful in determining the robots location.

6 Conclusions

This method was shown as an effective mechanism for generating a variety of
agent behaviors within a framework that is simple and intuitive to understand.
Using motivations in the context of behavior based systems seems to have been
validated by our experimental results. As seen by our results, motivations provide
a mechanism by which to set testable end-user expectations of behavior based
agents. There is a large potential area of applications as these lessons would
apply to both physical (e.g. robots) and non physical implementations (e.g. web
and video game agents).

Clearly there is a benefit in having intuitive agent interfaces so that end-users
can configure and understand (at a very basic level) what their agent is doing. No
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one wants an agent that has to be told exactly how to act, but we would also like
an agent that roughly behaves in an expected manner. This is a delicate balance
and the user should have a means of managing it. If these behaviors were to not
match end-user expectations then there would be a need for root cause analysis
(as with any such situation) but the linkage (or lack thereof) between observed
behaviors fitnesses and previously set motivations could provide some clues. In
this case, the fuzzy logic rules could be changed in order to make behaviors better
match user specified motivations or the user could simply tweak his choice of
motivations.

In our experiments, behavior based agents rapidly learned behaviors that
fulfilled required tasks but failed to improve their objective scores when a more
complex set of motivations was given. This is probably caused by limits on
the inference engine being used vis-d-vis problem complexity and is an area of
potential further research.

This method should be extensible into multiple-agent systems by giving agents
different roles (e.g. mapper, reactive navigator, strategic planner/navigator) in
the overall system. As in any hybrid (i.e. deliberative and behavior based) sys-
tem, representation/reasoning issues would have to be carefully considered in
order to deliver a good implementation.

Future work includes the integration of other motivations such as urgency for
completing specific missions, integration into multiple-agent systems (MAS), the
construction of a robot specifically designed to test this method, using a variable
set of motivations (e.g. personality profiles), and possible real-time extensions
to this method.
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Abstract. This paper presents a method intended for designing op-
timal and safe control for nonlinear dynamical processes. The sought
control signal results from elementary control strategies induced by dif-
ferent agents implementing their (partial) task of minimizing a common
control cost measure (index). The issue of designing optimal control is
therefore treated as a decision process, where the decisions are made
in particular regions of the state space of the dynamical process under
consideration. The regions thus constitute local decision spaces being
searched by a group of agents in a multistage searching procedure. At
each stage, every agent can increment its cost index only by a limited
value. This guarantees that at the end of each stage all the agents rep-
resent control strategies which are cost equivalent (approximately). The
algorithm starts off by generating an initial population of agents (each
for one of the previously defined elementary control strategies). Each
of these agents realizes a different kind of possible elementary control
strategies, which determine predefined agent behaviors. When an agent
reaches one of the decision regions, it generates a new/local population
of the seeking/hunting agents (they are, again, of different kinds of the
elementary control strategies). After getting explored, such a decision
region turns to a forbidden zone for all agents but those belonging to
the newly created population. In such a way the successive populations
of the agents allow to complete the path to a prearranged destination
point in a competitive way. The first agent which reaches the destination
area in the state space determines an optimal solution in the sense of the
above assumptions.

1 Introduction

The notion of 'agent system’ refers, in general, to an algorithmic architecture in
which autonomous entities (referred to as agents) observe and act upon an envi-
ronment and directs towards achieving goals [1I2]. The agents are popular in the
fields of telecommunication, computer science, crowd simulation, etc. Different
forms of multi-agent systems can also be applied in control theory problems. In
particular, such techniques can be found in team-oriented formations of robots [4]
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and fault-tolerant strategies of keeping robotic formations [3]. The idea which
stands behind the presented method slightly differs from the general definition
of the multi-agent system. While, for instance, in [34] the authors consider a
group of agents which search through the state space, in our approach both the
interaction and ’intelligence’ of the agents are very limited. The agent realizes
a prescribed control strategy without acting upon the environment, which in
our case will be represented by a known distribution of the autonomous dynam-
ics of the process under consideration. The mechanism of interacting between
agents is reduced to consecutively excluding some neighborhoods of certain de-
cision points from the further exploration process. Nevertheless, the parallel and
distributed type of processing is still utilized in the proposed search procedure.

The principal aim of this paper is thus to present a method for designing tra-
jectories of the system operational points (and the corresponding control signals)
using an ’intelligent’ sub-strategy agent-based approach. The operational point
trajectory sought is a simple combined sequence of the control signals being
the elements of a set ¢ which represent predefined elementary (partial) control
strategies. The agent encapsulates all the necessary quantities needed to describe
the partial control strategy, along with control cost. The algorithm starts off by
locating some N,, agents at a given initial point of the state-space (each for one of
the previously defined elementary control strategies). The searching procedure is
divided into N stages (where N is not a predefined fixed value but results from
the course of the searching process). At each stage, every agent can increment its
own cost index only by a certain fixed value. This guarantees that at the end of
each stage all the agents present the control strategies which are treated as cost-
equivalent. There are N, decision points defined in the state-space. If an agent
is the first to visit a defined neighborhood of a given decision point, it becomes
a predecessor for a new local population by generating its agents, one for each
elementary control strategy. These new agents memorize the control strategy
of their predecessor, along with its control cost value. The decision point being
visited is marked as inactive. An inactive decision point and its neighborhood
become a forbidden zone for all agents but those belonging to the newly created
population (which means that the agents are forbidden from entering it). This
rule makes allowances for controlling the size of the agent population. When one
of the agents enters the defined terminal region, the search procedure stops. This
agent and the history of the control strategies of its predecessors represent the
sought solution.

2 Formal Description

This section comprises a terminology, definitions and a raw algorithm description
along with all the rules necessary for an implementation.

Let us start the general problem formulation by defining the autonomous and
forced components of the dynamics of a given process. Let us assume that the
function which describes the process dynamics has the following form:
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X(t) = £(x(t), u(t)) (1)

and belongs to the class

f: RN x RV — RN= (2)
Definition 1. Consider the following decomposition of {d) into two parts:
X =X, + Xy = £,(x) + f,(x, 1) (3)

where £,(x,0) = 0. With the above let us introduce the following nomenclature:
X, = f,(x) represents the autonomous dynamics,

X, = f,(x,u) portrays the forced dynamics,

Xz, Xy are their two corresponding state contributors.

Definition 2. The sequence E(u) of consecutive states of a given dynamical
system for a feasible control input u is said to be the system’s trajectory, or
the tragectory of operational points in the state space of the system.

Definition 3. A bounded subset P of the state-space in the form of a hypercube
in RN+, which is taken into account while seeking an optimal trajectory, is said
to be the operational workspace.

Definition 4. A subset Z of P which is prohibited for operational points is
referred to as the forbidden zone. This means that the sought optimal trajectory
cannot enter it.

Definition 5. Let A be the set of all trajectories: E € A C P. Any real function
of the class A — R' can be considered as a cost function J(E(u)) of these
trajectories.

Definition 6. Let = C A be the subset of all possible trajectories which start at
a given point xo and terminate at xi. We say that a trajectory E* is optimal
if it satisfies the following conditions:

VeezJ(E) > J(E7) (4)
Vxemx € P\ Z (5)

Definition 7. Any function which describes feasible control as a function of the
operational point in the state-space can be assumed an elementary control
strategy.

u(t) = fu(x) (6)
In a complete set U of N, elementary strategies:
U={fu,....fun,} (7)

each elementary strategy fu; is identified by its index i =1...N,.
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Definition 8. A combined control strategy spanned on a time interval (to, ty)
1s composed as a sequence of N, elementary control strategies taken from the
set U:

U<t07 tk) = {fUil (tO; tl)a fuiz (tla t2)7 ) fuik (tkflv tk)} (8)

where 41,19, ...,1 € {1,2,..., Nc}.

Definition 9. The deciston point and its neighborhood, determined in the
state space of a given process, defines a region where one agent (the first reaching
it) is permitted to generate a new (local) population of agents. Once visited, such
a region becomes a forbidden zone for all agents but those belonging to the newly
created population.

Definition 10. The agent is a representation of an elementary control strategy.
Each agent is characterized by the following quantities:

— the realized elementary control strategy

— the coordinates (x) of the operational point, which is subject to the elemen-
tary control strategy being realized

— the control cost index

— the history of the elementary control strategies (previously) utilized by the
agent’s predecessors.

2.1 Algorithm Description

The optimization problem to be solved shall be stated according to the following
points:

— the description of the process dynamics in the form of the function x =
f(x,u) (we assume that initial conditions and the control trajectory define
unambiguously the trajectory of the process states),

— the operational subspace P subject to the search process,

— the initial and the terminal points (or regions) of the sough trajectory in the
state space,

— the set U of the elementary control strategies (components of the sought
control),

— the forbidden zones Z (optional),

— the cost function,

— the value A,,4.J by which, each of the agents can increment its own cost
index at a single stage.

The proposed algorithm can be described as follows:

— Initialization. The algorithm starts off by locating N, agents in the initial
point of the trajectory in the process state space. Each of the N, agents
realizes a unique control strategy (from the set U).
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— Search procedure. The search procedure is divided into Ny stages. At each
stage, every agent implements its own control strategy (defined by a respec-
tive function from the set ). Agents (with their operational points) entering
forbidden zones are removed. The stage ends if none of the agents can fur-
ther perform its own control strategy. An agent cannot perform its control
strategy (i.e. disappears) if, at least, one of the following conditions is met:

e the agent’s operational point get out of the operational subspace P,
e the agent’s operational point enters the forbidden zone,
e the agent enters the neighborhood of one of the allowable decision points
and generates a new (local) population.
The above search procedure ends if all the agents disappear (die out), or if
one of them enters the pre-defined terminal region.

— Reconstruction of the sought trajectory. If one of the agents enters the ter-
minal region, reconstruction of the sought trajectory takes place. The agents
store the information about their predecessor control strategies. Based on
these data the sought control signal trajectory is compiled.

3 Examples
Consider the system described by the following equations:

P 4”;4'2 + uy for z; € (—1.5,-0.5)
7Y =z 4wy for zp € (—oo, —1.5) U (—0.5, +00)

9)

iy — { Sin(;lxl) + ug for 7 € (—1.5,-0.5)
—x1 + 23 + 0.429 — 2229 + Uy for x5 € (—00, —1.5) U (—0.5, +00)
Assume that the operational workspace P is represented by a rectangle de-
fined by the two vertex pairs :{(—2, —2), (2,2)}. The corresponding autonomous
dynamics map is presented in Fig. [l In the following problems we consider the
task of finding the optimal operational-point trajectory. Let us assume that the
set of elementary control strategies has the following form:

U1 = Umazx, U2 = 0}7

f.1(x,u) =
fu2(X7 ll) - [Ul = Umaz, U2 = _umaw]a
fus(x,u) = [u1 =0, U2 = —Umaz],
fu4(x7 Ll) - [ul = —Umazx, U2 = _umax]a
U= fus(x,u) = [u1 = —Umag, uz = 0], (10)
qu(X7 ll) - [Ul = —Umazx, U2 = umaz];
fu7(X7 ll) = [u1 =0, Ug = Umaz]a
qu(X7 ll) - [Ul = Umaz, U2 = umaz];
fuo(x,u) = [u; =0, ug = 0]

where U;,q: = 10.0 is the largest absolute value of the control signal.
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Fig. 1. Autonomous dynamics map.

The cost criterion is given in the following form:

T Ne
HEW) = [ (3 o) (1)

where T is a transition time interval resulting from the applied optimal control
procedure.

The set of the decision points takes shape of a regular grid of the size 0.4 x 0.4.
The neighborhood around each of the decision points forms a rectangle region
of the size 0.3 x 0.3.
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Computed optimal trajectory for Problem 1.
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280 7. Kowalczuk and K.E. Olinski

Fig. 4. Optimal operational-point trajectory for Problem 3.

3.1 Problem 1

The initial point is xg = (—2,2) and the terminal zone is described by xp =
(z1 > 1.5, 29 > 1.5). For this exemplary problem the final control cost index has
been J; = 2.738, and the corresponding sought trajectory is depicted in Fig. Bl

3.2 Problem 2

The initial and terminal points are the same as in Problem 1. There is a forbidden
zone given in the form of arectangle defined by the vertices (0.5,—0.5), (—1.5,—1.5).
In this case the control cost indicator has been J; = 3.4, and the optimal solution
is depicted in Fig.[3l

3.3 Problem 3

The initial point is x9 = (2,—2) and the terminal zone is described by xp =
(1 < —0.5,x2 > 1.5). This time, the control cost indicator has been J3 = 3.782,
and the resulting optimal trajectory is shown in Fig. @l

3.4 Problem 4

The initial and terminal points are the same as in Problem 3. There is a forbidden
zone in the shape of a rectangle defined by the vertices (0.5,0.5), (1.5,1.5). The
control cost for this example has been Jy = 3.79, while the results of optimization
are illustrated in Fig.
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3.5 Problem 5

The last example is an extension of Problem 4. There is an additional forbidden
zone represented by the rectangle of the vertices (—1.5,—1.5),(0.5,0.5).

4 Summary

This paper presents an intelligent sub-strategy agent-based approach to opti-
mization, in which the search for the optimal solution is performed simultane-
ously by a group of agents. A compilation of the partial solutions delivered by
the agents, which results in shifting the operational point from the initial to the
designed terminal point, forms the final solution being sought.

The effectiveness of the presented method in the case of a high order dynamical
processes can as well turn out to be unsatisfactory. The worst scenario in terms of
a total number of the agents present in the operational state space can be easily
calculated. The resulting trajectory (if exists) represents a sub-optimal solution,
what refers to the fact that the set of control strategies with the control cost
varying by A,,..J are treated as ’cost equivalent’ during a single stage of the
search process.

In further research steps one can consider sensitivity of this approach to the set
specification of the elementary control strategies and to the applied arrangement
of the decision points in the state space. Other developments in this area can
deliberate more sophisticated agent behaviors and interacting mechanisms.
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Abstract. This chapter first presents an extensive review of the current state of
art in knowledge management and ontologies. Next, we propose a methodology
for modeling and building an ontology-based system for knowledge manage-
ment in the domain of Neuropediatric Physiotherapy and its application to sup-
porting learning. This area of Physiotherapy includes diagnosis, treatment and
evaluation of patients with neurological injuries. The domain knowledge in
Physiotherapy is, by nature, complex, ambiguous and non-standardized. In this
work knowledge was elicited from domain experts and complemented with
information from reference textbooks. The acquired knowledge was represented
as an ontology. The formal procedures allowed the development of a knowl-
edge-base for further use in an educational tool. The completeness and consis-
tency of formal model was verified. Overall, the main contribution of the work
are a domain ontology based on consensus vocabulary for an important area of
health sciences, and the possibility of using it as a tool for supporting the learn-
ing of undergraduate students. In particular, the application of the ontology for
learning in Physiotherapy is of great importance, since it includes multimedia
resources as well as active learning concepts, together with traditional instruc-
tional methods.

Keywords: ontology, knowledge management, neuropediatric physiotherapy,
learning.

1 Introduction

Similarly to Medicine, Physiotherapy also has different areas of specialization. One of
them is the Neuropediatric Physiotherapy that includes diagnosis, technical proce-
dures and continuous evaluation of patients that have motor or postural diseases due
to lesions in the central nervous system [1].

There are many reference publications focusing all aspects of diagnosis and clinical
treatment in Neuropediatric Physiotherapy. However, not all physiotherapists have
extensive knowledge of such domain [1].

Recent developments of information technology and the widespread availability of
the internet have lead to huge amounts of data in all segments of human knowledge,
including those related with health sciences [2]. Physiotherapy in general, and, more
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specifically, Neuropediatric Physiotherapy, is a domain where knowledge is subjec-
tive by nature and concepts are poorly systematisized. This has been the main draw-
back for creating a consensus vocabulary and, consequently, sharing and reuse of
data, information and knowledge. Efforts towards this issue would allow efficient
management of technical knowledge in this area, by organizing, validating, maintain-
ing and spreading the available expert knowledge. As side effect, both teaching and
learning could be enhanced, by introducing formalized concepts and vocabulary.

Modeling and developing a formal structure for representing knowledge in the do-
main of Neuropediatric Physiotherapy can be of great interest and an important con-
tribution not only for Physiotherapy, but also, for other health-related areas. Such
areas are frequently characterized by subjectiveness and the use of non-standardized
information. Therefore, they could benefit from the use of knowledge management
methodologies.

An ontology is a formal description of a given knowledge domain based on con-
cepts and relationships. Recent literature has demonstrated that such approach is an
efficient way to structure knowledge in many areas. This is the formal approach used
in this work, which methodology can be extended to other similar areas.

Besides the importance of ontologies for knowledge management, we will show
that a developed ontology can be also useful for the teaching-learning process in the
related area. Ontologies are frequently used for the development of consensus vo-
cabulary. However, the use of ontologies for learning is poorly explored, especially in
the health-related areas.

The objectives of this work are: (1) apply formal procedures for knowledge man-
agement in the specific domain of Neuropediatric Physiotherapy; (2) develop a reus-
able and extensible ontology for representing knowledge in that domain; (3) propose a
methodology for using the developed ontology as an educational tool in Neuropedi-
atric Physiotherapy.

2 Knowledge Acquisition and Representation

In the Artificial Intelligence (Al) area, the word “knowledge” means the information
that a computer program needs to solve problems in such a way considered intelli-
gent [3].

Knowledge is made up of data and information [4] Data are raw, isolated facts.
Information is a set of organized facts. The term information is defined in a more
generic sense as knowledge obtained from investigation, study, or instruction. Finally,
knowledge is information within a context [5]. Knowledge leverages experience and
interpretation to make sense out of information and data. In other words, knowledge is
a set (information) of facts (data) and relationships (context) used or needed to obtain
insight or to solve a problem [6].

Knowledge can be of two types: explicit and tacit (or implicit) [7]. Explicit knowl-
edge is the one that is available in concrete media (such as books or CD-ROMs) and
can be easily shared among people. The tacit knowledge refers to the individual
knowledge that aggregates the experience and intuition of each one. Tacit knowledge
is implied or understood from the context without being actually stated. It is accepted
that people knows much more than they can speak about or transmit [8]. Therefore,
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the knowledge acquisition process from a given expert domain may be quite difficult,
if tacit knowledge is wanted to acquire.

Overall, the knowledge acquisition and representations can be considered as a lin-
ear and hierarchical progression, in which data are converted into information, and
information is converted into knowledge [4].

2.1 Knowledge Acquisition

The Knowledge Acquisition (KA) process includes elicitation, transformation and
transfer of information from a knowledge source to a computer program. The objec-
tive of KA is to obtain specialized knowledge from an expert to solve problems [9].

The KA process is usually divided into two stages: initial analysis, when it is de-
cided which knowledge is necessary; and knowledge elicitation and interpretation,
when the knowledge itself is acquired from the expert [3].

The main potential knowledge sources are the human experts. Also, other sources
of explicit knowledge are considered as complimentary, such as textbooks,
data bases, experimental reports, as well the personal experience of the knowledge
engineer [10].

There are several techniques for KA, such as text analysis, behavioral analysis,
analysis of scenarios and interviews.

In the text analysis, knowledge is extracted by means of a careful analysis of text-
books accepted as reference in the corresponding area. This is an indirect way by
which the knowledge engineer tries to assimilate knowledge from the expert (who
wrote the textbook). This method has the advantage of being possible without the
need of a human expert. However, this is also its main drawback, since the direct
contact with the expert is much more efficient for explaining terminology and clarify-
ing possible doubts.

Behavioral analysis is a technique that consists in a systematic observation of the
tasks that an expert executes during his/her professional activity. The observer, al-
though passive most time, is allowed to interrupt the expert requesting further expla-
nations of specific points not understood. Obviously, questioning has to be done with
parsimony so as to avoid excessive disturbance.

In the analysis of scenarios, the knowledge engineer submits selected cases (tasks),
either real or hypothetic, to the expert and observes their resolution. The selection of
cases should be based on the premise that they reflect relevant problems that cover a
considerable portion of the domain, as well as problems that include different levels
of uncertainty. This technique emphasizes the case-based reasoning, where a solution
of the problem is based on the adaptation of a known solution for a similar problem.

Interview is an interactive activity between the knowledge engineer and expert. It
is based on an answer-reply strategy and, usually, several sessions are necessary ac-
cording to the depth and complexity of the knowledge to be elicited. Interviews can
be directed, structured and semi-structured, as follows:

e A direct interview is similar to a habitual conversation in which the expert
talks with the knowledge engineer about specific subjects of his/her domain.
The interview usually follows a predefined agenda, focusing selected topics of
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the domain. Such agenda is previously sent to the expert to allow the familiari-
zation with the subjects. The main objective of the interview is to acquire a
broad overview of the area of expertise as well as the tasks involved.

The semi-structured interview is similar to a questioning. The information re-
quired is more specific and at a deeper level than that focused in the directed
interview. The objective here is to acquire a better understanding of the issues
involved in the solution of a given problem. The strategy is to divide the most
general tasks into subtasks. The order of questioning is changeable so as to al-
low the knowledge engineer to adopt a terminology according to the progress
of the interview and the appropriation of knowledge. This kind of interview
combines open and closed questions.

Structured interviews have some characteristics that make them useful in KA.
They require a careful previous planning of the questions to be done and the
order of questioning, besides the actions expected from the knowledge engi-
neer. This kind of interview should take place after the interviewer has already
acquired enough knowledge about the domain, so as to explore specific issues.
The interview is based on closed questions, previously elaborated with the ob-
jective of extracting information that was missing in previous semi-structured
interviews.

There are many obstacles to be considered during the KA process, for instance: ex-
perts have extensive and specialized knowledge, usually tacit (that is, they are not
aware of all they know, but use such knowledge to solve problems); frequently, ex-
perts are very busy and difficult to approach; due to the level of specialization, experts
do not know everything about the domain. Consequently, to achieve success in the
KA process, it is necessary to devise ways to circumvent the obstacles previously
mentioned.

To illustrate in a general sense the KA process, it is presented an example proposed
by Milton [11]. This method starts with a simple approach and then proceeds with
more elaborated techniques, as follows:

The first step is to conduct an initial interview with the expert, aiming at es-
tablishing the objectives and the scope of the knowledge to be acquired.
Also, it is important to make clear how and for what purposes the knowledge
will be used. Establishing a communication channel with the expert, allows
the basic terminology of the area to be acquired, as well as facilitate further
approaches. This interview (as well as all remaining ones) should be re-
corded to preserve information.

Next, the initial interview should be transcribed and the resulting document
analyzed. From this analysis, a hierarchy of concepts about the knowledge is
constructed, thus obtaining a general overview of the domain. The hierarchy
can be further used for producing a set of questions about the main topics of
the domain, as well as serving as guide for the KA process.

In the third step, a semi-structured interview with the expert is conducted, us-
ing the questions previously planned. The objective here is to enhance struc-
ture and improve focus.
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e The expected result of the previous step is a documented protocol with the
main concepts of the domain, their attributes, typical and limit values, rela-
tionships and explicit rules.

e In the fifth step it is suggested the representation of the knowledge acquired
to date using appropriate analytical models (rules, diagrams, hypertexts and
others).

e Based on the previous models, a questionnaire is elaborated for a structured
interview, so as to complement and extend the information modeled.

The steps described above should be repeated until the formal model generated
meets the expectations of both expert and knowledge engineer. After finishing the KA
process with an expert, it is desirable to validate the knowledge with other experts,
who may require changes. In this stage, the knowledge engineer must to have a strat-
egy for managing possible conflicts.

2.2 Knowledge Representation

One of the main concerns of Al researchers is how to represent knowledge. The
question is how to capture, in a formal language suitable for being processed by a
computer, knowledge in its full extension, so as to enable its use to simulate intelli-
gent behavior [9].

Therefore, Knowledge Representation — KR, is the method used by the knowledge
engineer to model expert knowledge in a given domain. The representation should be
efficient enough for using by a computer, thus, it may include a combination of data
structures and interpretative procedures. KR is always related with the ways by which
humans express information. Although there is much research towards the develop-
ment of general languages and systems for KR, still different types of knowledge
require different representation methods.

Sowa [3] points that KR is the application of logics in the task of constructing
computational models in a given domain. Frequently, KR is referred as “knowledge
representation and reasoning” because KR formalisms are useless without the possi-
bility of reasoning and inference with them.

KR is closely related to the KA process. Actually, as the knowledge engineer con-
ducts the KA process he/she has to record the acquired knowledge using formalism
and so, KR takes place. This is the way by which real-world facts and events, human
convictions and expertise are computationally modeled and used [10].

Amongst the many methods for KR proposed in the literature, possibly the most
frequently used are logics, rules, semantic nets and frames [9]. Fig. 1 shows the meth-
ods for knowledge representation.

e Logics: the logical representations are based on Mathematics and Philoso-
phy, trying to characterize the principles of correct reasoning. It concerns
about the development of formal representation languages with consistent
and complete deduction inference rules (deduction).

e Rules: production rules consist of propositions, usually in the form “IF A
THEN C”. The antecedent (A) is a logical conjunction of conditions, and the
consequent (C) is a given class. The conditions of the antecedent are z-uplets
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Knowledge Representation

Semantic Nets

Fig. 1. Main methods for Knowledge Representation

Rules

in the form <A; Op V;>, where A, is the i-th attribute, Op is a relational
operator, and Vj; is the j-th possible value of the corresponding i-th attribute.
The combination of several conditions in the antecedent is accomplished by
means of the logical operators. The consequent of the rule consists of a sim-
ple condition in the form <M; = V>, where M, is one of the possible target
attributes and Vj; is the same as above.

e Semantic nets: represents knowledge explicitly as a graph, where vertices
correspond to facts or concepts and edges correspond to relationships or as-
sociations between concepts.

e Frames: are data structures that group elements into classes, subclasses,
down to instances. Each frame is composed by slots that contain features and
properties of a class or instance. Frames connect each other to build a com-
pete idea.

Therefore, a knowledge base can be defined as a mapping between objects and re-
lationships of a given domain, and the computational objects and structures within a
computer program. Results of inferences in the knowledge base should correspond to
results of actions or observations of real-world facts. The objects, the relationships
and the inferences are all mediated by the knowledge representation language.

3 Knowledge Management

Knowledge Management (KM) includes the procedures for creating, maintaining,
applying, sharing and updating of knowledge, aiming at to increase the organizational
performance and aggregate value to the established knowledge [12]. According to
Keeling [13], the main objective of KM is to use the experience and comprehension
of people in an organized way so as to enrich the intellectual property. A more sig-
nificant definition of KM is an innovative practice that allows collaboration and
communication between knowledge developers of the same or different domains [5].
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Smith and Farquhar [14] summarize KM as a procedure that improves the organiza-
tional performance, because allows capture, sharing and application of the collective
knowledge to take correct decisions. To accomplish this, organizational knowledge has
to be constantly updated and reviewed.

KM, in its basic form, exists since long ago, and can be identified in many profes-
sions and areas, such as, philosophy, religion, education, and politics. However, the
concept of KM, as a subject or specific branch of knowledge, has developed only
from a decade ago. KM has become more technical and formal as the necessity and
value of knowledge has increased in large organizations, to be competitive with the
growing technological advancements.

3.1 Knowledge Life Cycle

According to the Merriam-Webster dictionary [15], life cycle is a series of stages by
which something (such as individual, a culture or a manufactured product) undergoes
during its lifetime. Many researchers describe the life cycle of knowledge. For in-
stance, Birkinshaw and Sheehan [16] described four stages: creation, mobilization,
diffusion and commoditization. Staab et al [17] described the knowledge life cycle as
a circular process that includes: creation and/or importation, capture, access and use.
Also, Bhatt [18] described a cycle composed by four stages: creation, revision, distri-
bution and adoption. However, independently of the terms describing the life cycle of
knowledge, attention should be paid to each stage of Knowledge Management, other-
wise, knowledge can become invalid, outdated and unreliable.

3.2 Knowledge Management in Healthcare

The widespread use of informatics in health areas has fostered the need for informa-
tion systems, diagnosis support systems, and teaching/learning support systems. Con-
sequently, an underlying problem that emerges is the acquisition, representation and
management of knowledge in such systems [13]. Knowledge Management (KM), in
particular, is essential for supporting and improving the efficiency of health profes-
sionals in their daily activities [7].

Davenport and Glaser [19] report that KM helps health professionals to avoid er-
rors, to learn with other colleague’s experience, and to access updated and specialized
information, when necessary. There are, also, other circumstances that contribute to
popularize KM in this area: the health professional can give support to the system so
as to create, extend or improve the knowledge-base and, more importantly, he/she still
will have control over the situation, being the only responsible for the final decision
about a diagnosis or treatment.

During decades, health professionals have seen the exponential growth of knowl-
edge in their areas of expertise, and the growing difficulty in accessing, manipulating
and sharing information. Nowadays, the access to information is essential to provide a
satisfactory clinical and therapeutic support to patients. It is a matter of fact that, in
the near future, health professionals will need complimentary education to deal with
the ubiquitous information technology and manage knowledge in the respective area
[20]. Information technology is a critical issue that establishes a clear division be-
tween past and future for health professionals and the way they manage patients.
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4 Ontologies

Several data structures can be used for organizing and formalizing knowledge, as
mentioned before. Recently, an emerging approach that has drawn the attention of
researchers is the ontologies. Based on a set of concepts and their relationships, an
ontology establishes concisely a formal descriptions of a given knowledge domain.

The origin of the word “ontology” relies in the Philosophy, and was introduced by
Aristotle. In this context, philosophers try to answer the questions: “What is a being?”
and “What are the common characteristics of all beings?”” [21]. More recently, both
the Al and KM communities have adopted this term to express concepts that can be
used to describe a given area of knowledge or, else, to construct a representation of it.

A frequently used definition of ontology is provided by Gruber [22], who asserts
that it is a formal and explicit specification of a conceptualization. Such definition
requests further explanation of the meaning of words used [23]:

e  Conceptualization is referred to an abstract model of a given phenomenon
that identifies relevant concepts of such phenomenon;

e  Explicit means that the type of concepts used and the limitations of their use
must be clearly defined;

e Formal indicates that the ontology must be capable of being processed by a
machine.

In fact, the literature about ontologies presents several different definitions, some
of them are complimentary each other. Fig. 2 shows an schema with the main compo-
nents of an ontology.

For instance, Guarino [24] presents a extensive discussion about the meaning of
the term within the scope of Computer Science, as follows:

e In Al an ontology is a theory about which entities can exist in the mind of a
knowledge agent [25];

e From the point of view of a knowledge about a particular task or a domain,
an ontology describes a taxonomy of concepts that define the semantic inter-
pretation of the knowledge [26];

e Ontologies are consensus about shared conceptualizations. Shared reflects
the notion that the ontology captures consensual knowledge. That is, this
knowledge should not be restricted to a few number of individuals but, in-
stead, accepted by a group of experts in the domain of the ontology [27];

e An ontology is an explicit, but partial conceptualization, a logic theory that
restricts models into a logic language [28];

e An ontology is an explicit and partial specification of a conceptualization
that is expressible, from the meta-level point of view, in a set of possible
domain theories, with the objective of modular design, redesign and reuse of
intensive knowledge [29];

e Ontology is an explicit specification of knowledge level of a conceptualiza-
tion, which can be affected by a particular domain or task, for which it has
been created [30].
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Concepts

Relationships

Ontology Functions

Axioms

Instances

Fig. 2. Main components of an ontology

Another complimentary definition of ontology is proposed by Gémez-Pérez [31]
who includes information about its structure: an ontology is a set of hierarchically
ordered terms aimed at describing a domain that can be used as skeleton for a knowl-
edge base. According to such description, an ontology groups a set of terms organized
with a hierarchy or associated taxonomy. An important detail of this description is to
present one of the main utilities of an ontology, which is to serve as the starting point
of a knowledge base.

This definition makes an important distinction between ontology and knowledge
base. Ontology creates the structure over which it is possible to construct a knowledge
base. It provides a set of concepts and terms to describe knowledge in a given
domain. On the other hand, the knowledge base uses those terms and concepts to
describe a given reality. If this reality is modified, the knowledge base will be modi-
fied as well to reflect it, but, even so, the ontology remains unchanged, provided the
domain is the same.

In general, there are some important benefits in using ontologies, as follows. On-
tologies can provide a common vocabulary for representing knowledge among a
group of professionals, thus decreasing ambiguities and interpretation errors. By using
ontologies a formal representation of knowledge can be constructed, thus allowing
information sharing. Differently from natural language, where words are subject to
contextual semantics, ontologies offer an exact description of knowledge. Finally, the
same conceptualization represented in an ontology can be expressed in several differ-
ent languages and its reuse may extend a generic ontology to be suitable for specific
domains.
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4.1 Structure and Classification of Ontologies

According to G6émes-Pérez [31] and Maedche [21], ontologies are structured over
several components:

e A set of concepts (also known as classes) and a hierarchy among concepts,
that is, a taxonomy. A simple example of taxonomy is the concept of “man”
being a sub-concept of “people”;

e A set of relationships between concepts. An example of relationship between
concepts “people” and “car” is “the owner of”;

e A set of functions (also known as properties). A function is a special case of
relationship in which a set of elements has a unique relationship with another
element. An example of function is “to be parent”, where the concepts
“man” and “woman” are related to another concept “people”;

e A set of axioms, that is, rules that are always valid. An example of axiom is
the assertion “every people has a mother”;

e A set of instances, or specialization of concepts. Gémez-Pérez [31] considers
instances as part of the ontology, in opposition to the definition proposed by
Maedche [21], where instances belong to the knowledge base.

There are several classifications of ontologies, provided by different authors.
Mizoguchi, Vanwelkenhuysen and Ikeda [32] classify ontologies according to the
function: domain ontologies, task ontologies and general ontologies. Uschold and
Gruninger [33] classify ontologies according to their degree of formalism: highly
informal, semi-formal and rigorously formal ontologies. Jasper and Uschold [34]
classify ontologies according to their application: neutral authorship, as specification
and common access to information. Haav and Lubi [35] classify ontologies according
to the structure: high-level, domain, and task ontologies. Van-Heijist, Schreiber &
Wielinga [30] classify ontologies according to their contents: terminological, informa-
tion-based, knowledge modeling, application, domain, generic and representation
ontologies.

Guarino [36], on the other hand, classifies ontologies in a simple and intuitive way,
according to their level of generality, therefore having some overlapping with other
previously mentioned classifications:

e High-level ontologies: they describe general concepts, such as space, time,
event, and other. These concepts are usually independent of a given problem
or domain;

e Domain ontologies: they describe a particular vocabulary related to a given
domain, and can be a specialization of a high-level ontology;

e Task ontologies: they describe the vocabulary for a given task or generic ac-
tivity;

e Application ontologies: they are more specific and particularize concepts
from both the domain and the task ontologies.

In general, the high-level ontologies are those that have the largest capacity of re-
use, and application ontologies, the smallest one. This is because high-level ontolo-
gies define generic concepts, and application ontologies define concepts regarding a
specific application.
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4.2 Applicability of Ontologies

Currently, there are many areas in which ontologies have been successfully applied,
for instance: knowledge management, electronic commerce, natural language process-
ing, web information retrieval, education, and other.

There are KM-related projects that include acquisition, representation, maintenance
and access to knowledge within the scope of an organization. Ontologies can help to
provide the basic structure over which enterprise knowledge bases are constructed.

In projects related to electronic commerce, it is possible to develop automated
transaction systems. They require a formal description of products, beyond syntactic
exchange formats. An ontology can provide a common description and understanding
of terms, thus allowing interoperability and ways to accomplish an intelligent integra-
tion of information [21].

In natural language processing, domain knowledge is essential for a coherent
comprehension of the text. Ontologies can play an important role for elucidating the
ambiguities inherent to text interpretation, and to establish a dictionary of concepts
within the text domain.

Due to the exponential expansion of the information available in the internet, much
attention has been given to web information retrieval (or semantic web). The search
engines available are not able to improve search and obtain precise results without
discovering the precise meaning of the web pages searched. To circumvent this prob-
lem, Tim Berners-Lee [37] proposed the semantic web that includes semantics to
the web pages by using three technologies: Extensible Markup Language (XML),
Resource Description Framework (RDF), and ontologies. Basically, the role of on-
tologies is to provide a semantic structure in the annotations of web pages.

Ontologies are essential for the development of knowledge-based systems. Every
knowledge-based model is, explicitly or implicitly, committed to some kind of con-
ceptualization, which, in turn, is the basis for ontological models [38].

The most important KR projects are based on ontologies, such as CYC [39] and
TOVE [33]. Specifically in the health sciences, there are important research projects
that include ontologies and knowledge-base construction, for instance, SNOMED-CT
[40] and GO [41].

In education-related projects, ontologies can become learning environments that
describe a physical domain with rich details and standardization of terminology. Con-
sequently, the formal representation of knowledge is accomplished with educational
purposes [42].

4.3 Methodologies for the Development of Ontologies

It is important to adopt a methodology for modeling an ontology in order to avoid
jumping from the KA process directly to the implementation phase. Such procedure
may cause problems such as: difficulty or impossibility of reuse, since the ontology is
implicit in the code, and difficulty in communication, because the domain expert usu-
ally does not understand computer languages in which the ontology was implemented.

Some methodologies for the systematic development and manipulation of
ontologies are available [43]. Currently, the most widely known and cited in the
literature are:
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Methodology of Uschold and King [44]: it is based on the construction of the
Enterprise Ontology and comprehends four development stages: identification
of the purpose of the ontology, construction, evaluation and documentation.
However, this methodology does not describe in details the techniques for
executing those activities. Data for the construction of the ontology are ob-
tained by means of interviews with the domain experts, and also reusing exist-
ing ontologies;

Methodology of Griininger and Fox [45]: it is based on the experience of the
authors in developing ontologies for small enterprises. The methodology has a
formal procedure for identifying scenarios for using the ontology and includes
questioning in natural language for establishing the scope of the ontology and
for extracting the main concepts, properties, relationships and axioms. The
methodology comprehends six steps: definition of motivational scenarios
(problems demanding a new ontology and a set of possible solutions); infor-
mal definition of competencies (set of questions that require an ontology to
being answered); specification of the terminology of the domain(using first-
order logic); verification of completeness (matching of the ontology with the
competence issues previously defined). Differently from the previous method-
ology, this one provides more than general principles. After KA, at the second
step, a formal language is immediately required in the subsequent steps;
Methodology of Fernidndez, Gémez-Péres and Jurino [46]: it is also known as
Methontology and describes more deeply the steps to be followed and the arti-
facts to be generated for creating the conceptual model. It also proposes a life
cycle based on the evolution of prototypes. The development process is di-
vided in ten steps, as follows:

v Identify the tasks of the ontology and plan the use of available re-
sources;

v Specify the purpose of the development and their potential users;

v Acquire knowledge about the domain of the ontology;

v" Create a conceptual model that describes both the problem and the
solution;

v Create a formalization for transforming the conceptual model into a
formal model;

v Integrate, as far as possible, other existing ontologies to the new on-
tology;

v Implement the ontology in a formal and computable language;

v' Evaluate the ontology;

v" Document the ontology so as to facilitate its reuse and maintenance;

v

Update the ontology, whenever necessary.

Methodology of Noy and McGuiness [47]: it includes an interactive develop-
ment through successive refinements. The development process is divided into
six steps: define the domain and scope of the ontology; reuse existing ontolo-
gies; list terminology; define classes (concepts) and their hierarchy; define
the priorities of classes or concepts, create instances of the concepts within the
hierarchy;
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e  Methodology of Sure and Studer [48]: it is also known as On-To-Knowledge
Methodology and is useful for the management of knowledge in organiza-
tions. This methodology is divided into five steps: Kick-off (identification of
requirements and competence isssues); refinement (from the scratch to an ap-
plication-oriented mature ontology); evaluation (focused on the technology,
the user and the ontology); and maintenance (evolution and corrections, if
necessary).

4.4 Software Tools for Developing Ontologies

In recent years, the number of computational tools for constructing ontologies has
grown significantly. These tools aim at helping the knowledge engineer not only in
building an ontology itself, but also, in reusing knowledge. Possibly, the most rele-
vant tools available to date are [49]:

e Ontolingua Server, Ontosaurus and WebOnto: they were the first editors for
ontologies.

e Protégé, WebODE and OntoEdit: they represent a new generation of devel-
opment environments for ontologies.

e OILEd and DUET: tools especially suited for developing ontologies for se-
mantic web.

In particular, Protégé was developed by the Medical Informatics group at Stanford
University (USA) and is constantly updated. Its core is an ontology editor and has a
large library of plug-ins that adds more functionality to the environment. Currently,
there are plug-ins that allow to import/export contents in the format of ontology
languages (such as FLogic, Jess, OIL, XML and Prolog), flexible access and manipu-
lation of data bases, creation of restrictions and fusion of ontologies [38]. Besides,
Protégé is open source and has a Graphic User Interface (GUI) that allows easy access
to its resources. With Protégé it is possible to make explicit consensual knowledge,
separate the knowledge domain from the operational knowledge, and analyze the
domain at a high level [47]. All these features contribute to make Protégé an out-
standing tool for KM, widely used by knowledge engineers, facilitating the develop-
ment, sharing of structure and information, and reuse of knowledge.

5 The Use of Ontologies for Learning

Frequently, “seeing the big picture” is a key element in learning. Ontologies could
play an important role in showing the big picture of a subject, allowing students to
view knowledge in any sequence they wish and taking the time they need. Using
ontologies, students are not forced to follow the order of the instructor; they may start
at any location and follow the relationships in any order that is most beneficial to each
individual student [50].

Ontologies have been used in colleges and universities for teaching. Milam [51]
has described some uses: marketing to future students, describing academic disci-
plines, documenting data, providing metadata about learning management systems,
describing the nature of higher education enterprise, and delineating online resources.
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Wilson [52] provided a list of reasons why ontologies might be useful in a learning
environment:

1. Students are provided with advanced browsing and searching support in their
quest for relevant material on the Web. Especially where their understanding of
a topic is low, students can be directed intelligently towards resources of rele-
vance.

2. Syntactically different but semantically similar resources can more easily be lo-
cated.

3. Information can be shared across educational applications, enabling reuse.

4. Distance learners can be provided with the intelligent and personalized support.

However, ontologies have been sparsely used for learning, although in the current
applications very promising results can be observed. Examples are provided by Mac-
ris and Georgakellos [53] who developed an ontology for learning environmental
education. Also, Hausmanns [54] created an ontology for illustrating contents of dy-
namical systems. Finally, a relevant reference is Wilkinson [50], who proposed an
ontology for Physiotherapy undergraduate students learn anatomy. The work reported
here is also focused on Physiotherapy.

6 A Case Study in Neuropediatric Physiotherapy

As mentioned before, Neuropediatric Physiotherapy is an area that includes diagnosis,
treatment and evaluation of patients. Such patients, usually babies or young children,
have to be frequently evaluated by the physiotherapist in order to observe the progress
of treatment [1] [55].

When a child with neurological lesion is under diagnosis by a physiotherapist, its
motricity and movement functionality is evaluated, regarding to the normal motor
development. For instance, a normal child of 8 months old of chronological age is
expected to have also 8 months old of mofor age. On the other hand, a child affected
by a neurological lesion can have 8 months old of chronological age, but 2 months old
of motor age. This discrepancy is considered as a motor delay or abnormal condition.
Starting from this presupposition, the physiotherapist is in charge of analyzing all the
complex components of the normal motor development to be stimulated during the
treatment of the patient. The objective is to foster motor development in such a way to
make motor and chronological ages to match.

To treat children with neurological lesions, the physiotherapist must know the
normal motor development (NMD) of a child, with all its peculiarities, so as to be
able to recognize what would be abnormal. Therefore, the several steps of NMD are
used as reference in the diagnosis procedure, as well as during treatment [56].

Understanding the underlying complexity, the extension, and non-standardization
of terms in Neuropediatric Physiotherapy, it becomes clear the importance of cor-
rectly content learning and diagnosing to be able to carry out an effective treatment. It
is in this scenery where the building an ontology takes place, establishing clear and
definite concepts and relationships.
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6.1 Knowledge Acquisition Procedure

Building an ontology is a labor-intensive activity and it becomes even more complex
due to the absence of a standard vocabulary in the Neuropediatric Physiotherapy
domain.

Uschold [57] emphasizes that there is no unified methodology capable of fulfilling
all requirements for modeling any domain. In this work we followed the two steps
associated with the development of an ontology, as proposed by Zhou et al [2]: (i)
knowledge acquisition and management of the concepts between different sources of
information (management of conflicting opinions), and (ii) implementation of the
ontology itself using the represented knowledge.

The classical artificial intelligence suggests that the knowledge engineer should use
a single knowledge source (expert) [10]. However, in this work we use an ontology
for representing knowledge. The main authors in this area recommend that ontologies
should be based by a consensus of a group of experts [22] [36]. Therefore, to cope
with such contradiction, we decided to engage three expert physiotherapists. All of
them had extensive expertise in Neuropediatric Physiotherapy, including educational
(theoretical) and therapeutic (practical) experience.

Experts took part of several individual interviews. First, previously planned semi-
structured interviews were used, and then, structured interviews for deepening spe-
cific subjects. To meet the requirements of the domain, on those interviews we
adopted a six-phase questioning system proposed by LaFrance [58]:

1. Broad overview: a semi-structured interview was applied to the experts aiming
at to understand the reasoning used during both diagnosis and therapy.

2. Categories cataloguing: all the classes (concepts) and subclasses relative to the
domain were clearly defined.

3. Attribute detailing: structured interviews were carried out for analyzing how
frequent was the use of each concept for different types of diagnostic outcomes.

4. Weight determination: weighting factors for each diagnostic class and subclass
were obtained

5. Cross correlation: a consistency check was done after experts have exanimate
all the information stored necessary for creating the ontology for Neuropediatric
Physiotherapy.

Another important issue in the knowledge acquisition process is managing con-
flicts and divergence of opinions between experts. We used the methodology known
as IBIS (Issue-Based Information System) [59] to manage conflicts between experts.
This methodology helps to evolve a divergence of opinions to a convergence, thus
emerging a consensus. When the knowledge engineer comes upon a question with
different answers from the experts, he/she decides in favor of the one with better ar-
guments. That is, the answer that is better supported by approval or justification.
When two answers have justifications, one should choose the one with the large num-
ber of supporting arguments.

When finished the knowledge acquisition process with the experts, all information
collected was checked against the main textbooks in Neuropediatric Physiotherapy [1]
[55] [60].
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As result of the knowledge acquisition process, the relevant information for diag-
nosis and learning was grouped into five main classes: reflexes, reactions, movement
plans, movement patterns and motor skills. The divisions of these classes were also
defined, as well as all relationships between the classes of the ontology.

6.2 Knowledge Representation in the Ontology

Acquired knowledge was represented in a hierarchical structure of an ontology. First,
a taxonomy of terms was created with the main concepts (classes): MotorAge (corre-
sponding to the diagnosis), NormalMotorDevelopment (NMD — set of characteristics
belonging to a given diagnosis) and Patients (representing specific cases). This hier-
archy was refined by creating subclasses from derived concepts: MotorAge included
the 12 first months of life; NormalMotorDevelopment included the main components
analyzed by the physiotherapist (reflexes, reactions, movement plans, movement
patterns, motor skills and values); and Patients included some case-studies of real
patients. Subclasses of NormalMotorDevelopment were later refined.

Next, the properties pertaining to each motor age (diagnosis) were represented,
including their respective components of the NMD. An example is the property has-
Reflex that connects individuals of the Reflex class with individuals of MortorAge
class. For the full description of the domain, the definition axioms of each subclass of
MotorAge were declared, thus fulfilling the components of NMD necessary to ac-
complish the diagnosis.

The tool chosen for knowledge representation was an ontology because it allows
the formal representation of tacit knowledge (kept in mind of the experts, but not
concretely expressed) usually found in the domain area.

During the development of the ontology, two methodologies were used: Methon-
tology [46] and On-To-Knowledge Methodology [48]. To model the ontology, the
following steps of the life cycle of Methontology were done: development, managing
and support. In the development process the following activities were done: specifi-
cation, conceptualization, formalization, implementation and maintenance. In the
management process, the control and quality assurance activities were done. The
support process was done in parallel to the previous mentioned processes, accom-
plishing knowledge acquisition, evaluation (analysis of competencies issues and
coherence of the taxonomy) and documentation activities. It is important to note that
in the specification activity, the principles of On-To-Knowledge Methodology were
extensively used.

The implementation of the ontology was done using a computational tool for
editing, Protégé', version 3.3.1. This tool has extensible architecture, allows good
level of details, and its interface is user-friendly. The formal language for representa-
tion chosen was OWL-DL (Web Ontology Language — Description Logic), which is
recommended by World Wide Web Consortium (W3C). Fig. 3 shows the high-level
class hierarchy of the developed ontology.

The classes mentioned in the figure are those defined above. Notice that class
NormalMotorDevelopment includes all components of the NMD (not expanded in the

! http://protege.stanford.edu/
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Fig. 3. High-level class hierarchy.

figure) necessary for the diagnosis of the patient in each class of MotorAge. Class
Values includes the (relative) intensities of each component of the NMD.

6.3 Ontology Instantiation as a Learning Activity

The next step is the use of the ontology in the learning environment. This work ex-
plores the use of a computational tool for knowledge management for the education of
Physiotherapy undergraduate students. These students are expected to use the ontol-
ogy for developing and improving their own learning abilities. Therefore, using the
ontology for studying includes the creation of specific instances, as an active learning
process. Students use the preexisting class hierarchies to add contents to the ontology.
They are instructed by the teacher to add a given patient profile and their associated
features: reflexes, reactions, movement plans, movement patterns and motor skills.
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PhysiotherapyDiagnosis

Motorfge | W Patients

MermalMotorbevelopment

Fig. 4. SHriMP interface - arcs representing relationships

4 P hysictherapyDiagnosis §

HommalMotorD evelopment

Reflexes
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4 MovementPlans § 4 ‘MovementPatterns |

- -

Fig. 5. SHriMP interface and navigation — class hierarchy notions.

The ontology for learning is presented to the student by means of a software known
as Simple Hierarchical Multi-Perspective (SHn'MP)z. Shrimp is both an application
and a technique, designed for visualizing and exploring any information space.
SHriMP is a domain-independent visualization technique designed to enhance how
students browse, explore and understand complex knowledge-bases.

2 http://www.thechiselgroup.com/shrimp
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Fig. 6. SHriMP learning environment - edges represent domain and range between existing
classes.
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Fig. 7. SHriMP showing individuals (patients).
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SHriMP allows a visual representation of the ontology, including edges that repre-
sent the relationships between existing classes (Fig. 4, Fig. 5 and Fig. 6) and given
instances (Fig. 7). Each class and each instance are presented by a diagram shown in a
separated square. Hierarchies, in turn, are fully included in a large square. Its content
is represented by smaller squares. For instance, the generic class “patients” is repre-
sented by a large square that includes several squares concerning individual patients
(Fig. 7). When clicking in each square, the student can visualize several other useful
information, such as available subclasses, definition of concepts, and properties.

The ontology also has Uniform Resource Locators (URLs) capable of providing
additional information to be available in the Internet. Such supplementary material
can be web pages, Portable Document Format (PDF) files, video clips, pictures or
drawings. Internet pages present specific subjects about the area of study. Pictures and
drawings help to highlight anatomical points of interest or positions. Video clips
demonstrate the normal motor development as well as cases of real-world patients.

6.4 Consistency Checking

Inference mechanisms are not explicitly defined in an ontology, although it is possible
to reason about the properties of the domain represented by the ontology. Such infer-
ence mechanisms can be used to check the logical structure of the model and make
inferences about the domain. Therefore, they can be used to crosscheck the consis-
tency of the model and its generalization capability, as well as its relationships and
instantiations.

Ontologies allow the distinction between intentional knowledge (general knowl-
edge about the problem domain) and extensional knowledge (specific knowledge
about a particular problem). Typically, in an ontology-based knowledge base, the
Description Logic (DL) is composed by two components: a 7Box and an ABox [61].
The TBox contains the intentional knowledge in the form of a terminology and it
is constructed by declarations that describe general properties of concepts. The
basic form of a declaration in a TBox is a concept definition. That is, the defini-
tion of a new concept based on other previously defined.

For checking the consistency of the developed ontology, we used a tool,
named RACER (Renamed ABox and Concept Expression Reasoner Profis-
sional’), together with the other tools available in the Protégé system. RACER
implements the Tableau algorithm, with which the following checking were done
in a TBox:

e Subordination or subclassification: starting from the declared constraints in
each class, try to infer if a class is subclass of another one;

e Satisfability or concept consistence: analyze if there is some interpretation
capable of satisfying the axiom such that the concept denotes a non-empty
set in the interpretation;

e Equivalence: verify if two concepts are equivalent;

e Disjunction: determine if two disjoint concepts share the same instance;.

3 http://www.racer-systems.com/
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6.5 Results of the Case Study and Discussion

This section presents the main results and acquired experience during the develop-
ment of the ontology for the Physiotherapy domain.

In the knowledge acquisition phase, during the structured interviews with the three
domain experts, 12 questionnaires were requested to be filled in by them. These ques-
tionnaires had 49 items each, making up a total of 588 items evaluated.

It is important to note that, in Neuropediatric Physiotherapy, as well as in many
health sciences, there are different schools of though that directs the professional
practice, giving different approaches to the diagnosis problem. Due to the difference
of approaches between schools of though, it could be quite difficult to establish con-
sensual knowledge, thus making impracticable to build an ontology. As consequence
of the lack of consensus, the created knowledge base could be inconsistent, thus
making it useless for decision-support. Therefore, this work is directed towards the
most widely spread school, created by Karel and Bertha Bobath [1] [55] [60], usually
referred to as Neurodevelopment Treatment. As mentioned in section 4.1, knowledge
acquisition was carried out with three expert physiotherapists. All of them belonged
to the same school of though, thus taking more consistency and reliability to the
resulting ontology and the knowledge-base. Even so, considering the large number
of items to be evaluated by the experts, some divergences of opinions occurred. The
occurrence of conflicts was relatively low, corresponding to only 7% of the items
(that is, 41 out of 588). Such level of divergence between experts of the same school
is promptly manageable and the IBIS methodology was adequate and efficient for
this task.

Knowledge representation was carried out using Protégé. This hierarchical struc-
ture gives as result the full organization and formalization of diagnostic knowledge in
Neuropediatric Physiotherapy. The current version of the developed ontology is com-
posed by 100 classes and subclasses, 30 properties and 200 axioms. This ontology
allowed the creation of vast consensus vocabulary for the domain, including concepts
with full definitions through their relationships and axioms.

We believe that the application of the created ontology for supporting learning in
Physiotherapy is of great importance, since it includes multimedia resources as well
as active learning concepts, together with traditional instructional methods. Conse-
quently, with this complimentary and illustrated resource, the learning of students
can be more effective. Also, it promotes the approximation of health sciences with
informatics.

7 Conclusions

In this work knowledge was elicited from domain experts and complemented from
reference textbooks. Knowledge was formally represented as an ontology, using
well-defined methodological procedures, thus enabling efficient management of
knowledge during the whole process.

The formalism inherent to the methodology allowed the development of a
knowledge-base which completeness and consistency were verified. Such ontology
represents a consensus vocabulary in the domain of Neuropediatric Physiotherapy
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diagnosis, allowing knowledge reuse, sharing and maintenance, accomplishing the
Knowledge Management life cycle.

It is important to recall the integration of different artificial intelligence-based
methodologies, such as the LaFrance’s questioning technique, the IBIS methodology
for managing opinion conflicts, the Methontology and On-To-Knowledge Methodol-
ogy for developing the ontology.

The use of an ontology for structuring knowledge was helpful not only for catego-
rizing the collected information into hierarchies of concepts, but also, to comprehend
the relationships between concepts, and, mainly, allowed full definition of concepts
using axioms.

The use of this ontology for learning, by means of SHriMP, makes concepts more
clearly defined to the student. Also, it facilitates the understanding of the hierarchy of
concepts in Neuropediatric Physiotherapy, mainly the dependency relationship be-
tween them. Overall, the proposed approach gives the necessary broad view to the
students, giving them a solid starting point to deepen the study.

Overall, the main contribution of this work is establishing a complete and effective
methodology for knowledge management in the area of Neuropediatric Physiother-
apy, an area with many unstructured and non-standardized information that lacks
computational approaches for support. Also, the proposed methodology can be ex-
tended to other areas of health sciences.
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Abstract. Time series are ubiquitous in all domains of human endeavor.
They are generated, stored, and manipulated during any kind of activity.
The goal of this chapter is to introduce a novel approach to mine multi-
dimensional time-series data for causal relationships. The main feature
of the proposed system is supporting discovery of causal relations based
on automatically discovered recurring patterns in the input time series.
This is achieved by integrating a variety of data mining techniques.

The main insight of the proposed system is that causal relations can
be found more easily and robustly by analyzing meaningful events in
the time series rather than by analyzing the time series numerical values
directly. The RSST (Robust Singular Spectrum Transform) algorithm is
used to find interesting points in every time series that is further analyzed
by a constrained motif discovery algorithm (if needed) to learn basic
events of the time series. The Granger-causality test is extended and
applied to the multidimensional time-series describing the occurrences
of these basic events rather than to the raw time-series data.

The combined algorithm is evaluated using both synthetic and real
world data. The real world application is to mine records of activities dur-
ing a human-robot interaction experiment in which a human subject is
guiding a robot to navigate using free hand gesture. The results show that
the combined system can provide causality graphs representing the un-
derlying relations between the human’s actions and robot behavior that
cannot be recovered using standard causal graph learning procedures.

Keywords: Mining Time Series, Robust Singular Spectrum Transform,
Granger-Causality, Mining Causal Relations.

1 Introduction

In today’s information societies, effective knowledge management became an
important field of study. With advancements of sensing technologies, data are
now collected from various kinds of natural, industrial and other human activities
in various forms and stored in large databases. The need for discovering useful
knowledge from such huge databases was behind the recent interest of many
scholars and industrial entities in data mining.

Time series data is one of the most ubiquitous data formats that captures
activities and information. Moreover many other complex types of data formats

E. Szczerbicki & N.T. Nguyen (Eds.): Smart Infor. & Knowledge Management, SCI 260, pp. 309
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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can be converted to time series data which adds more importance for algorithms
that can discover useful knowledge in time series databases. For example Wang
et al. [I] developed an algorithm to convert shapes to time series while Inokuchi
and Washio [2] proposed a graph-edit mechanism to convert series of graphs to
multidimensional time series.

A variety of techniques have been proposed in literature to deal with mul-
tidimensional time series analysis including algorithms for efficient clustering
[3], searching [4] and discovery of recurrent patterns [5]. We can distinguish
two types of time series analysis algorithms. The first type is pattern-based al-
gorithms including motif discovery [6], motif detection, pattern search [5] and
some types of compression and discretization algorithms. These algorithms do
not deal with the whole time series but with subcomponents of it called pat-
terns, subsequences, or motifs. On the other hand there are holistic algorithms
that deal with whole time series, including regression, and clustering[3]. Most
causality inference algorithms available belong to the holistic algorithms and so
they can discover relations like smoking cause cancer. In some cases we are more
interested in discovering relations between specific patterns in the input time se-
ries rather than the relations between the time series themselves. For example we
may like to check if a specific pattern of change in oil prices causes a specific kind
of change in the stock market. Holistic approaches cannot answer this question
and they can only tell whether or not there is a causal relation between oil prices
and stock market in general. In this chapter we focus on unsupervised discovery
of causal relations between recurring patterns in multidimensional time series.
Given a set of n time series that are roughly synchronized, our goal is to first
discover the recurring patterns on these time series and then to discover causal
relations between these recurring patterns.

There are many possible industrial, engineering, and social applications of
the proposed techniques. For example behavioral data — in the form of motion
captured signals from humans during face to face interactions — can be used to
discover the effects of one partner’s verbal or nonverbal behavior patterns on the
behavior of the partner(s).

The main insight of the proposed techniques in this chapter is to base the
analysis of causality on recurring events in the input signals (time series) rather
than on the instantaneous values of these series.

The rest of this chapter is organized as follows: Section Pldetails the state of the
art in causal relation discovery from time series. Section [ gives a bird’s eye view
of the proposed technique which has two major phases described in sections @l
and Al Section [@] reports preliminary evaluation of the system on synthetic data
(section [6I]) and real world human-robot interaction data (section [62). The
paper is then concluded.

2 Related Work

Causality was — and is still — a subject of great disagreement between philoso-
phers. The study of causality can be traced back to Aristotle who defined four
types of causal relations [1]:
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1. Material Causality: This is the relation between a statue and the bronze it
is made of.

2. Formal Causality: This is the relation between the statue and its shape.

3. Efficient Causality: This is the relation between what makes to what is made
or what changes to what is changed.

4. Final Causality: This is the relation between the goal and whatever exists
(or happens) to produce this goal.

From these four types, only efficient causality has survived as causality un-
til today. In his Treatise of Human Nature (1739-1740), David Hume described
causality in terms of regular succession. For Hume, causality is a regular suc-
cession of event-types: one thing invariably following another. His famous first
definition of causality runs as follows: We may define a CAUSE to be ’An object
precedent and contiguous to another, and where all the objects resembling the
former are placed in like relations of precedence and contiguity to those objects,
that resemble the latter’.

Some philosophers support the positivistic claims that causality is a meta-
physical concept that has been replaced in science by nonmetaphysical concepts
such as functional interdependence (Mach, 1883/1960), association or correla-
tion (Pearson 1911), or functional relation (Schlick, 1932/1959). The aim of these
positivists’ efforts was to move science away from the ideas of necessary connec-
tion and determinism that they identified with their contemporaries’ ideas of
causality. On the other hand other philosophers []] take causality for granted
and even try to build mathematical models of causal inference. The only ingre-
dient that most definitions of causality agree upon is that causation involves
time. Simply causes precede effects. In fact this is the basis of the definition of
Causal Linear Systems as used in electrical engineering literature.

Some views of causation do not highlight this time asymmetry between causes
and effects explicitly even though in most cases the concept implicitly exists. For
example, some theorists have equated causality with manipulability [9]. Under
these theories, x causes y just in case one can change x in order to change y.
Even though the assumption that a cause must precede its effect is not explicit
in this case, it does exist implicitly in the definition because manipulation can
only cause changes in the future (or present if infinite effect speed is allowed)
but no manipulation can change the past values of y. Under this assumption
about manipulation — which is consistent with both common sense and physical
knowledge — the definition of causality through manipulation involves time and
assumes that causes precede effects.

Another example is the definition of causality as a counterfactual which means
that the statement ”x causes y” is equivalent to ”y would have happened if x”.
This kind of definition of causality is the basis of Pearl’s formalization of the
Structure Equation Model [I0]. In this definition also time asymmetry between
causes and effects enters the definition through the connective would have hap-
pened which assumes that x should happen in the past or at least the present
for y to happen.
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In this chapter, we will not attempt answering these centuries old questions
about the meaning of causation or its implications or even contribute in any way
to the philosophical discussions about it. Our goal in this chapter is to propose a
practical way to discover specific kinds of relations that can be treated as causal
ones by simply rejecting relations that cannot satisfy the condition causes precede
effects in time. This condition is a necessary but not a sufficient condition which
means that the proposed technique may generate output relations that are not
actually causal depending on the definition of causality used. Even though this is
not satisfying from the theoretical point of view, it is the only practical solution
given that an exact definition of causality is far from being agreed upon. The
produced relations can be filtered using a stricter sufficient condition but this
will invariably lead to rejection of authentic causal relations depending on some
definitions of causality.

Discovering relations between variables from data is a subject of great impor-
tance to science and there are two main techniques currently available.

The first approach is Rule Discovery using algorithms like DBMiner [I1]. In
this case the input is a set of n variables X;.,, and the output is a set of association
rules in the form:

Xi:mi/\Xj:a;j/\ ..... ANXp=x, =X, =1 (1)

The most frequently mentioned example is the supermarket scenario. X; (¢) is
a binary variable representing the existence of product 4 in the basket of cus-
tomer ¢ at the check-out. Determining which products customers are likely to
buy together is considered valuable for marketing applications such as mailing
or catalogue design, as well as store layout and customer segmentation. Rule
Discovery can be classified to Classification Rule Discovery which tries to find
only rules with high prediction value and Association Rule Discovery which tries
to discover all rules covering the input data set. The former is more important
for efficient decision making while the later is more useful for expanding our un-
derstanding of the domain. The strength of the discovered rule is described using
two concepts: support and confidence. Support indicates the frequency that the
association rule is true for the population being examined and can be defined as:

set (AU B
Support (A= B) = coversTXg ) (2)
where coverset (A) is the set of all records in X that satisfy A.
Confidence indicates the prediction strength of the rule and can be defined as:

. Support (AU B
Oonfidence (4 2) = Ly 3)

Examination of the definitions of Support and Confidence indicates that Rule
Discovery algorithms — in this form — do not take into account the time at which
A and B happens. Given the importance of time in the causality relation, Rule
Discovery — either classification or association — can be dismissed as a way for
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discovering underlying causality models. In fact the same supermarket example
clearly indicates that Rule Discovery algorithms do not even try to discover
causal relations. For example if we found with 100% confidence that:

NeckTie = FullSuit (4)

We can only infer that there is a hidden variable (SocialRule) that causes the
people who buy neck ties to buy full suits (e.g. because neck ties are only used
with full suits). This is exactly the kind of rule that an authentic causal relation
discovery algorithm should reject because buying a neck tie was not the cause
of buying a full suit.

To overcome this difficulty, Das, Lin and Mannila [I2] proposed an algorithm
that can discover association rules in temporal time series that have this extended
form:

AL B (5)

which means that when A happens at time step ¢, B happens at time step t+ 7.
The method is based on discretizing the sequence X (¢) by methods resembling
vector quantization. First subsequences are formed by sliding a window through
the time series, and then these subsequences are clustered using a suitable mea-
sure of time-series similarity. The discretized version of the time series is obtained
by concatenating the cluster identifiers corresponding to the subsequence. Once
the time-series is discretized, simple rule finding methods are used to obtain
rules from the sequence. Many researchers suggested improvements to the basic
algorithm provided in this work to increase its speed [13], to utilize constraints
in the search for rules [I4] and to use parallel implementations rather than serial
processing of the time series [I5]. One common problem of all of these algorithms

is that what the rule A = B actually tells us is a kind of association (this is
why it is called Association Rule Mining) but not causal relation because A and
B can still be caused by a hidden factor with different time delays T4 and T
sothat Tg — Ty =T.

The second approach to causal relation discovery can be called Bayesian
Causal Network Induction approach and this approach can overcome the limi-
tation of Rule Discovery concerning causal relation discovery. The goal of these
algorithms is to build a Directed Graph (DG) describing the causal relations
between variables. As with the Association Rule Discovery case, the input is a
set of n variables Xi.,. If Feedback (e.g. X causes Y and Y causes X) is not
supported then the graph is a DAG (Directed Acyclic Graph). There are three
categories of Bayesian Causal Network Induction algorithms that utilize different
aspects of causality to discover causal rules.

The first of these techniques can be called Causation from Perturbation Al-
gorithms under this category use some form of change or perturbation of the
generating process to distinguish causal and non-causal correlations. This tech-
nique is rooted in the work of the economist Kevin Hoover [I6] who inferred
the direction of causation among correlated economical variables (e.g. employ-
ment and money supply) by observing changes that sudden modifications of
the economy (e.g. tax reformation) induce on the statistics of these variables.
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The main assumption was that the conditional probability of an effect given
its causes should not vary due to economy modifications while the conditional
probability of a cause given its effect can vary with such modifications. Formally,
if F is an effect, C' is its cause, P, (z) is the probability distribution of = after
the disturbance/modification of the generating process, Py (z) is the probability
distribution of x before the disturbance, and ¥ (P) is some statistic of P, then:

v (Pa (E|C)) =W (B (E|C)) (6)

v (Pa (CIE)) # W (B (C|E)) (7)

This technique is usually used for confirming or rejecting specific causal mod-
els rather than discovering them from scratch. One problem of this approach is
the need for some system wide perturbation or modification but if this modi-
fication is already available it can augment available causal relation discovery
algorithms.

Tian and Pearl [I7] proposed an algorithm based on this approach and applied
it to simulated data showing that it can be superior to other techniques that rely
only on static conditions. It should be noted that fixing variables (or variable
statistics) during experimental procedures corresponds to a perturbation of the
underlying generation processes and so experimental scientific discovery can be
related to this approach.

The second Bayesian Causal Network Induction approach can be called
Causality Model Assessment. In this category of algorithms, first a set of hy-
pothesized causal structures (models) is generated by the modeler and then the
algorithm is used to find which of them has the highest fit to the data.

Structural Equation Modeling (SEM) [10] technique is an example of this
approach. In SEM, the modeler first specifies the model and specifies the exoge-
nous and endogenous variables. Exogenous variables are the variables that cause
other variables while endogenous variables are ones that are caused by other
variables. The same variable can be both an endogenous and exogenous variable
in the same model. The model is specified as a set of structure equations where
a structure equation takes the form:

E= Z a;C; + D (8)

causes

where E is an effect (endogenous variable), and C; are its causes (exogenous
variables). The coefficients a; are called structural coefficients, while D represents
unmodeled disturbance or noise in the system. Once the model is specified, its
best parameters are estimated from the data using either multiple regression
or a more sophisticated SEM specific estimation procedure like SPSS’s AMOS
program. The estimated model parameters are used to predict the correlations
or covariances between measured variables and the predicted correlations or
covariances are compared to the observed correlations or covariances. There
are many model fitting techniques that can be used including y? fitting, Root
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Mean Square Error of Approximation, Comparative Fit Index etc. The main
disadvantage of this approach is that it does not specify a way to construct
(specify) the set of models to be tested in the first place. Most scientific discovery
using the standard scientific procedure of generating hypotheses and testing
them using experiments can be considered a combination of Causality Model
Assessment and Causation By Perturbation.

The third approach to Bayesian Causal Network Induction can be called
Causality from Data. In this category, the algorithm does not require a predefined
causal model to test but it constructs its own model from the data directly. Usu-
ally more data points are required to generate robust models. Granger-causality
tests fall under this category. Granger causality [18] is a technique for determin-
ing whether one time series is useful in forecasting another.

A Ganger-Causes B (Agc — B) iff, it can be shown, usually through a
series of F-tests on lagged values of A, that those A values provide statistically
significant information about future values of B.

There are many ways in which to implement a test of Granger causality. One
particularly simple approach uses the autoregressive specification of a bivariate
vector autoregression. First we assume a particular autoregressive lag length
p, and estimate the following unrestricted equation by ordinary least squares
(OLS):

A d A d A
Ay =a +ut)+> wAt—i)+ Y BiB(t—i) 9)

i=1 i=1

Second, we estimate the following restricted equation also by OLS:

P

Aty =ex+e(t)+ > NA({t—1) (10)
i=1

We then calculate the sum of squared residuals (SSR) in both cases:

T
SSRy =5 u? (t)
1?1 (11)
SSRy = > e? (t)
i=1
We then calculate the test statistic S, as:

~ (SSRo—SSR1)/p
% = SSR/(T— 20— 1) (12)

If S, is larger than the specified critical value then reject the null hypothesis
that A does not granger cause B. The p-value in this case is 1—F), 7_2,—1 (S,). As
presented here Ganger Causality can be used to deduce causal relations between
two variables assuming a linear regression model. The test was extended to
multiple variables and nonlinear relations (using radial basis functions) [19].
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Another algorithm that falls under this category is the algorithm proposed
by Kamiri and Hamilton [20] to distinguish causal and accusal temporal rela-
tions called Temporal Investigation Method for Enregistered Record Sequences
(TIMERS). The main idea is to run time forward and backward while mining
the relations from system data. If the reversed run provides better model fit then
the relation is estimated as an accusal relation. If the best fit was in the forward
direction, this means that it is a causal relation. A relation that relates variables
at the same point of time (same time step) is called an instantaneous relation.
The authors also designed TimeSleuth software that can be used to mine causal
relations in time series data. This is the first approach that explicitly uses the
direction of time to test for causation and in this it is similar to the approach
presented in this paper. The main difference between this approach and our pro-
posed approach is in the kind of knowledge it reveals about the system. While
TIMERS only reveals the direction of causation, the proposed system discovers
the exact patterns in every time series that cause changes in other time series.

Another more ambitious example of systems that fall under this category is
the TETRAD II and III programs developed by Spirtes, Glymour and Scheines
[21]. These programs aim at automatically discovering the causal structure of
input data. The program has two inference engines PC and FCI. The choice
of the engine depends on whether the data examined is causally sufficient for
the population, that is, whether there exist unmeasured hidden or latent causal
variables outside of X that explain spurious associations between variables in
X. If data is causally sufficient, the PC algorithm is used. Otherwise, the Fast
Causal Inference (FCI) algorithm is used. Instead of logical rules, the PC and
FCT algorithms find different kinds of causal relationships between variables X;
and X; in X, graphically represented as follows:

— X; — Xj, meaning in PC that either X; causes X; or X; causes X;, but
the direction is indeterminate. In FCI it means that there is a correlation
between X; and X; but causation cannot be inferred

— X; — Xj, meaning that X; causes Xj.

— X; < Xj , indicating a common hidden cause. In this case PC cannot be
used.

— X;®o — X, indicating that common cause cannot be ruled out but cannot
be confirmed (potentially causal relation).

The resulting graph represents a set of Markov equivalent Bayes networks.
This causal inference algorithm makes strict assumptions about the data: Vari-
ables in X must satisfy the Markov Condition; i.e., variables can be organized
into a directed acyclic graph so that any variable X; in X conditioned on X;’s
parents is independent of all sets of variables that do not include X; or its de-
scendants.

The following factors affect whether or not the Markov Condition is satisfied
by data:

1. Values of one unit of the population must be independent of values in other
units of the population (e.g. i.i.d. data).
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2. Mixtures in populations that result in contradictory causal connections be-
tween two variables violate the Markov Condition.

3. Cyclical processes that reach equilibrium also violate the Markov condition.
Consider the sequence: in time t the value of X; affects the value of Xj.
Then in time t+1 the value of X; affects the value of X;. In time t+2 the
value of X; affects the value of X;. This circular relationship violates the
Markov condition. For example supply and demand variables in economics
frequently violate this condition.

4. The sample must be representative of the population.

One limitation of TETRAD is that it does not allow the user to incorporate
temporal ordering so a time series is actually treated as a list of unordered values.
Another limitation of this system is that for continuous variables it supports
only normally distributed variables. A third limitation is that it cannot allow
Feedback which will result in a cycle in the causal graph.
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Fig. 1. A taxonomy of causal relation discovery/assessment techniques

Fig. Mlshows a summary of the reviewed approaches to causal relation discov-
ery with examples of each approach. The algorithm proposed in this paper falls
under the causality from data category of causal Bayesian induction algorithms.
The main contributions of the proposed algorithm are:

— It does not search for causal relations in the instantaneous values of the
input but in the time series generated by finding interesting events in the
input. This allows the proposed approach to handle inputs that cannot be
handled using any of the reviewed algorithms. Fig. [2] shows an example of
such system.

— It combines Granger-Causality’s statistical testing with TIMERS-like re-
versed time check of causal connections

— It supports Feedback (finding causal relations when there is a cycle in the
causal graph).
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Fig. 2. Example of two variables X; and X2 where patterns in X; cause patterns in
X5. This kind of causal relation is not discoverable by any of the reviewed techniques.
The proposed algorithm can handle this kind of signals

— It can find subdimensional patterns and so does not require patterns to
appear in all dimensions of the variable. For example if one of the vari-
ables represents acceleration data from a moving object, the system can find
patterns that exist in any one, two or the three spatial dimensions even if
distractive noise exists in the other dimensions.

— It can find the response time (or dead time) between the activation of the
cause and the beginning of the effect. This value is found for every causal
relationship separately and is represented as a weight on the causal graph.

Fig. shows an example of two variables X; and X5. In this example
both X; and X, has five patterns. Activation of some pattern in X; causes
an activation of another pattern in X5. The causal graph used to generate this
data is shown in Fig. The reviewed techniques cannot discover this causal
structure because the instantaneous values of the signals are not what matter —
and they do not contain any information useful for causality discovery — but the
pattern in which these values happen.

There are many real world examples of systems that generate time series of
the form shown in X; and Xs,. For example X; could represent movements of
a robotic head while X5 represents the respiration pattern of its human partner
during a face to face interaction and we would like to know if the head motion
of the robot has some effect on the respiration pattern of the human which in
turn is correlated with the stress level of him/her. In this case the exact value
of robot head angles is not of any importance in most cases but the pattern of
movement (e.g. looking to the subject, looking to unexpected location etc) is
what can affect the respiration rate. Another example is analyzing the relation
between two frequency modulated signals to discover if one of them is causing the
other which may inform us about the internal workings of an unknown device.
A third example is analyzing the relation between a bee’s movement pattern
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and the movement patterns of other bees to determine if there is some form of
communication happening (communication entails a causal relation between the
message sent and the message received).

3 Proposed System Architecture

Fig. Blsummarizes the steps of the proposed approach to discover causal relations
in time series. The inputs to the system are a set of n synchronized time series
X1., and a parameter specifying if causality should be discovered in the instan-
taneous values of the time series or in unknown patterns inside the time series.
The algorithm proceeds in two phases. The aim of the first phase is to discover
a set of important events that are useful for discovering the underlying causal
structure using the algorithm described in section @l The second phase takes
the occurrence times of these events as input and estimates the causal structure
used to generate the original time series in the form of a weighted directed graph
(WDG) where the weights correspond to the response time/dead time between
the activation of the cause and the start of the effect. This phase is described in
section

In the remaining of this paper we use the following operational definition of
causality:

Definition: A - B — which means A causes B after T time units — if and
only if:

From Signals to Events From Events to Causal Relations
[ Read Input Time Series ]
1
Search for Dead-time between
pairsof Event Signals
Discover Change Points l
Apply Extended Granger
No Pattern
Based?
Yes
Discover Recurrent Pattern
Occurrences
Event Signals [ Output Causality Graph ]

Fig. 3. Overview of the proposed causal relation mining technique. The system pro-
ceeds in two main steps: discovering interesting events in the time series followed by
discovery of the underlying causal structure.
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1. A(t) egc — B (t+T). The condition means that A causes B based on the
extended granger causality test described in section

2. There is no variable X in the set of tested variables so that A (t) gac —
X({t+Ta)and X (t) pec — B(t+Tp) and T =Ts + T5.

4 From Signals to Events

The first phase of the proposed algorithm aims at finding interesting events in
the time series that can be utilized to reliably discover the underlying causal
structure. The input to this phase is the set of input time series X7.,, (t) as well
as a Boolean parameter (pattern-based) that takes the value FALSE if causal
relations are to be found between input dimensions 1 : n using instantaneous
values of the input (Xi.,).The output of this phase is a set of m time series
E1.n (t) where 0 < Ey.,,, (t) < 1 called event signals. The way to calculate event
signals depends on the value of pattern-based parameter.

In all cases we start by finding the change points of the input time series
(applied to every dimension of the input separately) using a Change Point Dis-
covery algorithm. The result of this step is another set of n time series X1
where 0 < X (£) < 1. Semantically X (¢) is an estimation of the amount of
change in the generating dynamics at time step t. Section ] details the change
point discovery algorithm used in this research.

If the causal relations are to be found using the instantaneous values of the
input time series (pattern-based equals FALSE); then the event signals are equal
to X1., and m is equal to n.

If the causal relations are to be found using recurring patterns in the input
time series (pattern-based equals TRUE); then the event signals are calculated
by first discovering recurring patterns in every dimension using the algorithm
described in section which also finds the time steps at which each one of
these recurring patterns begins and ends (also called motifs in this chapter).
The total number of patterns found is m and determines the number of event
signals outputted from this phase. Every event signal is then calculated using
the technique described in section Ml

4.1 Change Point Discovery

The Change Point Discovery problem can be defined as: given any n points real-
valued time series X = {x(1),2(2),...,2(n)} find another n real valued time
series X, (t) = {xs (1),25(1),....,zs (n)} where 0 < x4 (¢) < 1 and the value of
xs (t) represents the difference between x(t — p) : z(t) and x(¢) : (¢t + f) for an
appropriate difference measure D.

The research in change point (CP) discovery problem have resulted in many
techniques including CUMSUM [22], wavelet analysis [23], inflection point search
[24], autoregressive modeling [25], Discrete Cosine Transform, and Singular Spec-
trum Analysis SST [26].

Most of these methods with the exception of SST either discover a single kind
of change (e.g. CUMSUM discovers only mean shifts), require ad-hoc tuning
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for every time series (e.g. wavelet analysis), or assumes a restricted generation
process (e.g. Gaussian mixtures). The main disadvantages of SST though are
the sensitivity to noise and the need to specify five different parameters.

The main idea of SST is to use PCA to discover the degree of ’difference’
between the past and future signal pattern around every point in the time series
and use the difference as the change score for this point.

Many researchers suggested improvements to traditional SST even though
most of these suggestions targeted increasing the speed of the algorithm not its
accuracy. [27] introduced online SVD and 28] proposed Krylov Subspace Learn-
ing. [28] also proposed using the angle between the subspaces associated with
the major PCA components of the past and the future to calculate the change
score at every point. The main problem of this proposal is the assumption that
all Eigen vectors are equal in importance which can be an inaccurate assumption
if the distribution of the top Eigen values is not nearly uniform (a condition that
happens most of the time in our experience with real world time series). In this
paper we propose a different approach to utilize the information of the Eigen
values as well as the Eigen vectors for finding the change score.

The authors designed the Robust Singular Spectrum Transform (RSST) [29]
for discovering change points in time series which reduces the number of param-
eters required into two parameters rather than five and dramatically increases
the specificity of the traditional SST without decreasing its sensitivity. RSST
is linear in time and space requirements as SST and adds very small constant
increase in the processing time. Moreover speedup techniques like the use of
Krylov Subspace Learning suggested in [28] can be directly utilized with RSST.
Extensive comparisons between SST and RSST on synthetic data support the
superiority of RSST in both synthetic and real world data [29]. In this work we
use RSST for the discovery of change points in all dimensions of the input time
series. A brief explanation of the algorithm is given in section ET]

Robust Singular Spectrum Transform. The essence of the RSST transform
is to find for every point x (i) the difference between a representation of the
dynamics of the few points before it (i.e. z (i —p) : x (7)) and the few points
after it (i.e. x (i +g) : = (i + f)). This difference is normalized to have a value
between zero and one and named x (7).

The dynamics of the points before and after the current point are represented
using the Herkel matrix which is calculated as:

H(t) =[seq(t —n),...,seq(t —1)] (13)
where seq (t) = {z (t —w+1), ...,z (t)}"
Singular Value Decomposition (SVD) is then used to find the singular values
and vectors of the Herkel Matrix by solving:
HH=UmnHSHVH" (14)

where S (1 +1,i+1) < S(i,1) < (i—1,i—1).
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Algorithm 1. Robust Singular Spectrum Transform (RSST)

1: Inputs: X = {z(1),z(2),...,z (T)}.

2: parameters: w, n.

3: Outputs: X (t) — {zs (1), 2s (1), ..., 25 (T)} where 0 <z, (i) < 1fori«—1:T.
4: procedure SST > Calculates the SST Transform

5 fort —wxn:T—wxndo

6: 1. Extract past pattern:

T 1.1.m«mnand g <0

8: 1.2. Calculate Subsequences SEQ (t)

9: 1.3. Find the Herkel Matrix H (t) at point ¢ (Eq. 3]

10: 1.4. Find the SVD decomposition of H (t) by solving [I4]
11: 1.5. Estimate the optimal value for [ (t)

12: 1.6. U; (t) < first I (¢) left singular vectors

13: 2. Extract future pattern:

14: 2.1. Calculate subsequences R (t)

15: 2.2. Find the Herkel Matrix of the future G (¢) (Eq. [I6])
16: 2.3. Find the optimal value for [y (t)

17: 2.4. Find the largest I; (t) Eigen vector of G (t) (81.5 (t))
18: 3. Calculate Change Score Guess:

19: calculate s (¢) using 23]

20: end for
21: 4. Remove Noise Effect:

22: 4.1. Estimate ™" and ™%

23: fort —wxn:T—wxndo

24: 4.2. Find the average and variance of the w points subsequences before and
after point ¢

25: 4.3. Modify Z (t) using Eq.

26: end for

27: 4.4. Keep only local maximums of xs ()

28: 4.5. Normalize z (t)
29: end procedure

In RSST the value of [ (¢) is allowed to change from point to point in the time
series depending on the complexity of the signal before it. To calculate a sensible
value for [ we first sort the singular values of H (t) and find the corner of the
accumulated sum of them (I (¢)) [the point at which the tangent to the curve
has an angle of 7/4]. The singular vectors with singular values higher than this
value are assumed to be caused by the genuine dynamics of the signal while the
other directions encode the effect of noise. This dynamic setting of [ reduces the
effect of noise on the final results as will be shown in the following section.

A similar procedure is used to find the direction of largest change in the
dynamics for the future of the signal by concatenating m overlapping windows
of size w starting g points after ¢ according to:

rt+g) ={z@t+g),. .c(t+g+w—1)}" (15)

Gt)=[r(t+g),...r(t+g+m—1)] (16)
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The Eigen vector 3 (¢) corresponding to the direction of maximum change in
the future of the signal is found by solving:

G ()G ()" u? = pu? (17)

8() =uf, (18)
where m = arg max ()

To find a first guess of the change score around every point, RSST uses the
l¢ (t) Eigen vectorsof G (t) G (t)" with highest corresponding Eigen values (A1)
rather than only the first Eigen vector used in SST. The value of {f (¢) is selected
using the same algorithm for selecting I ().

Gt)G )" u? = pud (19)

ﬂi (t) = uf, 1 S lf and/\j_H S )\j S >\j—1 fOTl S] S w (20)

Each one of these [; directions are then projected onto the hyperplane defined
by Ui (t)
The projection of f; (t)s and the hyperplane defined by Uj (¢) is then found
using:
UL (t
U 8: )]

The change scores defined by (; (t)s and «; (t)s are then calculated as:

(67 (t) =

esi () =1 =i ()" Bi (¢) (22)

The first guess of the change score at the point ¢ is then calculated as the
weighted sum of these change point scores where the Eigen values of the matrix
G (t) are used as weights.

p(t)="" (23)

After applying the aforementioned steps we get a first estimate & (¢) of the
change score at every point ¢ of the time series. RSST then applies a filtering
step to attenuate the effect of noise on the final scores. The main insight of
this filter is that the reduction of SST specificity in noisy signals happens in
the sections in which noise takes over the original signal in the time series. The
response of SST at these sections can be modeled by a random walk around a high
average for uncorrelated white noise. The filter used by RSST discovers these
sections in which the average and the variance of Z (¢) remains nearly constant
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and attenuates them. The filter first calculates the average and variance of the
signal before and after each point using a subwindow of size w:

w—1

>, &(t—1)

& (t+1)
=1

w

2. . 2
> (& (t+1) = pa (1))
w—1
The guess of the change score at every point is then updated by:

B (1) = 3 () % |pta (8) — iy (O] % [/ (6) = /oy (1) (28)

where p, and o, are the mean and variance of & (¢) in a subsequence of length
w before the point ¢ while y; and o, are the mean and variance of & (¢) in a
subsequence of length w after the point ¢

RSST then keeps only the local maxima of Z (¢) and normalizes the resulting
time series by dividing with its maximum. This normalized signal x () represents
the final change score of RSST.

4.2 Pattern/Motif Discovery

If the causal relations are to be found in recurring patterns in the input streams
rather than in the instantaneous values of these streams; a reliable algorithm to
extract these patterns and their occurrences is needed. This problem is known in
data mining literature as motif discovery in time series. The research in unsuper-
vised motif discovery have led to many techniques including the PROJECTIONS
algorithm [30], PERUSE [31], Gemoda [32] among many others ([33]). These al-
gorithms try to find all recurring motifs with lengths between [,,,;,, and 4, time
steps where 5, and l,,4, are input parameters to the algorithm (or at least one
of them).

With the exception of Gemoda which is quadratic in time and space com-
plexities, these algorithms aim to achieve sub-quadratic time complexity by first
looking for candidate motif stems using some heuristic method and then doing
exhaustive motif detection instead of motif discovery which is linear in time.

The most used method for finding these stems is the PROJECTIONS algo-
rithm [30] which requires discretization of the data using the SAX [5] algorithm.
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A major drawback of all methods relying on discretization of the data is the
need to specify a word length and a vocabulary size that are difficult to decide
in real world situations.

Another problem of most of the previously proposed techniques is the need
to specify an exact or at least roughly correct motif length.

A third problem is deciding when to stop searching for new motifs ([33] sug-
gested using density estimation for this purpose). One common problem to all
the algorithms based on the PROJECTIONS algorithm [33I30] is the need to
construct and keep the collision matrix which is in general quadratic in the length
of the SAX word describing the time series. Given that the optimal word size
can be very short for short motifs in signals with high frequency components,
the size of this matrix can grow quadratic with the length of the time series.

Catalano et al. [34] suggested a very efficient algorithm for locating variable
length patterns in data series using random sampling that allows it to run in
linear time and constant memory. The main problem of this approach is that it
relies on random sampling which can lead to poor performance for long time se-
ries with infrequent embedded motifs including long records of human activities.

Most of the methods proposed for motif discovery that we are aware of assume
no prior knowledge of the probable locations of the motifs which leads to this
explosion in the processing time or space needed. In response to that, the authors
designed two variations of Catalano et al.’s algorithm called MCInc and MCFull
[6] that can utilize prior information about the locations of motif occurrences to
speed up the operation of discovery to linear and in some cases sublinear both in
time and space. Moreover, the output of any change point discovery algorithm
(e.g. RSST described in section 1] can be used as the input constraint to limit
the search to the points of the time series around the points of high change score
based on the assumption that interesting patterns happen near the points in
which there is a change in the underlying dynamics.

Catalano et al.’s algorithm [34] works by processing a fixed sized set of candi-
date and comparison windows randomly sampled from the time series. The input
to the algorithm are minimum and maximum motif lengths (w,w) as well as the
number of candidate windows (n.) which determines the space requirements of
the algorithm. The steps of the algorithm given a single dimension input time
series X (t) can be summarized as:

1. Select a subsequence s of length w > 4.

2. Select w values randomly from X and concatenate them to form a noise
sequence n"

3. select a set of n. comparison subsequences of X ({c¢*;}) each of length w.

4. Find the set S of subsequences of length @ where w0 < I, for s,c?;,
and n". Then normalize all of the resulting subsequences to have unit mean
square.

5. For the candidate subsequence of s* (s¥) do the following
(a) Randomly select w — — 1 subsequences from the set of all subsequences

of the comparison windows (¢*;). call this set the comparison set é;”

(b) Find the distances dj; = d (si, ¢";).
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(¢) Group the set éﬁ’ with their parent subsequence ¢*; and for every group
select c that has the minimum distance dy;. This leads to a set of R
5ubsequences c“’ where R < n.

(d) Keep only the R subsequences of ¢¥ with least d,..

(e) Repeat the previous three steps for subsequences of the noise subse-

quence n'. This leads to another set of R subsequences called 7"

6. Remove all candldate subsequences sk that have similar average dlstance
with both 7% and ¢¥ then repeat the steps above using this reduced set.
Repeat this reduction for n, times.

7. If the final set s}j is not empty output each of them as a motif seed My after
concatenating any continuous subset of them.

Given the change point score (X (t)) calculated using RSST (see section E))
we can speed up Catalano algorithm by modifying the first three steps as follows:

1. Apply a Gaussian smoothing filter (N(0,0?)) to the original X constraint
which results on the smoothed constraint P.
2. Normalize P so that > p(t) =1 and 0 < p(t) < 1.
t=1

3. Randomly select a subsequence s* of length w > [,;,4, using P as the prob-
ability distribution.

4. Randomly select w values from X and concatenate them to form a noise
sequence n® using 1 — P as the probability distribution.

5. Randomly select a set of n. comparison subsequences of X ({c¢*;}) each of
length w using P as the probability distribution.

For more details about this algorithm and extensive evaluation of its perfor-
mance on synthetic and real world data please refer to [6].

4.3 Calculating Subdimensional Event Signals

The output of this phase is a set of m time series E1.,, (t) where 0 < Ey.,, (t) <1
called event signals. The way to calculate event signals depends on the value of
pattern-based parameter.

If the causal relations are to be found using the instantaneous values of the
input time series (pattern-based equals FALSE); then the event signals are equal
to X1., and m equals to n.

If the causal relations are to be found using recurring patterns in the input
time series (pattern-based equals TRUE); then the event signals are calculated
by first discovering recurring patterns in every dimension using the algorithm
described in section .21 which also finds the time steps at which each one of these
recurring patterns begins and ends (also called motifs in this chapter) appear.
The total number of patterns found is m, and determines the number of event
signals outputted from this phase. Every event signal is then calculated from
the locations of recurring pattern occurrences using the following equation:

t/Ai+1—Lij/Ai Zf ma:r( A“BU) < <Lij

Ei(t)=q —t/Ai+1+Li;/A; if Lij <t < mm( ij + Ai, End;j) (29)
0 otherwise
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where B;j, L;j, and End;; are the beginning middle, and end time step of the
occurrence number j of pattern i, 4A; is a parameter specifying the confidence of
the pattern detector. In all of the experiments done in this chapter we fixed A;
to co. This equation represents two lines intersecting at the value 1 in the center
of the discovered occurrence. E; (t) then decreases monotonically with rate 1/4;
until the two extremes of the discovered occurrence.

The final step is to combine event signals that are estimated to correspond
to the same pattern but in multiple dimensions. First the correlation of every
pair of event signals is calculated using Pearson correlation. If the correlation
coeflicient is over a predefined threshold and is statistically significant the two
event signals are combined in a single subdimensional event signal using;:

Ey. (t) = Ei (t) x E; (1) (30)

Finally if some event signal (El) was not combined with any other event
signal; it is added to the final subdimensional event signals (E). This procedure is
iterated until no event signals can be combined anymore. It should be noted that
this procedure cannot distinguish event signals that correspond to occurrences of
the same multidimensional pattern and immediate causal relations. If immediate
causal relations are possible in the system then ewvent signals should not be
combined and in this case E = E.

5 From Events to Causal Relations

The output of the previous phase is a set of m time series called the subdimen-
sional event signals (E1., (t)). Each one of these signals represents one variable
and the goal of this final phase of the algorithm is to discover the causal relations
between these variables. In this section we present our proposed algorithm for
this phase.

The first step in this phase is to search for pairwise dead-time for every pair
of subdimensional event signals. The dead-time between any cause and its effect
is defined as the time in time-steps required between the start of the cause and
the start of the effect. To find the dead-time between a pair of signals F; and E;,
we calculate the Pearson correlation coefficient between E; (t) and Ej (t + 1) for
different values of 7 and select the dead-time between variables i and j as:

di—j = argmax (p (E; (1), Ej (t +7)))

T

dj—i = argmax (p (E; (1), Ei (t +7)))

T

After obtaining the dead-time (d,;_ ;) between variables ¢ and j we apply an
extended version of Granger-Causality test as follows: First, we estimate the
following equation also by OLS

m

Xj (t) :51—|—u(t)+ZZalle (t—k—d_,) (31)

=1 k=1
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Second, we estimate the following restricted equation also by OLS:

Xjt)=c2tet)+ >3 BuXi(t—k—d_;) (32)

1#£i k=1

We then calculate the sum of squared residuals (SSR) in both cases:

SSRl = i u2 (t)

it (33)
SSRy =Y. e2(t)

i=1

We then calculate the test statistic S, as:

SSRy — SSR
S, = (SSRo 1)/p (34)
SSR1/(T —2p—1)
If S, is larger than the specified critical value then we estimate the following
equation also by OLS:

4 4
X;(t)=es+f O+ > MeXi(t—k—di_;)+ > wXi(t+k+dj_;) (35)
I#i k=1 k=1

We then calculate the sum of squared residuals (SSR) in this case:
T
SSRy =3 f2(1) (36)
i=1

We then calculate the test statistic S}: as:

Sf _ (SSRO - SSRQ)/p

P T SSRy /(T —2p—1) (37)

Now if Sg is less than the specified critical value then we reject the null

hypothesis that E; does not cause F; after d;—; steps and in this case X; Si,
X. The basis of this decision is that having S, greater than the specified critical
value while Sg smaller than it indicates that the past of E; gives information
about E; while the future of F; does not give extra information. This means
that the relation between F; and FE; satisfies the necessary condition that a
cause must precede its effect.

Its g is greater than the specified critical value then we have a more complex
situation as both past and future values of F; are useful for predicting £;. This
can happen if there is a hidden variable that causes both E; and E; but with
variable delays so that sometimes F; precedes E; and vice versa. In this case we
add a hidden variable H and assume that H — F; and H — E;.

After processing all pairs of subdimensional event signals (2m (m — 1) opera-
tions), the complete causal graph is built and outputted.
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Fig. 4. Time series used to evaluate the effectiveness of the proposed extended Granger
causality test. A seams to cause B if H is not taken into account using standard Granger
Causality test. Using the proposed extended version the system infers the existence of
H and correctly concludes that H causes both A and B.

To illustrate the usefulness of the extra steps of the proposed extended
Granger-Causality check, consider the signals presented in Fig.dl These signals
were generated using the following linear systems:

A{)=4H (t—1)—3H (t —6) + 0.5A(t — 1)
B({t)=8H(t—1—k)—6H(t—6—k)+0.99B(t—1)

where £ is a random number uniformly distributed between 0 and 9.

H is a sequence of linear and sinusoidal signals while D is a random signal
that is not correlated with anything else.

Applying standard Granger Causality test (as explained in equations 9:12) to
A and B to the data set containing (A, B, and D) results in falsely accepting
that A causes B. On the other hand applying the proposed extended method
to the same data detects that both A and B are caused by a common hidden
variable that is not in the data set.

6 Evaluation

Evaluation of causal rule discovery algorithms is complicated by the difficulty to
recover the causal structure of the domain at hand. Synthetic data evaluation is
one way around this problem as the evaluator can design the underlying causal
structure (even though some philosophical views may not accept the relation
between computer variables to be causal in a strict sense [35]). The other way
around this is to use a domain in which a tremendous amount of knowledge
supports some known causal model (e.g. use a mechanical system known to be
governed by Newtonian mechanics). The third possibility is to utilize a controlled
experimental situation in which the causal structure is fixed by the designer.
In this paper we evaluate the proposed system using synthetic data in section
and using a controlled experiment in section It should be noted that
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using a controlled experiment in this case does not entail any manipulation
of the causal structure as we do not intend to discover the causal structure
of the system in the normal (uncontrolled) case before the experiment but to
discover the causal structure that was fixed by the experiment itself. This leaves
the proposed approach under the category of causality from data rather than
causation from perturbation.

6.1 Synthetic Data

First preliminary evaluation of the proposed algorithm was done using synthetic
data that was generated using a deterministic model. The model consists of
two signals X; and X5 each of which is a concatenation of the outputs from five
different patterns. The patterns constituting X; and X» are the same (generated
from same processes). Fig. Blshows the five patterns generated by these processes.
Fig. 2 shows an example short sequence of these patterns in X; and Xs along
with the causal model used to generate them. In all cases the active process in
X1 causes the activation of one of these five processes in Xy after some delay
that is selected randomly using a uniform distribution.

To evaluate the algorithm we applied it using the two signals generated from
16 randomly generated causal models each was used to generate 100 different
time series pairs of 1000 points each. In all cases the system was able to discover
the five patterns correctly and to regenerate the same causality graph with a
mean error of 6% in the discovered delays and standard deviation of 3%. It should
be noted that the output of the algorithm in this example is not five patterns
but twelve corresponding to the five patterns in the two input time series. To
simplify the display we combined corresponding patterns (using simple Euclidean
distance measure) together both in the generating and discovered graphs. This
perfect discovery results just show that the algorithm can in principle work but
gives no information about its accuracy as the patterns used are easily sparable
and there was no noise, complex feedback, or unknown hidden factors in this
experiment.

Fig. 5. The five patterns used in the generation of synthetic data
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Fig. 6. Five example models used in the second experiment (after adding noise) with a
part of the generated time series and the discovered model using the proposed algorithm
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Fig. 7. The experiment setup. The actor is a WOZ operated robot. Command stream
is 48 dimensions accelerometer and position sensor signals, and the action stream is 6
dimensional absolute and operator-relative location of the robot.

The second experiment using synthetic data targeted evaluating the accuracy
of the system in the presence of noise in the input time series. The same gen-
eration process was used as in the previous experiment except that uniformly
distributed noise of variable peak-to-peak value was added to the signal X; and
X; before passing them to the algorithm. Fig. i shows five examples of the op-
eration of the system at P-P noise level of 50% of the P-P values of the original
signal. At this high noise level the maximum number of missed causal relations
was a single one, the false alarm rate (taking a non-causal relation as causal) was
still 0% while the false rejection rate (missing a causal relation as a non-causal)
was 8.9% (detection accuracy is 91.1%).

6.2 Mining Human-Robot Interaction Data

This section presents a feasibility study to assess the applicability of the proposed
approach in learning the causal structure in a controlled experiment.

The evaluation experiment was designed as a Wizard of Ooz (WOZ) experi-
ment in which an untrained novice human operator is asked to use hand gestures
to guide the robot shown in Fig. [ along the two paths in two consecutive ses-
sions. The subject is told that the robot is autonomous and can understand
any gesture (s)he will do. A hidden human operator was sitting behind a magic
mirror and was translating the gestures of the operator into the basic primitive
actions of the WOZ robot that were decided based on an earlier study of the
gestures used during navigation guidance [36].

In this design the movement of the robot is known to be caused by the com-
mands sent by the WOZ operator which in turn is partially caused by the gestures
of the participant. This can be formally explained as:
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G 2w,
w; 22 M,

where G; represent some gesture done by the participant, W; represent some
action done by the WOZ operator (e.g. pressing a button on the GUI of the
control software), and M, represents some pattern in the movement of the robot
(e.g. moving toward the participant, stopping, etc).

Eight participants of ages 21 to 34 (all males) that have no prior knowledge of
robots and do not study in the field of engineering were selected for this exper-
iment. The total number of sessions conducted was 16 sessions with durations
ranging from 5:34 minutes to 16:53 minutes.

The motion of the subject’s hands (G) was measured by six B-Pack ([37])
sensors attached to both hands as shown in Fig. [ generating 18 channels of
data. The PhaseSpace motion capture system ([38]) was also used to capture the
location and direction of the robot using eight infrared markers. The location
and direction of the subject was also captured by the motion capture system
using six markers attached to the head of the subject (three on the forehead and
three on the back). 8 more motion capture markers were attached to the thumb
and index of the right hand of the operator.

The following four feature channels were used as representation of robot’s
action (M):

— The directional speed of the robot in the XZ (horizontal) plane in the direc-
tion the robot is facing (by its cameras) (2 dimensions).

The direction of the robot in the X7 plane as measured by the angle it makes
with the X axis (1 dimension).

The relative angle between the robot and the actor (1 dimension).

— The distance between the operator and the actor (1 dimension).

The time of button presses in the GUI used by the WOZ operator was collected
in synchrony with both participant gestures and robot actions. The interface had
seven buttons (related to robot motion) each of which can be toggled on and off
and a single button can be on at any point of time. The WOZ operator’s actions
were represented by a single input dimension giving the ID of the currently active
button (from 1 to 7).

This leads to a total of 67 input dimensions. The generating causal model
(ground truth) consists of seven gestures, seven button press configuration and
corresponding seven robot actions (21 total patterns).

Fig. B shows two example gestures discovered by the algorithm. The first
gesture — corresponding to the command come-here needs — uses only three out
of the 48 input gesture dimensions (corresponding to the sensor attached to the
tip of the right hand). The second gesture — corresponding to the stop command
— needs even less dimensions (only 2) because the acceleration in the Y direction
does not matter for this command. This ability of the algorithm to discover
patterns in a subset of the dimensions reduces its sensitivity to noise in the
other distracting dimensions.
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(a) The Come-Here Gesture (b) The Stop Gesture

Fig. 8. Examples of discovered recurring patterns in the gestures of the operator (G).
The first gesture was found in 3 dimensions of the 48 gesture input dimensions while
the second one was found in only two dimensions.
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Fig. 9. The detection accuracy for the gestures used in the experiment

Fig.[@ shows the accuracy of the algorithm in discovering gestures and gesture
occurrences. As shown in the Figure, the algorithm discovered all the types of
gestures used by the subjects except the go away gesture which was mostly
confused with the Backward gesture. The algorithm also made four false positive
errors. The algorithm can then detect 85.7% (6 out of 7) of the gesture types
and in average it finds 82% of the occurrences of discovered gestures.

The algorithm correctly discovered all the recurring patterns (corresponding
to the seven actions) in the WOZ operator’s time series data.

For robot’s actions, the total number of basic actions discovered by the al-
gorithm is eight actions. 87.5% of these actions correspond to authentic actions
that were implemented in the interface of the WOZ software (7 out of 8). The
accuracy of detecting the discovered actions was 88.3%.

Fig.T0shows the generating model and the final discovered model. To simplify
the display the nodes for patterns were numbered so that gestures correspond
to nodes with numbers dividable by seven, WOZ operator actions corresponded
to nodes with numbers that have a remainder of one when divided by seven,
and Robot movement patterns corresponded to nodes with numbers that have
a remainder of two when divided by seven. This way, the generating model is a
seven cliques graph as shown in Fig. In the discovered model, nodes that
correspond to false patterns where removed from the graph as none of them had
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Fig. 10. Comparison between the generation model (based on experimental setup) and
discovered causal graph using the proposed algorithm

any causal connection to any other node in the system. As Fig. [10(b)| shows,
the discovered model contains no false alarms (non-causal relationships assumed
causal) but it has four false rejections (causal relationships assumed non-causal)
with a false-rejection rate of 28.57%.

7 Conclusion

In this chapter we reviewed the available techniques for discovering causal re-
lations from data. The chapter also described in details a novel causal relation
discovery algorithm that does not work directly on the instantaneous values of
the input time series but discovers interesting events in these time series either
as points of change in the underlying dynamics or recurring pattern occurrences.

The algorithm works in two phases. In the first phase it discovers interesting
events in the input multidimensional data and then in the second phase it dis-
covers the causal structure based on the relative locations of these events in time.
During event discovery the algorithm makes use of a robust change point dis-
covery algorithm developed by the author called the Robust Singular Spectrum
Transform (RSST) as well as a recurrent pattern discovery algorithm that utilizes
RSST output to work in linear time and space. During causal relation discovery
the algorithm uses an extended Granger-Causality test to assess causal relations
between the occurrences of events. The main difference between the proposed
extended test over traditional Granger-Causality tests is the utilization of an
extra statistic to confirm that the past of the cause contains information that
helps in predicting its effect while the future of the cause does not contain equiv-
alent information. Using this kind of confirmation it is possible for the proposed
algorithm to discover the existence of hidden common causes.

The proposed system was evaluated using both synthetic and real world data.
Synthetic evaluation showed that even with 50% noise level the system can still
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recover the causal structure with an accuracy of 91.1%. For real world evaluation
we used controlled experiment that involved a human participant controlling a
robot using free hand gestures through a hidden operator. Analysis of the result
of this experiment shows that the system can recover the causal structure of the
underlying system with accuracy 71.4% (10 out of 14 relations).

Extended evaluation of the proposed system using data from domains with
known causal structure (e.g. mechanical systems, electrical systems etc) will be
done in the future to confirm the applicability of the proposed system to general
data. One direction of future research is to allow the system to utilize domain
knowledge to reduce the errors in the discovered causal graph. Another direction
is to extend the system to work in multiple time scales to produce a hierarchical
model of causal structure at different time scales of the input time series.
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