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Zusammenfassung

Diese Dissertation ist ein Beitrag zur Entwicklung von E-lmeag Systemen, die generell
als Learning Technology Systems (LTSs) bezeichnet werBem Arbeit befasst sich mit dem
Aufbau und der Integration vovirtuellen Betreuernn LTSs im Rahmen voe-learning-&higen
Simulationen Ein virtueller Betreuer automatisiert Funktionen, die eianschlicher Betreuer
normalerweise alitbt und erlaubt so mehr Flexib#it bei geringeren Kosten.

Gemald dem pdagogischen Konzept des situierten Lernens ufitzt&ine e-learningahige
Simulation die Darstellung von ddmen-spezifischem Wissen und stellt eine interaktive und
verteilte Kollaborationsumgebung bereit. Sie erlaubtemd@m die automatisierte Verarbeitung
von Lehrstrategien, die diegdagogischen Handlungen von menschlichen Betreuern model-
lieren.

Diese Dissertation pisentiert einen neuen daten-orientierten Ansatz, deraiargiten An-
forderungen eifllt. Der in dieser Arbeit beschriebene Ansatagr den NamewTIS (Virtual
Teaching Interface for e-learning capable Simulation€)er Ansatz basiert auf der Samm-
lung historischer Dateiiber den Verlauf einer interaktiven Simulation, dieer eine verteilte
Nutzer-Umgebung gesteuert wird. Die Integration von élieen Betreuern in eine solche Sim-
ulationsumgebung wird durch die Manipulation der histdren Daten miaktiven Regelrer-
reicht. Im Vergleich zu den bisherigen Aitgen kann dadurch eine bessere Adagtivitnd
Erweiterbarkeit der virtuellen Betreuer erzielt werden.es&ir Ansatz erlaubt aul3erdem eine
freundlichere Entwicklungs-Schnittstellérfdie menschlichen Betreuer, die in diesem Kontext
durch die Formalisierung der Lehrstrategien ihéelpgogischen Erfahrungen in die Funktion-
alitat der virtuellen Betreudibertragen.

Die hier pasentierten Konzepte wurden prototypisch implementiert,sie in der Praxis
evaluieren zu &nnen. Die Evaluation wird im Rahmen eines Praktikums gstdttfi, das von
den Universiaten LMU Minchen und RWTH-Aachen zusammen veranstaltet wird. In der vo
liegenden Dissertation ist eine Beispielaufgalredas Praktikum enthalten, die die Anwendung
der VTIS-Konzepte und -Werkzeuge demonstriert.



Abstract

This thesis contributes to the development of modern erlegrisystems, which are generally
referred to as Learning Technology Systems (LTSs). It ixeamed with the construction and
the integration ofirtual teacheran LTSs, considered in the technological contexed&arning
capable simulations A virtual teacher automates certain functions a humanhtyaasually
performs. Once a virtual teacher has been created, it afiosager flexibility at less expenses.

According to the pedagogical concepts for situated leggran e-learning capable simulation
is required to provide the representation of domain knogéedas well as an interactive and
distributed collaboration environment. In addition, ibsikd support the automated processing
of teaching strategies which model the pedagogical hagdlitnuman teachers.

This thesis covers the various aspects of the requiremgratslbta-oriented approach, called
VTIS (Virtual Teaching Interface for e-learning capablen8iations) The approach relies on the
history data of interactive simulations, that are conglby users over a distributed environment.
It uses active rules operating on the history data, in ordexchieve the integration of virtual
teachers in e-learning capable simulations. Compared iimgiapproaches, not only more
adaptivity and extensibility of virtual teachers, but atsteacher-friendly development interface
can be achieved.

The concepts presented in the thesis have been implementaad émpirical evaluation. The
evaluation will be embedded in a practical course that vélblbganized by the two universities
LMU Munich and RWTH Aachen. An example task for the practicaliise demonstrates how
the VTIS concepts and tools can be applied.



Contents

1

Introduction 1
1.1 E-Learning . . . . . . . . e e
1.2 ProblemStatement . . . .. . . . . . ... 3
1.3 ThesisStructure . . . . . . . . . . e 6
Situated Learning with E-Learning Capable Simulations 9
2.1 Pedagogical Concepts of Situated Learning . . . . . .. .. ... ..... 9
2.1.1 Classification of Learning Theories . . . . ... ... ... ..... 9
2.1.2 Frameworks of Learning Environments . . . . ... ... ........ 11
2.2 Requirements on E-Learning Capable Simulations . . . . . ... ... ... 15
221 Roles . . . . .
2.2.2 Simulation as LearningContext . . . . . . . ... . ... ... . .. 17
2.2.3 Simulation with Integrated Virtual Teacher . . . .. ... ... ... 18
2.24  SUMMANY . . . . o e e e e
2.3 Related Work . . . . . . . . e
2.3.1 ReferenceModels . .. ... ... .. .. ...
2.3.2 Knowledge-Based LTSS . . . ... ... ... .. ... ...
2.3.3 Simulation as Core Technology . . .. ... ... ... ....... 29
234 SUMMAIY . . . . . e
Overview of the VTIS Approach 33
3.1 Mainldea . . . . . . . e
3.2 KeyConcepts . . . . . . .
3.2.1 Interactive Simulation . . .. .. ... ... ... .. 38
3.2.2 \Virtual Group Supported by Simulation Session . . . ... ... 39
3.2.3 Student Assessment Based on Temporal Simulation ﬁxﬂab ..... 40
3.2.4 Knowledge-Based Processing of Teaching Strategies ..... . . . . . 40
3.3 Architecture . . . . . . .. 41
3.3.1 DedicatedViews . . . . . . . ...
3.3.2 ComparisonwithLTSA . . . . . . . .. ... .

3.4 SUMMArY . . . . e e e e e e e e



viii CONTENTS

4 Interactive Simulation for Virtual User Groups 45
4.1 Basic ConceptsandRelatedWork . . . . ... ... ... ... ....... 45
4.1.1 Discrete-Event Simulation . . . . .. ... ... .. ... ... 48
4.1.2 Parallel Simulation . . . ... ... ... 48
4.1.3 Real-Time Simulation and Interactive Simulation . ...... . .. ... 50
4.1.4 Client-Server Simulation Architecture . . . . . . ... .. ... ... 51
4.1.5 Simulation Application Modeling . . . . .. ... ... ... ... 51
4.2 Conceptual Model for Simulation Applications . . . . .. .. ... .. ... 53
4.3 Management of Virtual User Groups . . . . . . . . . . . . i . 55
4.3.1 Spatial Distribution . . . . . . . . ... L 55
4.3.2 Temporal Distribution . . . . ... .. ... ... ... ... ... 58
4.4 Timing and Control Mechanisms . . . . . . ... ... ... .. ... ... 62
4.4.1 Scale Factor in Real-Time Execution . ... ............... 63
442 ControlbyCommandEvents. . . ... ... ... ... .........
4.4.3 Controlby SteeringEvents . . . . .. ... ... ... .. ...... 68
45 SUMMAIY . . . . o e e e e e e
5 Temporal Simulation Database 71
5.1 Basic Conceptsand RelatedWork . . . . .. ... .. ... .. ....... 71
5.1.1 DataModels . .. ... .. .. . ...
5.1.2 XML-BasedDatabase . .. ... .. .. ... .. .. ... .......
5.1.3 TemporalDatabase . . . .. ... .. .. .. .. ... ... .. ..., 7
5.1.4 SimulationDatabase . . .. .. ... ... ... ... ..... 80
5.2 TemporalDataModel . . . . . .. . .. ... . ... 80
521 TimeDImensions . . . . . . . . . . . .
5.2.2 Integrity Constraints . . . . . . . . . .. . 82
5.2.3 Database Entity Types . . . . . . . . . . 84
5.3 MOF-Based Metamodel for Representational Data Schema....... . . ... 87
5.3.1 MetaObjectFacility . ... ... ... ... .. ... ......... 88
5.3.2 Metamodel Specification . . . . . .. ... ... .. .. 0 89
5.4 Mappingto XML Schema . . . . ... ... . ... 19
55 Summary . ... e e e e
6 Teaching Strategies as Active Rules 95
6.1 BasicConceptsandRelatedWork . . . .. ... ... ... .. ....... 95
6.1.1 Knowledge-Based Systems. . . . . ... ... ... ... ... ... 95.
6.1.2 ActiveDatabases . . . . .. . .. . ... .. e 7
6.2 KnowledgeModel. . . . . . .. . ... ... 99
6.2.1 Event . . .. . ... e
6.2.2 Condition . . . . ... e e 101
6.2.3 AcCtion. . . . . .. 103
6.3 XQuery-Based Rule Template . . . ... ... ... .. ... ........ 103

6.3.1 RuleGrammar . . . . . . . . . .



CONTENTS iX

6.3.2 FUNCLiONS . . . . . . . . e e e e 105
6.4 Architecture for Rule Processing . . . . . . . . . . ... e 106
6.5 Summary . . .. e e e e e 107
7 Implementation Concepts 109
7.1 VIP Simulation Environment . . . . . . . ... ... e e 109
7.1.1 Architecture. . . . . . . . . e e Q91
7.1.2 Simulation KernelRtDaSSF . . . . . ... ... ... ... ..... 110
7.1.3 VIPCore APl . . . . . . . . e 110
7.2 VIPNet— A Network Simulation . . . . . . ... ... ... ... ... ... 111
7.2.1 VIPNet APl . . . . . e 111
7.2.2 Modules . . . . . e 112
7.3 XML-Based Simulation Database . . . ... ... ... ... ... . ... 115
7.3.1 Components . . . . . ... e e e 116
7.3.2 DataNodes . . . . . . . . . e 117
7.4 VTISController . . . . . . . . . . e 117
7.4.1 RuleComposition . . . . . . .. . ... 118
7.4.2 EventSignaling . . . .. ... .. . ... .. 191
7.4.3 Components . . . . . . . ... 119
7.5 SUMMANY . . . . e e e e e e e 120
8 Evaluation 121
8.1 PracticalCourse . . . . . . . . . e e e 121
8.2 Example . . . . . e 212
8.21 BaSICS . . . . . . e 122
8.2.2 SCENANO. . . . . v o o 123
8.2.3 Configuration of SimulationModel . . . . . ... ... ... .... 126
8.24 HistoryData . . ... .. .. . . . .. 126
8.2.5 Rule-BasedDataAnalysis . . . . ... ... ... ... ... ... 281
8.3 Summary . . . ... e e 129
9 Conclusions and Outlook 131
A Mathematical Notations 135
B MOF-Based Metamodel 137
B.1 DataTypes . . . . . . . . . . e 137
B.2 Classes . . . . . . . . . e e e 138
C XML Schema for Simulation Database 147
C.1 GenericPart . . . . . . . e 471
C.2 SpecificPart . . . . . . . . . 521

D XQuery Prolog for Active Rules 153



X Contents

Bibliography 157
Nomenclature 171

Index 173



List of Figures

1.1 From local teachertotele-teacher. . . . . . . . . . . . . . . .. . ...,
1.2 From human teacher to virtual teacher . . . . . . . . . . . . . @ ...
1.3 Structure ofthethesis . . . . . . . . . . . . e

2.1 Classification of learningtheories . . . . . . . .. ... .. . . 0.o.....
2.2 RolesrelatedtoanlTS . . . . .. .. .. ... . .. .. ..
2.3 Conceptual model of IMS learningdesign . . . . . . ... ... .........
2.4 IMS contentpackaging SCope . . . . . . . . . e e e e
2.5 IMS overall sSeQUENCING PrOCESS . . . .« v v v v v v et e e
2.6 Systemcomponentsof LTSA . . . . . . . . . . . . ... .. ... ...

3.1 Integration base: simulation model as transition sygtg . . . . . .. ... ..
3.2 Anchored approach as transitionsystegpn . . . . . .. .. ... ... ... ..
3.3 Behavior-oriented integration approach as transitystesnts, . . . . . . . . ..
3.4 Data-oriented integration approach as transitioresyst, . . . . .. ... ...
3.5 VTISoverall architecture . . . . . . .. ... .. .. ... .. ... ...,

4.1 Continuous state space and continuoustime . . . ... .. .. .... ...
4.2 Discrete-event system with discrete state space

4.3 Simulation kernel and simulation application e e e
4.4 Scalable Simulation Framework (SSF) . . . . . . . . ... .. ...
4.5 Conceptual model for simulation application . . . . . . . ... ... ...,
4.6 Three-site architecture of simulation environment ...... . . .. .. .. ...
4.7 Simulation environmentunit . . . .. ... oL Lo
4.8 Abstraction of a simulation environmentunit . . . . .. .. ... ... ..,
4.9 Simulation session . . . . . . ... e e e
4.10 State diagram of simulationsession . . . . . ... .. ... ... ...
4.11 Scale factor for timing in simulationkernel . . . . ... .. ... ... ...
4.12 State diagram for simulationkernel . . . . . . .. .. ... L. L.
4.13 Simulation session and simulation instance e
4.14 Rewind in simulation sessioncontrol . . . . . . .. ... ... ...
4.15 Rewind mapped to simulationkernel . . . . . .. ... ... .. L.

5.1 Database metamodel structure . . . . . . . . . ... ... ... ..



Xii List of Figures
6.1 Usersview of a knowledge-basedsystem . .. ... ..... . ....... 96
6.2 Processing phasesofactiverules . . .. ... ... ... ... ....... 98
6.3 Architecture forrule processing . . . . . . . .. ... e e 107
7.1 Structure of VIP-based simulation . . . . . .. .. ... ... ... .. 111
7.2 VIPNetComponent . . . . . . . . . . . . e 121
7.3 VIPNetAPI . . . . e a1
7.4 VIPNet IP protocol module: interworking between sulpaponents . . . . . . . 115
7.5 Simulation database components . . . .. ... Lo o L 116
7.6 Database write accessinterface . . . . . . .. ..o L. 117
7.7 Implementation of active rule processing . . . . . . . .. oL 118
8.1 Exampleof practicalcourse. . . . . . . . .. .. .. .. ... e 124



List of Tables

1.1 From classroom learning to interactive learning . . . ...... . . ... .... 3
2.1 Behaviorism and constructivism in learning theories ...... . . .. ... ... 10
2.2 Characteristics of ideal learning environments . . . . ...... . .. ... ... 12
2.3 Requirements compared withCBN-FM . . . . . . ... ... ... ..... 20
2.4 Summary ofrelated approaches. . . . . . . .. ... . ... ... ... .. 31
3.1 Classification of simulations in terms of interactivity . . . . . .. .. .. ... 38
3.2 LTS-related roles and views of knowledge-based systems . . . . . ... .. 41
3.3 Comparing LTSAand VTIScomponents . . . . . . .. ... ... .. ...... 43
3.4 Summaryof VTISconcepts. . . . . . . . . . . . . 44
51 MOFIlayers . . . . . . 88
6.1 Insertion of databaseelements . . .. ... .. .. ... ... . ... ... 100
6.2 Updateoflifespanend . . .. ... .. .. . ... ... .. ... .. ... 101
6.3 Functions for rule specification . . . . . . . ... ... .. oL 106
8.1 Static routes of Routerl, Router2and Router3 . . . . . . ... ... .... 125
B.1 Database metamodel: STinterval attribute start . . . . ... ........138
B.2 Database metamodel: STinterval attributeend . . . . . . ... .. .. ... 138
B.3 Database metamodel: WTInterval attribute start . . . . . ...... ... ... .138
B.4 Database metamodel: WTInterval attributeend . . . . ... ... ... ..139
B.5 Database metamodel: IndexedEntry attribute index . . . .. .. .. .. .. 139
B.6 Database metamodel: STIindexedEntry attribute sTime . . ... .. .. .. 139
B.7 Database metamodel: BTIndexedEntry attribute sTime . . . . .. .. ... 140
B.8 Database metamodel: BTIndexedEntry attribute wTime . .. ... . . .. ... 140
B.9 Database metamodel: TimedValue attribute value . . . . . .. .. ... .. 140
B.10 Database metamodel: SimSessionStateEntry attrinlduev . . . . . . . . . .. 141
B.11 Database metamodel: SimSessionScaleEntry attribluev . . . . . . . .. .. 141
B.12 Database metamodel: GlobalElement attributeid . . . ... ... .....142
B.13 Database metamodel: STElement attribute slife . . . . ... ... ... .. 142

B.14 Database metamodel: WTElement attribute wlife . . . . . ...... . . ... . 143



Xiv

List of Tables

B.15 Database metamodel:
B.16 Database metamodel:
B.17 Database metamodel:
B.18 Database metamodel:
B.19 Database metamodel:
B.20 Database metamodel:
B.21 Database metamodel:
B.22 Database metamodel:

BTElement attribute slife . . . . . ... ... ...
BTElement attribute wlife . . . . . ...... . ... ..
SimSession attribute state . . ........ .. ... ..
SimSession attributescale . . ........ . ... ...
PortConn attribute inverse . . . . . . .. ... ...
PortConn Attribute slife . . . . . . ... . ... ..
ParVarBase attributetype . . . . .. ... .. ...
Entity attribute type . . . . . . .. ... L.

. 143
. 143
. 144
. 144
. 145
. 145
. 145
. 146



Chapter 1

Introduction

E-learning, as many other application areas of informatahnology, has experienced tremen-
dous development in recent years. On one side, requirerderited from traditional learning
scenarios and learning theories guide the creation ofrail@aartifacts. On the other side, the
utilization of information technologies opens opportigstfor new learning methods. Not only
technical expertise, but also non-technical expertigge@ally pedagogical knowledge, is essen-
tial for well-founded e-learning. This has been shown in euras interdisciplinary research and
development projects, among them the VIP-prdjgct PM +03a], which provides the context
and examples for this thesis.

This thesis contributes to the development of computer lsitian-based e-learning software.
The scope, motivation and structure of the thesis are intred in this chapter. Section 1.1
gives an overview on related terminologies and conceptsi@aming. In Section 1.2, the main
problem to be addressed is outlined. The structure of th&ghmevolving this problem is then
presented in Section 1.3.

1.1 E-Learning

The terme-learningemerged just a few years ago, although the idea of informagiohnology-
supported learning has been followed already since thenbiewj of the computer era [0’S82].
Thanks to the research in artificial intelligence startmthie 1980s, and the rapid development of
the Internet and multimedia technologies in the past degaduaerous computer-based learning
systems of a great variety are available today. There esot\arious denotations and definitions
for such systems.

Definitions

As other e-terms, such as e-business, e-government aeyliletc., e-learning is understood as a
field involving some kinds of digital information represatibn. In the literature, several more

The project "Virtuelles Informatik Praktikum (VIP)” is spsored by the Ministry for Education and Research
of the German Government.



2 1. Introduction

or less formal definitions for e-learning can be found. Theggesentative ones are cited in the
following:

Broad definition of the field of using technology to deliverri@ag and training
programs. Typically used to describe media such as CD-ROMyHat, Intranet,
wireless and mobile learning. [E-LO3]

Learning that is accomplished over the Internet, a commeégwork, via CD-ROM,
interactive TV, or satellite broadcast. [Wor03f]

Internet-enabled learning that encompasses training;atidm, just-in-time infor-
mation, and communication. [CisO1]

Denotations, such as computer-supported learning, distearning, web-based learning,
multimedia learning, and on-line learning, arose durirgga¥olution of e-learning systems. They
are still frequently used as synonyms for e-learning.

This work focuses on software systems for e-learning whietganerally denoted agarn-
ing Technology SystemdLTSs) . LTSs are characterized by the IEEE Learning Teduyol
Systems Committee (LTSC) as information technology-sugpdgarning, education, and train-
ing systems [IEEO1].

Initiatives

A considerable number of initiatives has been launched &h arward the research and de-
velopment of e-learning. Besides IEEE LTSC, the internationtatives include also the IMS
Global Learning Consortium [IMS], the Advanced Distributeshrning Initiative (ADL) [Adv],
the Aviation Industry CBT (Computer-Based Training) Committ&ESC) [Avi], and the ARI-
ADNE Foundation [ARI]. These organizations provide refeemodels, frameworks or guide-
lines for the development of e-learning systems. In addjtimational programs, such as the
German Government Programme "New Media in the Educatiot[Gupport the cooperative
work between universities and the industry. Several websé.g. E-Learning Guru [E-L03] and
WorldWideLearn [Wor03f], provide also interesting infaaition for developers.

Benefits

In world-wide interdisciplinary projects, professionailsinformation technologies and peda-
gogy have been working together on case studies. In thedsstts published recently [Her01]
[FMO2] [Sch01] [Wol01] [Sch97] [Sti01], experts agree t@ttollowing benefits of e-learning:

1. A great variety of forms for knowledge representation lamolwledge transfer is available
in addition to conventional techniques.

2. Learning becomes independent from location and timeghvallows life-long learning in
different situations.
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3. Valuable material and human resources can be used maierefi.

4. Learner-centered learning can be better supportedghrioteractive and adaptive learning
environments.

In general, a shift from the traditional classroom learniagnteractive learning has been
taking place. Some major trends summarized in [Tap98] &ed an Table 1.1.

| Classroom learning | Interactive learning |
Linear Hypermedia
Instruction Construction
Teacher-centered Learner-centered
School learning Life-long learning

Table 1.1: From classroom learning to interactive learning

Critical Issues

To fully achieve the benefits of e-learning, some criticaliss need to be further addressed. One
major problem identified in the case studies is, that the lamgeunt of information sources and
the multiplicity of new technologies are overwhelming fanse learners. Teachers and tutors
have spent even much more time to guide them to fulfil learaljgctives than using traditional
means. Obviously, this is opposite to the expectation ofenedficient use of resources.

This problem motivates the approach presented in thisghesiich aims on effective and
efficient teaching support by automated mechanisms. Itlisvsal that the success of e-learning
depends very much on the availability and the usefulnedseaitaching support. A first analysis
of the problem to be solved is given in the following.

1.2 Problem Statement

Traditionally, teaching is carried out by a human teacherifg the evolution of e-learning, two
main approaches to teaching support have been formed. Qaefersed to asele-teacher The
other one is denoted in this thesisvagual teacher

Tele-Teacher vs. Virtual Teacher

Flexibility in location for student$ and teachers is a major benefit of the tele-teacher approach.
As illustrated in Figure 1.1, the basic concerns in suppgrtele-teachers [ILPO1] or tele-tutors
[KT99] [FMO2] are the distribution of audio and video ma#drie.g. lectures, slides or doc-
uments, as well as the person-to-person communicationeeetwtudents and teachers. Well-
known multimedia techniques, and the so-called "groupivameporting cooperative work, are
found to be very useful.

2Student and learner are used as synonyms in this thesis.
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Local Tele-
Teacher Teacher

Student  Teacher Student

— Teacher

Classroom Home

Figure 1.1: From local teacher to tele-teacher

For distributed lectures, or similar broadcasting-likersarios, in which a large audience can
be reached by less frequent interaction, tele-teacheratharefficient approach. However, due
to the fact, that the face-to-face communication can notby iimitated, in situations where in-
dividual treatment is desired, providing teaching ovetatise can be more resource-consuming
than doing it locally.

Virtual teacher is an approach of automation to save humsourees. It is an orthogonal
approach to tele-teacher, as represented by Figure 1.2r@mefforts in computer-aided in-
struction [0’S82], intelligent tutoring [JD96] [DHM93] and pedagogical agent [SIG99] can be
classified to the category of virtual teacher. The main idda use automated mechanisms, not
necessarily to approximate a teacher as a human being (glgeiook and voice), but always to
approximate the functions such a human teacher carrie$ooutxample, doing demonstration,
giving explanation, providing advice or making assessment

Human Virtual
Teacher Teacher
Student Teacher Student _
I —:\.,'/ i;
= =
—=
Classroom Home

Figure 1.2: From human teacher to virtual teacher

Virtual teachers do not fully replace human teachers. Huomeatact is in many cases indis-
pensable. However, a virtual teacher can be a useful congpierithanks to the rapid develop-
ment of computation power and wide-spread networks, oncdumliteacher has been created,
it can be applied at great flexibility and less expense.

Scope of the Work

The critical question isHow to create a useful virtual teacher?This work seeks an answer in
a concrete technical context which is denoteeé-dsarning capable simulation
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How teaching is accomplished depends very much on the klg@le be taught. It depends
also on the context of teaching, including the represeamaif the knowledge, and the environ-
ment in which teaching is accomplished. Taking languagehieg as an example, teaching by
book differs to teaching by conversation. A book represtr@svritten language. Depending on
the situation, in which the learner may use it, it can be a gnambook, a dictionary, a novel,
etc. In contrast, teaching by conversation usually apphesnethod of articulation. It can be
practiced in school, or elsewhere the language is frequeptken. The harmony of the learner’s
demand (e.g. learning a language), the means for teachigglfeok or conversation), and the
pedagogical skill (e.g. how to write a book, or how to condaiconversation), is crucial for
teaching.

This work focuses on the technical support for teaching. olisiders in particular com-
puter simulations (subsequently only simulations) as tive technology providing the means
for teaching. A simulation is in general a computer progréwat represents the behavior of
a physical system or a process. Simulation techniques alelywised in different areas of re-
search and industry. Using simulations in education is grilynto facilitate "learning by doing”.
According to the "Cone of Learning” of Edgar Dale [Dal54], vearember 90% of what we do,
but only 10% of what we read, 20% of what we hear, and 30 % of wleasee. Simulations
are used frequently as alternatives to experiments in éboes that may be expensive, time
consuming or even dangerous. Simulations are also verylgofar pilot training or similar
purposes.

The demand for simulations in e-learning has been growiag[fdk02]. However, most
simulations used so far for learning are actually geneuappse tools, such as pens. Giving
someone a pen, who learns first time writing or painting, @uthinstructing how to use it, is
not enough. Some e-learning approaches rely on tele-tiKd@9] [Kle99]. As stated earlier, a
resource problem may arise when supporting individuahles.

This thesis presents a concept of e-learning capable dionsawith integrated virtual teach-
ers. Key issues to be addressed are the following:

e How to classify the requirements of learners and teachersuoh systems, in order to
achieve the harmonization with the means for teaching?

e How well are these requirements covered by existing sinwdatoncepts, because simu-
lation is a well-studied area?

¢ With respect to the requirements, which functions of a huteanher can be automated by
a virtual teacher, and how to describe those functions ineéhma-readable form?

e How to provide an appropriate means for human teachers toiloote to the development
of virtual teachers?

e How to integrate virtual teachers with simulations in a nmarhat the system developed
can be easily adapted and extended?

The starting point of the work is a substantial requiremeratysis. Based on this, the thesis
comprises concepts from several research areas to coventilhe spectrum of the key issues, as
outlined in the following.
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1.3 Thesis Structure

The structure of the thesis is illustrated in Figure 1.3.omsists mainly of an analysis (Chap-
ter 2), an approach overview (Chapter 3), a detailed elaiboraf the approach consisting of
three parts (Chapter 3, 4 and 5), as well as implementationpt€h) and evaluation concepts
(Chapter 8). The chapter and section headings in Figure & .8dareviated by key words.

Chapter 2: Analysis
) Chapter 4:
( 2.1 Pedagogical concepts | Iﬁi&ve{j ( Interactive simulation \
3[ 2.2 Requirements _.“Jcompaed [ 4.2 Conceptual simulation modeIF\
/ i
/‘>[ 2.3 Related work L_}With ,>[ 4.3 Management of virtual groupﬁ“I
{ J| supports
| imi 1
compagd I I/’[ 4.4 Timing and control }
I
: incorporates extends Chapter 7:
. H | . )
Chapter 3: Overview | Chapter 5: Implementation
( 3.1 Main idea ] [l guides I\ Temporal database B
) I [~
! 3( 3.2 Key concepts ]g\l § I/-;[ 5.2 Temporal data model I represents —
| | reflects it .
\\)[ 3.3 Overall architecture ]__, l,”[ 5.3/5.4 Schema description ]_J e
I
I'I"incorporates (Example)
|
|
I'1] Chapter 6:
{1 Active rules
I
} \~[ 6.2 Knowledge model |
N | | represents
‘[ 6.3 Rule template ].J | )
I
\ [ 6.4 Rule processing architecture ]_ - reflects

Figure 1.3: Structure of the thesis
In the following, this structure is described in greateradet

Chapter 2 introduces the pedagogical foundations of this work. The concept is calledit-
uated learningin which students obtain problem-solving knowledge irhautic learning
contexts through explorative work. Based on these concigatsnical requirements on e-
learning capable simulations are derived. They are claddifito requirements for simula-
tions as learning context, and for simulations with intéggavirtual teachers. In particular
for the latter, the modeling of teaching methods by teackingtegies is a crucial issue.
These requirements are compared with known approache&tardnce models.

Chapter 3 gives an overview on the main idea and key concepts of theoaphrpresented in
this thesis, which is called VTIS (Virtual Teaching Interéafor e-learning Simulations).
The main idea of VTIS is to use a data-oriented approach égrate virtual teachers into
simulations. That is, automated mechanisms supportirigaliteachers operate on the
simulation history data that reflects simulation execigiorcluding user interaction. In
this manner, the functionality of a virtual teacher can bsilgaoupled and decoupled
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with a simulation execution, in order to achieve greaterilfiéity. Prerequisite for doing
this are an adequate data model for the history data, aneéprogchanisms to interpret
the history data for automated processing of teachingegfieg. These are the core issues
discussed in Chapter 3, 4 and 5. The overall VTIS architedtuedso included in this
chapter.

Chapter 4 presents a conceptual model for simulation applicatiorschvis used as the basis
for the temporal data model introduced in Chapter 5. In aglditihe modeling of virtual
groups in distributed learning environments is elaboratdtereas both the spatial distri-
bution and the temporal distribution of such an environnaattaken into account. The
spatial distribution is incorporated in a distributed slation architecture. Timing and
control mechanisms supporting the temporal distributi@adso carefully examined.

Chapter 5 elaborates the modeling of a temporal simulation datald@sestores history data
for simulation executions. The temporal data model extehdsconceptual model for
simulation applications with time concepts that incorperte particular characteristics
of simulations as considered in Chapter 4. A generic conagpldta schemas based on
the data model is also presented.

Chapter 6 discusses the automated processing of teaching strategjieg active rules. A
knowledge model describes the rules as event-conditiboraailes, that are used to for-
malize the pedagogical handling of human teachers as tegstiategies. The event part of
a rule is sensitive to modifications of the simulation dasag)ao that the processing of the
rule can be aligned to the simulation execution. This is aiatyoint for the data-oriented
integration of virtual teachers. The rules descriptiornuigorted by a rule template based
on a data query language. A rule processing architectutedapaesented.

Chapter 7 introduces the prototype implementation of the approach.

Chapter 8 includes concepts to evaluate the approach in practice. Mposhensive example
demonstrates the usability of the approach.

Chapter 9 closes the thesis with a summary of contributions and amokibver future work.



1. Introduction




Chapter 2

Situated Learning with E-Learning
Capable Simulations

This chapter presents an analysis of the technical reqemésyon e-learning capable simula-
tions. Section 2.1 introduces first the concepts of situkgaching. They build the pedagogical
foundation for the discussion in Section 2.2, where theattaristics of the desired e-learning
systems are described. Section 2.3 gives a review on reakfi@nce models and approaches.

2.1 Pedagogical Concepts of Situated Learning

Pedagogy, the art, science, or profession of teaching Epniboperates with different other

disciplines [Kro01] [Dit03]. Two of the most closely relatalisciplines are psychology and

sociology. Psychology is concerned with students and e¥ads individuals, while sociology

focuses on the social context of students and teacherseaséne social context may be either
region, culture or family related. Aspects of psychology aociology are incorporated in the
concepts of situated learning, as introduced in the folhgui

2.1.1 Classification of Learning Theories

The empirical branch of pedagogy, often referred to as dotunzd science, emerged in the 1970s.
It is characterized by the application of scientific expenntal methods to prove and to improve
theories. In this realm, two extremes are distinguisheglbéthaviorism and the constructivism.

Behaviorism

The behaviorism emphasizes on observable human behavilmdieator of learning [FJ98]. In
this sense, learning is defined as a sequence of stimuluggpanse actions in observable cause
and effect relationships. A teacher modifies the behavistuafents until they exhibit the desired
response.
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The criticism on behaviorism are the unconditional assimridoetween stimuli and responses,
and the dominance of teacher’s instructions. The learmegstal process is treated as unob-
servable indication of learning, and is insufficiently colesed. However, for some skills the
approach of behaviorism works effectively. Therefores till practiced in the education today.

Constructivism

In contrast to behaviorism, constructivism focuses on tla¢ivation and ability of humans to
construct learning for themselves (see Table 2.1). Thr@ugtocess of discovery and problem-
solving, a human is believed to be able to construct knovdaddheir own minds. A teacher is
in the role of a motivator and a supporter.

Constructivism is linked to cognitive learning, which catesis learning as a mental process
of information processing [HerO1]. In this process, a leaselectively absorbs information in
order to construct own knowledge. The learner is the centesmstructivism. In addition, group
work is promoted.

Behaviorism | Constructivism

Directed instruction Non-directed instruction
Objectivist Constructivist
Teacher-centered Learner-centered

Behavioral observationsCognitive operations
Focus on the individuall Group work is emphasized

Table 2.1: Behaviorism and constructivism in learning thesof~J98]

Constructivism arose in the 1970s and is very popular in théemopedagogy. But behav-
iorism is not forgotten. Moreover, a new position callediated learning came out in the 1980s,
which in fact re-associates ideas of the two [Her01], astithted in Figure 2.1.

Situated Learning

In this approach, learning is not a pure self-organizedggscbut a combination of instruction
and construction. It is "an active, constructive and hightyated process” [MGFO0O0]. It empha-
sizes on authentic learning contexts, self-regulationvelsas social aspects. Cognitive appren-
ticeship [CBN89], problem-oriented learning [MGF00] anddgtnts-centered learning [LHOO]
are some representatives in this realm.

Learning and cognition are fundamentally situated ditiated cognitiofBCD89]. Knowl-
edge cannot be simply transferred from teacher to leareicdn only be fully understood in
authentic contexts. For example, the best context for legr@anatural language is ordinary con-
versation with native speakers. Therefore, the situatgditon approach promotes learning in
authentic situations, in which students are guided intd¢h#&ure of experts” [CBN89] through
activities and social interactions.

Learning through cognitive apprenticeship [CBN89] follolwe tmodel of traditional appren-
ticeship, which had been practiced long before schoolsappe The approach is as follows:
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Behaviorism Constructivism

‘ Directed instruction ‘ ‘Non—direeted instruction‘

‘ Teacher-centered ‘ ‘ Student-centered ‘

‘ Behavioral observation ‘ ‘ Cogpnitive operation ‘

‘ Single work ‘ ‘ Group work ‘

Instructi(& @ Construction

Situated Learning

‘ Student-centered ‘

‘ Authentic context

‘ Observation and approximation ‘

‘ Coaching and scaffolding ‘

Figure 2.1: Classification of learning theories

teachers first demonstrate the task, then support studeintg the task, and finally, the stu-
dents are encouraged doing the task independently. Inagog@ship, group learning is essential
to stress social interaction and collaborative learningr $tudents, this kind of learning is a
process involving observation and successive approxamatrom the teachers’ point of view,
cognitive apprenticeship is a process of modeling, coagtsioaffolding and fading, in order to
support students to proceed from observation towards ergnt-doing.

2.1.2 Frameworks of Learning Environments

Learning environments for situated learning can be denasecbnstructivist learning environ-
ments. Two representative frameworks are introduced ifolieving.

Framework by Collins, Brown and Newman

Based on the constructive apprenticeship approach, Coliireyn and Newman proposed a
framework [CBN89] for the design of learning environmentsisfitamework has been guiding
a number of research work later, such as [LHOO] [FTMO01] [MGHBTW *94] and [SJG99]. It
is also used as the pedagogical foundation in this work.

This framework (CBN-FM in the following ) describes four dinsgons of an ideal learning
environment: content, methods, sequence and sociologsyrasarized in Table 2.2. Each
dimension consists of a set of desired characteristicsesithed in the following.

Content includes different types of target knowledge for studeatkearn, which are basically
domain knowledge and strategic knowledge.

e Domain knowledgedenotes explicit conceptual, factual, and procedural kedge
associated with expertise. Although explicated in bookstures or demonstrations,
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Dimension \ Characteristics

Content Domain knowledge
Heuristic strategies
Control strategies
Learning strategies
Methods | Modeling

Coaching

Scaffolding and fading
Articulation

Reflection

Exploration

Sequence | Increasing complexity
Increasing diversity
Global before local skills
Sociology | Situated learning
Culture of expert practice
Intrinsic motivation
Exploiting cooperation
Exploiting competition

Table 2.2: Characteristics of ideal learning environmel@8N89])

this kind of knowledge tends to remain inaccessible untasdaarned through prac-
tice in appropriate situations. Some domain knowledge figcdit to formalize,
which makes strategic knowledge even more important.

e Strategic knowledgerefers to experts’ ability to make use of domain knowledge
to solve problems. It includes heuristic strategies, adrdtrategies and learning
strategies.Heuristic strategiesare gained from best practice. They are "tricks of
the trade” that could be quite helpful when they wofkontrol strategieserve the
control when processing a task, e.g. to select or to charaj#em solving strategies.
Thereby, monitoring is crucial for diagnosis, which is tokaassessment of the
current state relative to one’s goals. Diagnosis is theovad by remedy to finally
achieve the desired goald.earning strategiesare knowledge about how to learn
domain knowledge and other kinds of strategic knowledgg,le@w to explore a new
domain, how to check own understanding, or how to discuds etfters.

Methods refer to teaching methods. Modeling, coaching, scaffgdind fading are core meth-
ods to help students to acquire knowledge through guidectipea Articulation and re-
flection help students to gain their own problem-solvingtstgies through observation and
reasoning. Exploration is to push students to solve problemtheir own.

e Modeling involves demonstration of processes and activities of ka takich can
be usually internal ones), so that students can build canaemodels in order to
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accomplish the task on their own. It requires insight to ¢hm®cesses and activities.

e Coachingoffers hints to students when they carry out a task, for exangdirect
them to some unnoticed or overlooked aspects. Coachingvesdiighly interactive
and highly situated feedback and suggestions.

e Scaffolding and fading are applied to help students to perform a task on their own,
whereby scaffolding refers to suggestions or help, andtadieans gradual removal
of supports until the students are on their own. Key pointshisf method are accu-
rate diagnosis of the student’s current skill level or diffig, and the availability of
an intermediate step at the appropriate level of difficutycarrying out the target
activity.

e Articulation is to get students to articulate their knowledge, reasqringroblem-
solving processes in a domain.

¢ Reflectionuses different techniques for reproducing and replayioghat students
can compare their own problem-solving processes with tobse expert, another
student or a model of expertise.

e Exploration is to push students not only to solve problems on their owh fitat
to identify those problems from general goals. Therefayeu$ of this method is to
teach students exploration strategies.

Sequenceis concerned with the sequencing of learning activitiesamlitate the development
of robust problem-solving skills. Since learning is a psxef knowledge development,
learning materials and activities must be adapted to @iffestages of skill acquisition.

¢ Increasing complexity(i.e. from easy to complex) is a well-understood and widely-
applied strategy. The goal is to learn to control complexity

e Increasing diversity (i.e. from single to various) serves to widen and to genegali
knowledge.

e Global before local skills (i.e. first big picture, then details) helps students to un-
derstand the overall concept, in order to be able to put pieta task together by
themselves.

Sociology is a critical dimension for skills that are learned and pemied in communities. It
involves different social abilities of students.

e Situated learningis the core of constructivist learning. It is to put studente situ-
ations that reflect the environment, in which they will apiilg acquired knowledge
in the future. In various problem-solving contexts, thedstuts learn how, when, and
under which conditions to apply knowledge.

e Culture of expert practice promotes focused interactions among learners and ex-
perts. In this kind of culture, students learn to think anddblike experts.
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¢ Intrinsic motivation is difficult to measure, but in many cases essential for tlee su
cess of teaching methods. Some strategies can be used te evaksic motivation.

e Exploiting cooperation refers to learning through cooperative problem solving, in
which students can motivate and help each other.

e Exploiting competition is to get students comparing their own problem solving pro-
cesses and results with those of other students. Since ¢ionpenay cause ill
effects, blending cooperation and competition is crucial.

Obviously, the characteristics of the four dimensions aterirelated, at some points even
dependent to each other. For example, the method modelaqgpiged to the representation of
domain knowledge and strategic knowledge. And explorateombe carried out in cooperation
and competition. The classification helps to focus the d@ration on aspects of interest.

CBN-FM is a well-established work but not the only one considgconstructivist learning
environments. The framework by Land and Hannafin [HL97] istaar work worth to mention,
because it addresses some issues related to informatimmolegy-supported learning environ-
ments.

Framework by Land and Hannafin

This framework was intended fatudent-centered learning environmenlisis guided by core
concepts of situated learning. The framework suggestsgiedidesigned learning environments
that "provide interactive, complementary activities tlegiable individuals to address unique
learning interests and needs, study multiple levels of dexity, and deepen understanding”
[HLI7].

A grounded design should incorporate five foundations: Ipshagical, pedagogical, tech-
nological, cultural and pragmaticPsychological foundationemphasize theory and research
related to how individuals think and learPedagogical foundationform the affordances and
activities of the environmenilechnological foundationsfluence how media can support, con-
strain, or enhance the learning environmé2ultural foundationseflect the prevailing values of
a learning communityPragmatic foundationemphasize the reconciling of available resources
and constraints with the actual design of a learning enwiwmt.

The common values of such learning environments include:

e Centrality of the learner. The learner defines actively hoprtaceed based on individual
needs and questions.

o Situated thinking and authentic contexts. Students leagolve problems in various au-
thentic contexts, rather than learning a single correcitsmi.

e Negotiation and interpretation. The socially mediatedeatgpof learning can be supported
by teacher-student or student-student interactions,dardo obtain deepened knowledge
through interpretation, explanation and exploration.
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e Use of prior knowledge. Individual beliefs and experienpesvide uniquely personal
framework for building new knowledge.

e Technology scaffolding. Technology enables learners poesent their thinking in con-
crete ways and to visualize and test the consequences pfeasbning. At this point, the
information technologies are considered as useful megosting learning.

The basic principles of situated learning are considergtiGgble to information technology-
supported learning. This has been also confirmed in diffecase studies [Her01] [FMO02]
[Wol01]. In particular, CBN-FM provides a comprehensive feamork for the construction of
learning environments for situated learning. It is used#next section to derive the technical
requirements for e-learning capable simulations.

2.2 Requirements on E-Learning Capable Simulations

This section is dedicated to the requirement analysis feaging capable simulations. Object-
oriented analysis and design are applied in this work. Tkeudision of roles in Section 2.2.1
builds the first step of the analysis. The requirements tkeémas are classified in two parts.
Section 2.2.2 discusses the characteristics of a simolasoa learning context, while Section
2.2.3 considers a simulation with integrated virtual teach

2.2.1 Roles

LTS (Learning Technology System) is introduced in Sectidnak a general notion for informa-
tion technology-supported learning, education, and iimgisystems. Two other frequently used
terms worth to mention are Learning Management System (Lan8)Virtual Learning Environ-
ment (VLE). LMS refers to a system "that focuses on managéraed facilitation of student
learning activities, along with the provision of contentiaesources required to help make the
activities successful” [Sti00]. VLE is viewed as a desigimddrmation space, where educational
interactions take place [Dil00]. The scopes covered byliheetare considered comparable, al-
though some details differ to each other. To simplify, orilislis used subsequently as a superset
of learning systems that may be declared as LMS, VLE, or ammil the literature.

Roles that abstract persons involved in the development tliwhtion of an LTS are pre-
sented in Figure 2.2.

On the top level are the rolasser and developer Usually, when constructing a specific
LTS, only the user role is considered. As this work is interdgarticularly in the development
methods for LTSs, the developer role needs to be considered,

From the user role, two further roles are derived, nanstlydentandsupporter Student is
the center of an established LTS. The demands of a studedéetemining for the design of an
LTS. Whereby, the supporter role as a special kind of LTS usenat be ignored. Examples for
a supporter are tele-teachers [ILP01] and tele-tutors [MOho accompany and guide students
when using an LTS. A supporter may use in some cases the sant®fis of an LTS as a student,
but places in other cases different requirements on an L& ahstudent. For example, chat is
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X
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Student Supporter Content developer Tool developer

X

Teacher

Figure 2.2: Roles related to an LTS

a communication tool of an LTS that can be equally used bydestiiand by a supporter, while
the management facility for student groups is only inteéngstor a supporter of these groups.
For some purposes, a supporter may need a different vieweosdime material viewed by a
student. For example, it may be useful to know how an essapédes produced, rather than its
current content, that is, how long it took to finish, how matydents have been working on it,
how many times it has been modified, etc. Therefore, an LTSdhatended for both students
and supporters must cope with their different demands.

The developer role can be further divided imtantent developeandtool developer A tool
developer provides artifacts that are necessary to aseeanbl TS, including tools for content
developers to generate learning content. Content develsplee other role a teacher may take
besides the supporter role. The separation of content @@eblnd tool developer has been
already implemented in different forms. Traditionally, eather puts his/her knowledge into
books to pass it to students. The teacher is in this situatioontent developer, whereas paper
and pens are simple tools used for book-writing. As multimeelchniques are becoming more
and more popular, slides, audio records, video clips, e&fraquently used instead of books. It
is the responsibility of tool developers to provide appraigra means for teachers to create such
forms of learning material. This means is referred to asrgent development interface

All these roles are incorporated in the following discuasiBarticular attention is paid to the
content development interface for teachers, becausestiosignsidered more challenging in the
context of simulation, and has been insufficiently addraséhe literature so far.

In the following two sub-sections, requirements on an edieg capable simulation are ex-
amined. For the summary in Table 2.3, the requirements a@caded with identifiers R1 —
R6.



2.2 Requirements on E-Learning Capable Simulations 17

2.2.2 Simulation as Learning Context

One of the most important elements in situated learningastithentic learning context, which
resembles situations students will encounter in the futiicesupport this, the following three
requirements of an e-learning capable simulation are itapar

R1: Knowledge Representation

Basically, a simulation is an imitation of the operation oéalrworld process or system over time
[BINNO1]. The core of a simulation is its simulation model, ialn usually takes assumptions
about the operation of the system or process to be simulateglassumptions are expressed in
form of mathematical, logical, or symbolic relationshipgstygeen entities or objects of interest.
A simulation model reflects the knowledge about the systetmetamitated. This property is
crucial for the modeling of the learning context. It suppdtte desired characteristidemain
knowledgeandmodelingof CBN-FM.

R2: Interactive Usage

This requirement is important to facilitate explorativeridt corresponds to the characteristics
reflectionandexplorationof CBN-FM. Interaction refers to a two-way communication, getly

at the run-time of a simulation. Delivering information rincsimulation to the user is only one
way. A simulation should also be able to react on requesth®fuser. For demonstration
purpose, appropriate "look and feel” of a simulation is usefo which extent "virtual reality”

is necessary is determined by learning objectives. In asg,dfie interactivity of a simulation
must be provided.

R3: Distributed Collaboration Environment

Social ability is essential for many skills. A distributedllaboration environment provides stu-
dents a virtual space, where they learn to work with othdtegein cooperation or in com-
petition. This requirement is to support the desired charaticssituated learningexploiting
cooperationandexploiting competitiorof CBN-FM.

It is to note, that a virtual space may have, in addition tocireventionakpatial dimension
a second dimension, which is tteanporal dimension Taking telephony and email as examples,
telephony spreads over the spatial dimension, as it cosimeembers of a virtual space over
different locations. Email has besides a spatial dimensatso a temporal dimension. Email
is used as a convenient means to deliver a message to otHeesariival and response of the
message occur usually at later points in time.

The spatial distribution of a simulation is a well-studiegit, while few work in the liter-
ature addresses the temporal distribution of such an emmeot. The critical point consists in
the fact that a simulation serves as a learning context dhiarestudents meeting in the virtual
space. The spatial distribution of the simulation involaégcation of resources across networks,
for example to support the distribution of simulation cteor simulation servers (Section 4.1
provides more details on this). The temporal distributiequires, on the other side, the integrity
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of the learning context over time. A student may join and éeawirtual space at any point in
time. He/she may want to interrupt a simulation, or repeaitvathers have done before at any
point in time. These are basic scenarios the temporalloiigtoin should be able to cope with.

In summary, the three properties elaborated above allowoapipte modeling of the learning
context, in which not only students but also teachers as@tgrs can participate, in order to
provide useful aid to students. As discussed in the follgwam integrated virtual teacher can
relieve a teacher as a supporter by automated mechanisms.

2.2.3 Simulation with Integrated Virtual Teacher

According to CBN-FM, an ideal learning environment shouldmarp methods of modeling,
coaching, scaffolding and fading, articulation, reflextias well as exploration. The application
of these methods requires not only domain specific knowleigiealso pedagogical skills. It is
a matter of ability and training to master both of them.

In the context of an LTS, a third kind of ability is requiredhieh is the ability to use the
techniques of the LTS, that serve representation of legroamtext and realization of pedagog-
ical methods. Prerequisite for building virtual teacherghiat a human teacher is able to put
his/her knowledge into automated mechanisms as a contealoper. Regarding the content
development interface, the consideration will concestmat the methodsoaching scaffolding
and fading Apart from those which are already covered by the requirgsnR1, R2 and R3,
other desired characteristics, eigcreasing complexityor intrinsic motivation are interesting
for the design of domain specific learning content, but ngnidicant to the design of supporting
tools.

A teacher performs coaching, scaffolding and fading intieaavith students and depending
on the situation. Usually, a teacher observes when a studenés out a task, and offers sug-
gestion or aid in situations he/she thinks the suggesti@idwould be helpful for the student.
The pedagogical skill and experience of the teacher to deeidch actions and when to take can
be designated a@saching strategies The processing of teaching strategies is the core issue for
the realization of virtual teachers. Moreover, a virtualdieer is an integral part of an e-learning
capable simulation. To achieve this, three more requirésreme considered in the following.

It is noted, that the terms teaching method and teachintggirare differentiated. Teaching
method refers to one of the CBN-FM methods. Teaching strategymeans of control to carry
out certain teaching methods.

R4: Formalization of Teaching Strategies

The formalization of teaching strategies in a machine-gseable form is an important first step
for the automation.

A crucial point is whether the modeling of teaching stragsgs separable from the modeling
of learning context. A learning context is mainly deterntirtey the simulation model of the
knowledge to be taught. Teaching strategies can be seen assrof control for the usage
of the simulation model. Theeparation of the simulation model from its contadlows the
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simulation model being used for multiple purposes. In thenner, a simulation model is a
general-purpose tool, like a pen. A pen can be used for @ringlish, Chinese, or something
else. How to use the pen needs not to be a feature of the pecamiie applied in combination
with the pen.

The formalization of teaching strategies facilitates as®acher-friendly content develop-
ment interface. For teachers who are not familiar with thpl@mentation techniques of an LTS,
an abstract description is beneficial for the content dgretnt. Furthermore, formalization is
necessary to interchange and to standardize virtual teaodehanisms.

The processing of a teaching strategy consists of two stEps.first one is the assessment
about the student who may need help. The second one is theplisloment of assisting actions
to provide help. Details to these two are elaborated in thevitng.

R5: Assessment about Student

The assessment serves to estimate how a student procebdeaviting objectives. An as-
sessment can be based on simple facts, or statements dieowedimple facts. For the latter,
diagnosis is a frequently used concept. For example, inQ)[@HM +93] diagnosis is used to
find mistakes of students.

Either simple or derived, a very basic source of facts forsseasment is the simulation-based
learning context, in which the student works exploratielpacquire knowledge. Obviously, this
is a dynamic source where facts vary over time. This sourpansarily considered in this work.
Other sources can be also taken into account for makingsamses.

The time aspect of the simulation-based source is incorpadra the consideration of the two
options of assessment, namealyg-line assessmerdndoff-line assessmentOn-line assessment
refers to the case that the assessment is done at the ruofter@mulation. The facts, as soon
as they occur, can be taken into account for the assessmerdmparison, off-line assessment
is made after a simulation execution. Both options might befuls The former allows the
accomplishment of assisting actions being aligned to tmellsition execution (see below). The
latter can be used to summarize results, and to deriveiarfterfollowing simulation executions.
Different mechanisms are required to support these optieew of the current proposals support
both of them.

R6: Accomplishment of Assisting Actions

Assisting actions can be either performed directly to a ftman in execution or not. Actions
performed directly to a simulation execution arentrol actions. They may occur with the
intension of students, but in general without their inteti@. For example, a control action
will terminate the simulation of a chemical experiment anddically, in case some predefined
threshold has been reached. The simulation must allocgi®p@pate control mechanisms to
allow such actions.

Other assisting actions do not affect a simulation exeny#e long as the student who is con-
cerned by the actions does not respond by intervening thelaiion execution.Notifications
belong to this category. This is the most frequently usetluston form [NGF96]. Explanation,
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for example, is a widely-used type of notification. Taking #xample above, in case the thresh-
old has been reached, the student doing the experimentewiblified what is going on. Some
suggestions may be also sent to the student, upon whicheh@ decide to shut down the sim-
ulation, doing something else, or just ignoring. Altermaly, documents about the experiment
can be loaded, instead of sending suggestions. This invalvether kind of actions.

2.2.4 Summary

Table 2.3 summarizes the requirements R1 to R6 in terms ofdbegarage for the characteristics
of an ideal learning environment as defined by the pedagigisaework CBN-FM.

| Dimension | Characteristics | Learning Context | Virtual Teacher |
Content Domain knowledge R1
Heuristic strategies R4, R5, R6
Control strategies R4, R5, R6
Learning strategies R4, R5, R6
Methods | Modeling R1
Coaching R4, R5, R6
Scaffolding and fading R4, R5, R6
Articulation - -
Reflection R2
Exploration R2

Sequence | Increasing complexity
Increasing diversity - -
Global before local skills
Sociology | Situated learning R3
Culture of expert practicé R4, R5, R6
Intrinsic motivation - -

Exploiting cooperation R3
Exploiting competition R3

Table 2.3: Requirements compared with CBN-FM

Characteristics that are indicated in the table by "-" areaoeered by the previous consid-
eration, among them are the dimension Sequence that i®tefi¢ content specific design of a
learning environment, as well as the characteristicsnsitimotivation and articulation that are
pedagogical skills hardly replaceable by technologies.

Other characteristics are well-addressed by the establisbquirements. All the require-
ments, in particular R4, R5 and R6, must be considered in a ledamanner to create optimal
properties for a learning environment. Related contrilm#ito this are reviewed in the following
section.
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2.3 Related Work

Three blocks of concepts related to this work are reviewetierfollowing. The first block in-
cludes reference models for some general issues in LTS.8duwnd block presents approaches
for knowledge-based LTSs, which consider in particulaomsted performance of teaching
strategies. The third block focuses on approaches thatdwangation as their core technology.

Concepts reviewed in this section cover the establishedrezgants as a whole. Related
works addressing particular aspects are introduced lat®ection 4.1, 5.1 and 6.1.

2.3.1 Reference Models

Among different initiatives for e-learning, the IMS Glohatarning Consortium and the IEEE
Learning Technology Standards Committee (LTSC) are two ofribst active ones, who have
the goal to provide technical recommendations for e-legrdevelopers and vendors. The spec-
ifications are exchanged with other organizations, suchegxiation Industry CBT Committee
(AICC), the ARIADNE Foundation, and the Advanced Distributeghtning Initiative (ADL).
For example, the ADL Sharable Content Object Reference M&EORM) [Adv01l] adopts
technologies from IMS, AICC and IEEE LTSC.

In the following, three recommendations from IMS, and anmefee architecture from IEEE
LTSC are briefly introduced.

IMS Learning Design

This is specified by the IMS Learning Design (IMS-LD) workiggoup, whose mission is to
develop "a framework that supports pedagogical diversity i@mnovation, while promoting the
exchange and interoperability of e-learning materialsf$03e].

According to the conceptual model of IMS-LD (shown in Fig@.8), a learning design is
aggregated on the highest abstraction level by the leaobpgrtives, a set of components, and
a method. This view can be complemented by two lower abstratgvels.

e A component can be of typwle (learner or staff) property group property, outcome
environmentactivity structureor activity.

e A componentan be bound to different types acfsources which can beweb content
personor service facility

e The methodcaptures the dynamic aspects in a learning design. It is osetpofplay,
and optionallyconditiors andnotificatiors. Play represents the flow of activities during
the learning process. Multiplglays may exit simultaneously, e.g. to represent activities
of different roles.Conditiors, if existent, are evaluated before activities are peréatmi
notificationis carried out in association with a certain activity.

This conceptual model is specified using UML notations [@BjO It is further specified in an
information model, in which object attributes are used tectide characteristics of each element
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Figure 2.3: Conceptual model of IMS learning design [IMS03e]

in the conceptual model. An XML mapping for the model is pomd [IMSO03f], together with
some best practice examples [IMS03d].

The specification provides guidelines for the high-levedige of a learning environment,
that may consist of many different types of components. @ltih only structural concepts
are recommended, the method part can be principally extetaldescribe behavioral details.
However, the generation of implementations from such detsans is left open.

IMS Content Packaging

A learning design can be included in an IMS content packag&{CP). The recommendation
of IMS-CP supports an approach that significantly forms thawton of computer-based in-
struction (CBI) technologies, which is the separation ofringional content from control logic
("evolutionary split” [Adv01]). In contrary to CBI tools in #hpast, which had monolithic struc-
tures, an IMS-CP is composed of reusable resources and btiaptatrol logic, supported by
interchange formats.

Similar to IMS-LD, the IMS-CP specification is also composddioee parts [IMS03b]
[IMS03c] [IMS03a]. Figure 2.4 shows the conceptual modelME-CP. Each package is a
logical directory that consists ofraanifestandphysical files The physical files are actual media
elements of different formats, representing instructi@eatent, while the manifest defines the
control logic about how these files are used. The manifestigosed of the following elements:

¢ Meta-datathat describes the manifest.
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¢ Organizationghat contain instructions about how to use the package.

e Resourcethat are references to the physical files contained in thiegagecor other external
files.

e (Sub-)Manifest(syvhich are optional, logically nested manifests.

Package

Manifest

Meta-Data

Organizations

Resources
(sub-)Manifest(s)

Physical Files
(e.g. Media,
Assessment,

Collaboration)

Figure 2.4: IMS content package structure [IMS03b]

"Separating instructional content from control logic” iseoof the basic principles followed
in this thesis. Content packaging implements this by allagan Organizations-part in the pack-
age, which contains for example instructions of simple seging (see below). The instructions
must be properly interpreted, in order to control the agpian of the physical files contained in
the package. At this point, the specification remains ragkeeral.

IMS Simple Sequencing

The purpose of the IMS Simple Sequencing Specification (BES)) is to define a method to
describe learning activities in a consistent way [IMS03g]earning activityis described by an
event or an aggregation of events, whereas an event carmbeaitinstructional event or an event
embedded in a content resource. In this manner, a learnimgmos segmented into pieces, so
that a content developer is able to define which piece of cbigeselected, delivered or skipped
for presentation. The content developer is also able tamigte the order of the pieces to be
presented. Further, learning activities are organizemlantivity trees. The sequencing behavior
navigates through activity trees to fulfil desired learnatijectives. A sequencing specification
can be included in the Organizations-part of a content ppeka

This specification is labeled as "simple” because only atéchnumber of widely used se-
guencing behaviors is included. It currently does not asklatificial intelligence-based se-
guencing and sequencing of simulations.

The specification itself is not simple but relative compliéxontains a number of information
models and behavior models. The following ones are padituinteresting:
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Sequencing definition modisl the information model to describe desired sequencing be-
havior.

Tracking modetlefines the information model of record information abowgaer’s in-
teraction with learning activities.

Activity state modak the information model to describe the state or status e&mkr.

Overall sequencing procegslustrated in Figure 2.5) describes a logical workflow hwit
involved processes, each of them is described in a sepaghtevior model. A learner
initiates requests on navigation through presented coriféese requests are translated by
the navigation process into requests to the terminatiooga®or the sequencing process.
The latter determines what is delivered next to the leakthese processes rely on the
state model describing learning activities.

________________________________________ Navigation Event (e.g.
o Conlinue, Previous,

----- i , Exit, efc...
for N ation Reg C oose, Exit, efc...)

& .
Overall Sequencing Process

Termination Reques! Deliver Content
Resource

s ’ Runtime Data
ey | Communication
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N X!
N £ s
o \ Runtime
b
Sequencing Regues! .’.'\ \
,»"' }{srac\wﬁfh Slate Mode! ;
7 A
I~ £ %oy State Model
Delivery Roquest P ~ \ \

. =
7 | 85606080

Figure 2.5: IMS overall sequencing process [IMS03g]

This specification provides a detailed modeling of the prden of learning content con-

sisting of smaller pieces. Interesting is the coupling & sequencing process with the state
model describing learning activities. This approach aggpliell to static pieces of learning con-

tent, which do not vary over time. However, a simulation canhlardly segmented into such

pieces.
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IEEE Learning Technology Systems Architecture

This architecture (abbr. LTSA) is the basis for other LTSCoramendations. It is a high-
level system architecture for LTSs. It was intended as adpgedically neutral, content-neutral,
culturally neutral and platform-neutral” architectur&f01].

LTSA consists of the following five layers, each represantn abstract view on a learning
system:

1. Learner and environment interactiondt is the highest layer, and focuses on the inter-
face between a learner or a group of learner and the envinoniméerms of knowledge
discovery, exchange, acquisition, etc.

2. Learner-related design feature3his layer concerns the nature of a learner as a human,
which may affect the lower-level design of a learning systéins not further considered
in LTSA.

3. System component§his layer consists of identified components of the architec It is
the core of the architecture.

4. Implementation perspective and prioritie§his layer abstracts stakeholders’ views on a
learning system, each of them concerns a particular adpetcaffects the implementation
of the system components.

5. Operational components and interoperabilityprovides codings, APIs (Application Pro-
gramming Interfaces) and protocols of a learning system.

The system component layer is further described by sevevaépses, data stores and flows,
as illustrated in Figure 2.6:

e Processes (4)Learner entityis an abstraction of a human learn€oachincorporates
information from different sources to select a learningtegn Deliverytransfers learning
content to the learning entitf{zvaluationproduces measurements of the learner entity.

e Data stores (2).Learning resourcesnclude different forms of learning materials, e.g.
presentations, tutorials or experimeritsarner recordstore present and past information
about learners, e.g. preference and performance.

e Flows (13). Each of them symbolizes the transfer of certafarmation from one pro-
cess/store to another. A flow is represented by a labeleégctdnl arrow. Two types of
flows are distinguished: control flow and data flow. A controWl(represented by an ar-
row with dashed line) starts, stops, or changes processinitg a data flow (represented
by an arrow with solid line) refers to inputs and/or outputasystem or a subsystem.
For examplemultimediais a data flow representing several types of media deliveced f
the delivery process to the learner entity proceBshavioris a data flow that transfers
information about the learner’s activities to the evalortprocessinteraction contexts
essential for the evaluation process to understand thedebehavior in case of interactive
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media.Assessmersiupplies the coach process with information about the &&ourrent
state.Locator points to the learning context to be selected. The locatartsethe delivery
process represents a control flow, while the one sent by thehcprocess contains input
data.

Learner
Multimedia

Interaction Context

Evaluation

Delivery

Lo ca Learning

Learning ! to, Preferences
Contentg | Locator
\ 4

Learner Info
(current)

(history/obj.)

Catalog Info

Learner
N Records

Learning

Resources [* Learner Info

(new)

Figure 2.6: System components of LTSA [IEEO1]

The processes and flows describe a conceptual view on Igaassociated activities. De-
pending on scenarios, the processes can be carried outfesedifhuman beings or automated
mechanisms, and the flows may have higher or lower prioritieshis sense, a rich variety of
stakeholder mappings are provided in the LTSA standartictihaers over forty different known
approaches to information technology-supported learaysiems. Mappings that are relevant
for this work include mentoring, interactive environmesitnulation, intelligent tutoring tools
and distance learning. The mapping for simulation, for gxanplaces primary the design focus
on the flows of multimedia, behavior, interaction contextdtor and assessment.

LTSA was intended to cover a broad range of LTSs. The straafisystem components ad-
dresses the most important processes of an LTS. For e+hgazapable simulations, this structure
is applicable but not optimal. A slightly different architare is presented in this thesis, in which
for example the delivery process is further refined. Seci@gives an in-depth discussion on
this.

2.3.2 Knowledge-Based LTSs

Knowledge-based systems (KBSs), also referred to as exfseinss, derive from the discipline
of Artificial Intelligent (Al). Al has the aim to emulate humaognitive skills [Jac99]. KBSs

focus on the practical application of techniques. They Hae@n applied in education for over
20 years. Due to the lack of powerful hardware and suitabievace, earlier computer-aided
instruction systems applying KBS-techniques were verytéohin supporting individual learner
needs [0’S82]. Intelligent systems for education deveddpeer offered greater flexibility at this
point [KT92]. Two recent approaches in this area are inteedun the following.
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GET-BITS

Generic Tools for Building ITS (GET-BITS) was intended to offeevelopment concepts for
Intelligent Tutoring Systems (ITSs) [JD0O0]. It extends amlier work named EduSof [JD96].
The motivation of GET-BITS is to provide a highly-usable kdegge acquisition interface to
teachers, so that they can create, modify and test teacbimgepts without having to be Al
specialist themselves.

The problem targeted by GET-BITS is a crucial one for KBSs, ngnithe transfer and
transformation of potential problem-solving expertisenfrsome knowledge source to a pro-
gram” [Jac99]. This problem can be referred to as a problekmo#ledge acquisition. In many
knowledge-based ITSs, the technical interface for knogaeatquisition is so complex, that the
aid by knowledge engineers is indispensable. Easy-to-tegghigal editors are very desirable
[Wo092]. A well-founded structure of an ITS is also impottém support the representation of
broader learning objectives. GET-BITS provides an objeigtrted architecture, composed of
the following dedicated modules:

e Thedomain knowledge modud®ntains information about the domain knowledge for stu-
dents to learn. Aknowledge networkonnects different frames of learning content se-
mantically together, including lessons, examples, taglisstions, etc. Text, picture, or
simulation can be used as representation forms for theseefa

e Theexpert moduleontains knowledge about how experts solve problems iretleeanced
domain. It is used to compare with students’ solutions.

e Theinterface modulgrovides mechanisms at the user interface, by which stadmh-
municate with the ITS.

e Thetutor moduleis responsible to decide how and when the domain knowledtgehs
presented to students. It models the teaching process wéh, rand uses input from the
student model.

e The diagnostic moduladentifies student misunderstanding. In addition, it updahe
student model and the teaching rules used by the tutor module

e Thestudent modedtores information that is specific to each individual studi order to
determine the state in terms of learning progress.

e The explanation modules dedicated to the explanatory knowledge, the third kind of
knowledge identified in GET-BITS, additionally to the dom&mowledge stored in the
domain knowledge module, and the control knowledge repteden the expert module.
The explanatory knowledge is not part of the knowledge taabglt to students, but used
to control the generation of explanations for the knowletdgee taught.

A key concept of GET-BITS is to use explanation control styee which are specified in
form of if-then rules, e.g.:
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| F The explanation type is WHY
THEN Show the current goal

For teachers to create lessons, a set of predefined explamgbes is available. They can be
bound to content frames.

This approach is interesting, because it addresses ircplartithe modeling of domain spe-
cific expert knowledge and domain general pedagogical kexbgd. It explores also the applica-
tion of explanation control strategies, which correspantetiching strategies with notification
actions. Like IMS-SEQ, knowledge representation framgsdyawell to static content, but to a
simulation only as a whole. The rule-based modeling of atjias is a concept that is also used
in the approach introduced below.

ETOILE

Experimental Toolbox for Interactive Learning Environth¢BTOILE) is an agent-based ap-
proach to building learning environments, in which studeare put into problem-solving situa-
tions [DHM*93]. The intended learning environments are called "iigelit learning environ-
ments”, because artificial intelligence techniques ard ts@nplement system components that
provide assistance to students. A similar approach is ptedeén [SSCO01]. An instance of such
learning environment for experimental psychology, nameeM@®LAB, has been developed.
The purpose of ETOILE is to support the creative developrpemtess for various domains on
the same principles of MEMOLAB.

In an ETOILE-based learning environment, students aremtgg either by human tutors or
by computational agents. The latter ones are classifiedwddypes. The one type represents
domain experts who have primarily no pedagogical interitgirmeans to optimally solve prob-
lems. The other one abstracts domain generic pedagogioallé&dge to support the interaction
between students and domain experts. Here, a separativadrepedagogical knowledge and
domain knowledge takes place, in order to allow varioushiggcstrategies being applied to the
same learning content. The learner-expert-tutor triaisgllee core of the ETOILE architecture.

In respect of the implementation, two points are partidylarteresting. One is, that for
students to better understand the results, the simulated in MEMOLAB for psychological
experiments produces traces and statistics, whereastqnesd comments and keywords are used.

The second point concerns the inference engine of ETOILBdlements rules that describe
expertise of domain-specific and domain-generic agentsalgeneral-purpose inference engine
using rule representation based on Common LISP, an objezited programming language
frequently used in Al [Jac99]. A rule is a condition-actiotpeession. The basic rule condition
template describes an object-attribute-value vectot,sha

(<obj ect >i s<class>with

<sl ot ;><operat or ;><val ue;>&
L&

<sl ot ,><operat or ,><val ue,>)

where,<sl ot > is the predicate (attribute of object), ar@per at or > can be =<> <,
>, <=, or >=. The rule actions include creating/destroying objectanodifying slot values
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of objects. The integration of the inference engine intolé@ning environment occurs over

function calls in rule conditions and actions. In this mane&pert agents are able to diagnose
mistakes of a learner based on his/her actions. The inferengine is implemented using a

specific interface of the Common LISP tool.

This approach models the interaction between learneryexpe tutor with rule-based agents.
Diagnosis and control actions are performed on the baseaphér actions, whereas control ac-
tions can be more than explanatory actions, because the opkrate on the object level. Al-
though not clearly stated whether this procedure is integravith the MEMOLAB simulation,
the possibility to open the model of domain knowledge foritterumentation of control logic
is promising. Since function calls used in rule conditiond eule actions are implemented using
code-level instrumentations, familiarity with the implentation language is necessary.

2.3.3 Simulation as Core Technology

Simulations are widely used for education. Scientific satiohs, such as ns-2 [FV01], DaSSF
[LNO1] and GTW [DFP 94] provide useful features to be applied to LTSs. Howev&y tover
at most the requirements R1, R2 and R3, as presented in Se@i@nla.many other simulation-
based software intended as LTSs, only minor run-time tegctupport is provided. For example,
[FSO1] proposes using a benchmarking tool to analyze thédtsggroduced by a digital circuit
design simulator. In [GZ92], user’s actions are compardt piedefined mandatory or optional
input to a simulation, in order to calculate which tutorimformation has to be presented. The
following two approaches provide teaching support in a niaegrated manner.

HISAP

Highly interactive Simulation of Algorithms and Protoc@lsiSAP) is intended as a framework

to generate animation applets for teaching algorithms otopols from their formal specifica-

tions [BRO1]. The application of this framework for securitpfcols is presented in [BPO3].
A simulation model relies on an object-oriented conceptdiesd by four object classes:

A noderepresents a communication participant. It is bound to ancomcation protocol
or an algorithm.

A connectionlinks two nodes either in simplex or half duplex mode. Simplealf du-
plex and duplex are concepts used for computer networksyidesgy whether nodes of a
network send and receive information at the same time [Tah02

Messages used to describe information exchanged over connections

Composeds used for purposes such as building node hierarchies.

The object-oriented simulation model is based on a formalehthat integrates the concept
of time. The use of formal methods allows verification of aition or protocol specification
by automated model checking techniques. It is useful in sag#ents learn to design their own
algorithms or protocols.
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In examples presented in [BRO1], students can be assignedatiffroles in predefined sce-
narios to study important cases of an algorithm or a protdotliitive animations are useful for
students to learn on their own. The formal specificatiom®aalhstrumentation for supplemen-
tary tutoring information.

The formal specification-based approach is beneficial fey eseation of simulation models.
The simulation object model is well-suited for communicatprotocols. Tutoring information
is directly attached to model descriptions. This is rathéypee-level instrumentation. It ap-
plies well to study the functionality of algorithms and grobls. Instance-level instrumentation,
for example to study a network consisting of many protocstances of various types, each
is configured differently, is not addressed. It is assumad distributed simulation clients are
supported for predefined roles. There is no statement alouttey are coordinated over time.

Pedagogical Agents

The work presented in [Joh96] is an agent-based approaclniparison with ETOILE, it tack-
les in particular how to structure tutorial interactionshin distributed simulation environments.
A type of human-like, intelligent agents, called pedagabagents, is used to provide explana-
tion to learners and to give assessment about their worlkageggcal agents and the simulation
model rely on the Distributed Interactive Simulation (D[#dtocol [Fuj00].

A key concept to support tutoring is plan recognition. It istadent modeling approach. A
library of procedural plans is made, with each plan recaydive plan steps, together with their
pre- and post-conditions. The plans are applied by pedagbggents to the student behavior,
in order to offer assistance in case of impasses, where tigerst is unable to proceed. This
involves monitoring of student actions, and states of satmoth objects.

In addition, explanation and debriefing capabilities ar@vled, which are based on deci-
sion analysis, episodic memory and presentation. Forideasalysis, hypothetical changes are
computed and their outcomes are compared with the outconie agituation in which the deci-
sion was made. Episodic memory records events and the ahtgnanges to recall the situation
when each event occurs. Presentation provides explanatgtmdents in appropriate graphical
and textual forms.

The functionality of a pedagogical agent is domain-depehdé\ pedagogical agent for
medical education is presented in [SGJIM99] and [SJG99]rel lzerule language is proposed to
describe the so-called "pedagogical opportunities” faragion-based reasoning. The description
for a situation that triggers a quiz action is shown below.

(situation askUrinalysisQuiz

't ype quiz

:condi ti on (and(order-urinalysis-done == T) (knowsAboutUrinalysis == false))
:act i ons (:quiz urinalysisQuiz)

:hi nt "Two of these options are appropriate.”

:rat i onal e "The quiz tests your understanding.”)

For the spatial distribution of the collaboration enviramt this approach relies on an estab-
lished protocol for distributed simulation. Issues of tmporal distribution are not addressed.
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With plan recognition, assisting actions can be well-endleeldnto a simulation execution. The
rule-based control concept is similar to the approaches-BIES and ETOILE.

2.3.4 Summary

Related approaches introduced in the previous two subessctire summarized in Table 2.4.
They are compared with the requirements on e-learning ¢aysahulations. These approaches
are representatives for the very few in the literature togecmore or less the entire range of the
established requirements.

In Table 2.4, "y” denotes that the indicated requiremenujgm®rted. "-" is used if a given
feature is not considered by the related work. A featurecaugd by "n” is currently not sup-
ported, although it is enclosed in the scope of considarati®ome fields in the summary are
described briefly by key words.

| Requirements | GET-BITS | ETOILE | HISAP | Pedag. Agents|
Knowledge representation| Content Various Animation Simulation
frames applet
Interactive usage y y y y
Distributed | Spatial dis- - - y y
collab- tribution
oration envi-| Temporal - - — —
ronment distribution
Formalization Separable y y limited y
of teaching | control
strategies Content de-| Bind content| Rule  tem-| InstrumentatigrRule template
velopment || frames with| plate  with| of formal
interface predefined | function specifications
strategy calls
types
Assessment| On-line as- y y y y
about sessment
students Off-line as- - - - —
sessment
Accomplish-| Control ac- n y n n
ment of tions
assisting ac+ Notificationg y y y y
tions

Table 2.4: Summary of related approaches

Although the approaches GET-BITS and ETOILE do not use sitiomis as their core tech-
nology, all of them have been intended for LTSs. Knowledgegsentation and interactive usage
are well-supported. Various techniques are used for thegssing of teaching strategies. The
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majority of them use rule-based concepts. All of them supipatifications as assisting actions.
ETOILE allows also control actions at the expense of prognarg function calls.

Two features are not addressed at all. One is the tempotabditon of the collaboration
environment. The other is the off-line assessment abodests. Both are closely related to the
time aspect. Not only the facts occurring currently are tén@st, but also facts that happened in
the past. Incorporating the time concept for the missingufes indeed requires consideration
of the entire approach. For example, for the temporal thstion, the control of a simulation
execution must be able to retain the integrity for the sirmoilatime, in case the simulation is
interrupted or repeated. This must be incorporated in tis&clsamulation control model. Off-
line assessment based on facts occurred in the past reqpipespriate history storage, which
can be also useful for the run-time processing of teachiragegjies.

The approach presented in this thesis has the goal to pruowedeesired features in an inte-
grated manner. For this, it adopts and extends conceptsopekin the areas of simulations,
databases and knowledge-based systems. An overview gbpineaech is given in the following
chapter.



Chapter 3
Overview of the VTIS Approach

TheVirtual Teaching Interface for e-learning capable Simidas (VTIS) denotes the approach
presented in this thesis. An overview of core concepts oaffproach is presented in this chap-
ter. Section 3.1 introduces first the main idea of the apgro&@oncepts addressing key issues
are then summarized in Section 3.2. They are explored irildet&hapter 4, 5 and 6. The
architecture presented in Section 3.3 depicts a techraedization.

3.1 Main ldea

The crucial point to cover the requirements of e-learningatde simulations as a whole is the
integration of the processing of teaching strategies withrmodeling and the execution of a
simulation.

In the reference models of IMS and LTSC, as well as in the rélapproach GET-BITS, a
simulation is treated as a monolithic piece of material seawble learning content. Comparing
with other types of content, such as text, video clips oresljé simulation with interactive usage
may behave differently in different executions. Theref@eimulation-based learning content
involves greater complexity than other types of learningtent. On the other side, the behavior
of a simulation adheres to the underlying simulation modsing simulation model as the base
of control for teaching strategies is the principle foll@Mey the related approaches ETOILE,
HiSAP and Pedagogical Agents.

Generally, two categories of approaches can be distingdisthe anchored approach, and
the integration approach. An in-depth discussion of thepeaaches requires a review of some
concepts of formal specification for computer systems. Ththematical notations used below
can be found in Appendix A.

Preliminary

To describe computer systems based on grounded mathehmatidals, a number of formal
languages have been developed. Three basic componentsraia fanguage are [Nis99]:

1. Alphabet which is a set of permitted symbols.
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2. Syntaxwhich refers to rules defining the right order of symbolsentences.
3. Semanticswhich assigns meaning to correctly written sentences.

The alphabet of a specification language usually consistdpbfanumeric characters. To
formally describe the syntax of such a language, i.e. thengrar, the BNF (Backus-Naur For-
malism) notation [ISO96] is frequently used. Defining fotraamantics is a crucial task for
many specification languages, because only a well-founeledstics allows to unambiguously
describe the behavior of a computer system.

A very generic model for semantics specification isamsition system A simple form of
transition system is defined as a pdit ) [Plo81] [NN95], where

e ['is a set of elements, calledconfigurationsand
e > C I' x I'is a binary relation, callettansition relation

It states that a transition system steps from one configuratto the next configurationy’.

Widely-used modeling concepts, such as finite automatdegtfree grammar, and labeled
transition system, can be considered as variants of transystem [Plo81]. Therefore, transi-
tion system is an appropriate model for the following distois concerning the construction of
the behavior of an e-learning capable simulation.

Integration Base
The starting point of the discussion is a simulation modé&igcWis free from any teaching-related
behavior. The simulation model is described by a trans#igsiem, denoted as,, that is,

tsq = (T, >4)

This model is illustrated in Figure 3.1 as a directed grajdewise for other models in this
discussion. A graph can be well applied to illustrate binatgtions. Here, nodes of the graph
(as unfilled circles) represent the configurations of thesiteon system, while arrows represent
the transition relation.

Figure 3.1: Integration base: simulation model as tramsisystents,
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s

Figure 3.2: Anchored approach as transition system

Anchored Approach

An anchored approach is not an integration approach, bectsolves a completely different
model, as illustrated in Figure 3.2.

This approach can be described by a transition systems (I, ;). The coherence tts,
is difficult to determine. In such a model, the teachingtealapart is not separable from the
rest of the model. Due to the lack in appropriate supportoftare, earlier computer-based
instruction tools used to have monolithic structures. Téeytypical examples for the anchored
approach. Obviously, the weakness of this approach is tieat gffort is likely needed for the
adaptation, extension or multi-purpose usage of an egistiodel.

Behavior-Oriented Integration Approach

Integration approaches based on a simulation model deschigts, follow the principal of
separating learning content from control logic. The maodgbf teaching strategies can be seen
as anadd-onto the existing simulation model. They are therefore logjcseparable from the
simulation model. The looser coupling allows flexible adpnh and utilization for multiple
teaching purposes.

The integration approaches can be divided into behaviertrd approaches and data-oriented
approaches.

A behavior-oriented approach extends directly the bemafithe original simulation model
to implement teaching strategies. This concept is illtisttan Figure 3.3. The extended config-
uration is represented as a filled circle.

&

Figure 3.3: Behavior-oriented integration approach assttiam systents..

A transition systenis, models this approach as follows, whereas it uses the defirofits,
to express the coherence to the basic simulation model:

ts. = (Fa |>c>

wherel', C ', and>, C >..
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ETOILE, HiSAP and Pedagogical Agents are examples for thmeept, where an adequate
specification interface for teaching strategies is reguiEETOILE and Pedagogical Agents use
rule templates, while in HISAP the formal specification ofratpcol is extended by instrumenta-
tions. Automatism supporting the specification interfadeiportant to relieve content developer
from programming.

Data-Oriented Integration Approach

The data-oriented integration approach differs from thealer-oriented one in the point, that
not the behavior of the simulation model but the data refigctine execution of the simulation
model is used to integrate teaching strategies. Figuregnbdstrates this idea.

tsy

ts, 1Sy

Figure 3.4: Data-oriented integration approach as triamsitystents,

The transition systerns, is modeled as a combination of the transition systemandts,;.
This combination can be described formally as the following

tsq = (tsq, tsq1, P)

where
e ts, is defined as above,
o tsq = (I'a1,>a1), and

e P C T, xI'y describes the relation from the configurationsgQfto the configurations of
tSdl-

This concept describegs,; that implements the teaching strategies as a separatéitans
system, and a part that assembles togetherijtan e-learning capable simulation. The relation
P is represented in Figure 3.4 by a single arrow with dashedfiimm a node ofs, to a node of
tsq1. The dashed line symbolizes a looser coupling between thdramsition systems, whose
properties are easy to differentiate. By varying the retat?p a new combination can be created
with another transition system, sa&y;». In this manner, greater flexibility and extensibility of
tsq can be achieved at lesser expense.
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Summary

The main idea of this work follows the data-oriented intéigraapproach. Moreover, it refines
the above model ofs; asts!;, by a relation”’ that involves thenistory of the configuration of
ts,, thatis,

tsl, = (tSa, tsq, P')
where

e ts, andtsy are defined as fars,;, and

e P C A x I'y; describes the relation from the history of the configuratiohts, to the
configurations oftsy;, where A is a subset of the set df-fold product ofI’,, that is,
AC{T* |k e N}.

Concretely,A refers to the current and the past data involved in a sindakecution. The
rest of the thesis will elaborate in detail that the dataudek not only information about the
current and the past states of a simulation, but also infaomabout the user interaction during
the simulation execution. The preparation and the proegssi the history data to achieve the
integration of teaching strategies are the major concdrtigeanvestigation in this thesis.

The key concepts can be sketched using the reldtiofrirst of all, the relation is built upon
a well-founded simulation modeWith respect to the integration, it is analyzed which prepe
ties of the simulation model must be taken into account, awd the properties are described.
Two characteristics of an e-learning capable simulati@nparticularly considered. One is the
interactivity of such a simulation to support explorativeriw. The second is the distributed
collaboration environment for students to practice tearrkwo

The second step is to determine how the properties of thelaimm model arecollected
and conserved as history datdhe time aspect in the history data is reflected in the modeli
concept for a temporal simulation database. The structutteecdatabase relies on the analysis
in the first step, and can be considered as a representatibn of

The third step is concerned with the right hand side of thetiaat P’, namely thenodeling of
teaching strategieas part of an e-learning capable simulation. Here, the iplmof knowledge-
based systems is applied. Teaching strategies are foedwdatcontrol rules, that operate on the
data stored in the temporal simulation database. Using thhd are sensitive to modifications in
the database, which are again caused by changes in the san@gecution, teaching strategies
can be applied to on-line assessment. Off-line assessrarriiecachieved in case the rules are
used decoupled with a simulation execution.

The following section gives more details to these concepts.

3.2 Key Concepts

The VTIS approach comprises four key concepts, as elalubirathis section.
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3.2.1 Interactive Simulation

Interactivity is an essence for e-learning capable sinmarlat It involves communication between
a simulation and its user. A user is able to follow what is gan in a simulation. He/she is also
able to have impact on the progress of a simulation. Suchlations are referred to as interactive
simulations. In [Fuj00], interactive simulations are atkmoted as virtual environments. They
are distinguished from analytic simulations, as shown ild8.1.

Analytic simulation Interactive simulation/Virtual en-
vironment
Typical objective | Quantitative analysis of com-Creation of a demonstrative repre-
plex systems sentation of a physical system or a
process
Execution pacing| As-fast-as-possible Real-time
Human contact | Generally not included. If int Human is integral controller
cluded, human is an external
observer

Table 3.1: Classification of simulations in terms of interatt

Analytic simulations are typically intended for quantitat analysis of complex systems.
They are usually executed as fast as possible. Results dyz@mhafter the execution. A human
is at most an external observer to the simulation. Many knoetwork simulations are analytic
simulations, such as DaSSF [LN01], ns [BB¥] [FV01] and SURGE [BC98].

In comparison to analytic simulations, interactive sintiolas involve human intervention
during the simulation execution. Therefore, this kind ofigiations is also referred to as human-
in-the-loop simulation. Although real-time execution @nditional for interactive simulations,
the timeliness is only as much required as perceptible toamuparticipants. Computer games
and aircraft simulators for pilot training are popular exdes for interactive simulations. Ex-
amples for different other purposes include JANE [PFO1l]eAt$heets [Rep00], and Ppong!
[BS97].

The interactivity of a simulation can be built upon the sameedunctionality as an analytic
simulation. Such core functionality is usually provided dwimulation kernel. In this work,
concepts of discrete event-driven simulations and pdrsitheulations are adapted to form an
interactive simulation kernel.

A key issue of the interactive simulation kernel is the clatiren of thesimulation time and
thewallclock time. The wallclock time is a reference to the conventional tiffilee simulation
time is an abstraction of the conventional time used in theukition model.Scaled real-time
executionis usually used by an interactive simulation kernel, wheseale factorthat defines
the proportion of a second in the simulation time to a seconthé wallclock time remains
constant for a period of time. The interactivity requireganeral the scale factor being set to
one. Other values of the scale factor can be also useful wehemaulation is comparable to a
video player. Fast-forward is for example a frequently ulsadure of a video player. Section
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4.4 gives an in-depth elaboration of the timing mechanishrgplementation concepts for the
interactive simulation kernel are introduced in Sectidh 7.

In addition, the modeling concept of the simulation framew8SF (Scalable Simulation
Framework) [Cow99] is used for the conceptual simulation eig8ection 4.2), from which the
temporal data model is derived, as explained in Sectior83.8sing the conceptual model, a
simulation application can be modeled &gtities which may contain sub-entities, and may be
connected to each other entitiesfmyrts The properties of an entity are described by#sam-
etersandvariables A parameter can be changed by the user, while a variabldyisipdated by
the simulation model in execution. The conceptual modeattesnded as an information model
describing the structure of a simulation model, becauséfoemation model is of primary in-
terest for the database structure. Other behavioral medelde used to describe the behavior
of the simulation model. This is however not the scope ofwusk. The conceptual simulation
model is applied to a network simulation as an example (8egati2).

3.2.2 Virtual Group Supported by Simulation Session

Students sharing the same learning context over the digtdblearning environment build a
virtual group. A virtual group serves exploration, cooperation and cditipe. To support
virtual groups, two dimensions of distribution must be édared: a spatial dimension and a
temporal dimension.

The spatial distribution enables a flexible choice of lamator learning. Chat, IP-telephony
or shared-white-board are popular but general purposktieisupporting the spatial distribu-
tion. For simulation-based learning, [KT99] presents faaraple a groupware-based approach.
This work is based on a client-server concept. The strudturgpatial distributed simulation
environments presented in Section 4.3.1 follows the simpilenciple. A simulation environment
consists of a manager and zero or msirulation environment unit. Each unit supports one
virtual group with one simulation server, and several satiah clients as much as required by
members of the virtual group. On the simulation server satioh models representing knowl-
edge to be studied are executed.

The temporal distribution is incorporated in the controlchmenism of a simulation server.
Temporal distribution allows students in the same virtualug to setup their individual time
schedules. Traditionally, for experiments in laborat®ria student group is assigned a fixed
time. In order to organize collaborative work between memlzé a virtual group over time,
the concept okimulation sessionis introduced (Section 4.3.2). A simulation session presid
a view of control on the simulation server for a continuousqukof time. During this time, a
member of the virtual group can start, suspend, resumendewt terminate a simulation, change
the scale factor to control the speed of the execution, orgifine-tuning of the simulation. To
process user interaction internally, three categories@fts are distinguishednodeled events
command eventsandsteering events Modeled events are determined by the simulation model.
Command events represent requests such as start, sussemade reewind, and terminate. They
have no impact on the semantics of modeled events. Oppositerimand events, steering events
change the future of modeled events. Typical examples efistg events are adding/deleting
simulation entities, or changing values of entity paramset€ommand events and steering events
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together represent the interface for user interaction. édaw they are handled differently due to
different semantics. Command events are incorporated iodhi&ol mechanism of a simulation
session, represented by a state machine. Steering eventseaderived from the conceptual
simulation model as the above examples show.

The control view of a simulation session is built upon thewdation kernel using the concept
of simulation instance A simulation instance is an instantiation of a simulatioodal. As the
underlying simulation kernel does not always support backi& execution, the rewind operation
requires careful mapping of a simulation session to sinananstances at the time of rewind,
because rewind gives the user the impression that the diorutane is set to a time in the past.
The control mechanism dealing with this is explained in Bect.3.2.

3.2.3 Student Assessment Based on Temporal Simulation Database

The basis to apply teaching strategies is the assessmeuit sthdents. The raw data for the
assessment is the history data stored in a temporal simuildéitabase.

This database differs to many other temporal databases imathdling of the simulation time
and the wallclock time. Conventional temporal databaseg@tithe time dimensions valid time
and/or transaction time. Valid time refers to the time offtet in reality, relative to the modeled
world in the database. Transaction time is the time whendbei$§ presented to the database.
For interactive simulations, the reality exists in the diation time, and in the wallclock time.
Therefore, both time dimensions are used by time stamp&éonistory data.

The temporal data model as presented in Section 5.2 uséfetpan concept to express the
relations between elements in the database in one or the totie dimension. The structure
of the data model is aligned to the conceptual simulation ehodn addition to the entities
according to the conceptual simulation model, simulatessgons and simulation instances are
also incorporated in this structure.

To support the development of concrete database schemagresentational, generic data
model is specified using the metamodeling language MOF (NMdgect Facility) [Obj02b].
MOF supports different language mappings to generate ssheXML Schema is used in this
work as the concrete schema specification language [WarWha]complete specification of the
metamodel and the generic schema are included in AppendidEa

3.2.4 Knowledge-Based Processing of Teaching Strategies

The processing of teaching strategies is based on the plienof knowledge-based systems
(KBSs). An introduction to KBSs is give in Section 6.1.1. Theusture of KBSs can be con-
sidered from the view of a user, a knowledge engineer, orla®eloper [GD93]. These views
can be mapped to three LTS-related roles, as shown in Téhld Be student role corresponds to
the user’s view. Thereby, a teacher as supporter is notfsigni in this consideration, because
in terms of a KBS a teacher acts desirably as a knowledge estgine

Knowledge acquisition is a critical issue for KBSs. Many KBSwsér complex knowledge
modeling interfaces, so that a knowledge owner cannot playdle of a knowledge engineer
at the same time. Abstract description has been found use&upport a teacher as a content
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LTS role Views of knowledge-based
systems

Student User

Teacher as content developeiKnowledge engineer

Tool developer Tool developer

Table 3.2: LTS-related roles and views of knowledge-bagstems

developer, as shown in the related approaches GET-BITS, EH@hd Pedagogical Agents.
Expression power, compactness and simplicity are factolsettaken into account for the de-
scription technique.

Active databases can be considered as a special type of Kigsespond automatically to
certain events occurring inside or outside the databassstdthe fact, that a temporal database
deliveries input data for teaching strategies, concepéstife databases apply well to this work.
Section 6.2 presents a knowledge modeldotive rules, which are in general event-condition-
action rules. According to the temporal data model, inserdind update of database elements are
events triggering the evaluation of the condition part divecrules. The condition part consists
of queries on the history data stored in the database. Thisspsupported by a set of typical
guery use cases (Section 6.2).

The rule template (Section 6.3) is based on the grammar ofexXyQgiWor03c]. It is a query
language using XML Schema as type system. This rule temgatell-adapted to the generic
data schema of the temporal simulation database. An actinigefor the processing of rules is
presented in Section 6.4, as a refinement of the overalltaantbre introduced in the following
section.

3.3 Architecture

The VTIS overall architecture, as illustrated in Figure, 3s5a component-based architecture. It
assembles two dedicated views, each of them is supporteddtycd system components.

3.3.1 Dedicated Views

The student’s view is represented by a virtual teaching interface, at whichudesit obtains
assistance while he/she works interactively with a sinmtatConceptually, the virtual teaching
interface comprises a simulation client interface and arstsce interface.

The simulation client interface communicates with the dation server to obtain infor-
mation about the simulation progress, and to transfer studguests to the simulation. The
construction of the simulation server and simulation ¢Beis elaborated in Chapter 4. Some
implementation details, including examples, are preskint&ection 7.1 and Section 7.2.

The assistance interface supports the operation of teachiategies evaluated by the con-
troller. The controller uses teaching strategies stordldgmule repository to process history data
provided by the simulation database. It delivers notifaatito the assistance interface, and/or
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Figure 3.5: VTIS overall architecture

stores information about students in the student recoras.r@alization of the database, aligned
to the data model introduced in Chapter 5, is discussed indpect3.

Theteacher’s viewis concerned with an authoring interface. Using a databetsensa that
provides structural information about the simulation Bate, a rule template for the specifica-
tion of teaching strategies, and a description of the sittmianodel, a teacher supplies his/her
knowledge to the rule repository that is used by the comtradl guide the student’s work. Com-
ponents for the rule processing are explored in Sectionr&4s&ction 7.4.

3.3.2 Comparison with LTSA

The LTSA architecture is very general to various types of 4 Thile the VTIS architecture is
intended for e-learning capable simulations based on tteealéented integration concept. The
correlation between the two are sketched in the followirg @lso Table 3.3):

e The LTSA learner entity process represents VTIS student.

e The LTSA delivery process corresponds to the VTIS simutatigent interface, the simu-
lation server, and the assistance interface.

e The LTSA evaluation process and coach process aggregatéltBecontroller that com-
putes assessment about student and performs notificatamnool actions. Whereby, the
functionality of the VTIS controller is determined by the \slrule repository.

e The LTSA learning resources are represented by the VTISIation server.
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e The LTSA learner records are comparable to the VTIS studmuirds.

Obviously, despite of conceptual correspondence, an exacgponentwise mapping is diffi-
cult. The main reason consists in the data-oriented commééipe VTIS architecture. At on point,
besides the delivery of learning content, data is preparethé evaluation about the learner. In
LTSA, learner information is stored in learner recordss lpdated by the evaluation process on
observation of the learner behavior, and utilized by thebgaocess to locate content to deliver.
According to VTIS, the information about the learner’'s bebais reflected in the history data
stored in the simulation database. On examination of theg tta controller decides whether the
student records should be updated, control actions onrtindation server should be performed,
or notifications to the assistance interface should beel&d, The second point is that the VTIS
architecture includes also an authoring concept supmpttie development of learning content.
LTSA does not have correspondence to this part.

| LTSA Components | VTIS Components |
Learner entity process Student
Delivery process Simulation server, simulation

client, assistance interfacde
Evaluation process, coaghController

process
Learning resources Simulation server
Learner records Student records
— Authoring interface
- Teacher

- Rule repository
- Simulation database

Table 3.3: Comparing LTSA and VTIS components

3.4 Summary

This chapter introduces the main idea and key concepts @fheach named VTIS. The basic
principle of VTIS is a data-oriented integration concepattls described using the formalism
of transition systems. The greater flexibility of an e-l@éagncapable simulation is achieved
by a looser coupling of teaching strategies with simulatioodels over the manipulation of
simulation history data. This is supported by four key cats®f the VTIS approach.
Table 3.4 gives a summary of these concepts as a guidandeeféwllowing chapters. Like

Table 2.4, it uses the established requirements as crit&&ztion numbers indicate where a
particular feature is discussed in the following chapters.
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Requirements Interactive Virtual Temporal Active rules
simulation group database

Knowledge representation| Sec. 4.2

Interactive usage Sec.4.3,4.4

Distributed | Spatial dis- Sec. 4.3.1

collab- tribution

oration envi-| Temporal Sec. 4.3.2

ronment distribution

Formalization Separable Sec. 5.2 Sec. 6.2

of teaching | control

strategies Content de- Sec. 5.3,5.4| Sec. 6.3
velopment
interface

Assessment| On-line as- Sec. 5.2, 5.3} Sec. 6.2, 6.3

about sessment 5.4 6.4

students Off-line as- Sec. 5.2,5.3| Sec. 6.2, 6.3
sessment 54 6.4

Accomplish-| Control ac- Sec. 6.2, 6.3

ment of tions 6.4

assisting ac{ Notifications Sec. 6.2,6.3

tions 6.4

Table 3.4: Summary of VTIS concepts




Chapter 4

Interactive Simulation for Virtual User
Groups

This section focuses on the key concepts of VTIS is concenithdnteractive simulation and the
support for virtual user groups. It is noted, that in thisteo, "user group” instead of "student
group” is used, because at this point no difference is matiedas a student as a group member,
and a teacher as a group member.

Basic simulation concepts are briefly introduced in Sectidn th Section 4.2, a conceptual
model for the construction of simulation applications isggnted. The architectural and struc-
tural concepts for the management of the spatial and tergigtebution of virtual user groups
are elaborated in Section 4.3. The timing and control issfies interactive simulation kernel
are discussed in Section 4.4.

The concepts are based on a joined work with RWTH-Aachen aaahRiofer FOKUS. The
following presentation focuses on issues related to theS\v@proach. For other details please
refer to [LLPM"03b] and [PRS04].

4.1 Basic Concepts and Related Work

Terms such as simulation, simulation model or simulatiatedtave been already used in the pre-
vious discussion. Their formal definitions are now providethe following, whereas concepts
from [BINNO1], [CL99], and [Fuj00] are adopted.

System

Systemis one of those primitive concepts, for which there existe@mmon understanding, and
numerous definitions. The following one is used in this work:

A system is a group of objects that are joined together in s@gelar interaction or
interdependence toward to accomplishment of some purBIsiND1].

According to this, arentity is an object of interest in the system, andadimibute is a property
of an entity.
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Applying the input-output-modeling [CL99], a system can lesatibed by input variables,
represented by the vectoft) ([...]” denotes the transpose of a vector):

u(t) = [ur(t), ..., up ()%, to < t <ty
and output variables, represented by the vegtor.

Y(t) = [y1(8), - ym (O] o ST <ty

where each variable is represented as a time function ov@t@dof time, denoted by (, ¢ ].

A static systemis one where the outpyt¢) is independent of past values of the inpyt),
T < t for all t. Otherwise, it is adlynamic system A time-invariant dynamic system, some-
times calledstationary system has the following property: if an inpui(t) results in an output
y(t), then the inputi(t — 7) results in the outpug(t — 7), for anyr < t. A dynamic system not
obeying this rule is called time-varying dynamic system

Roughly speaking, thstate of a system describes its behavior at a time instant in some
measurable way. Like input and output, the state of a syssedescribed by state variables,
represented by the vecteft):

X(t) = [x1(t), ., xn ()T, to <t <ty

The statex(t) is the information required at timg such that the output(¢), for all ¢ > ¢,
is uniquely determined from this information and frart), t > ¢,. The state spacedenoted
by X, is the set of all possible values that the state may take.cbmtinuous-state systemas
illustrated in Figure 4.1, the state variablg) changes continuously over time.

x(H)

N t

Figure 4.1: Continuous state space and continuous time

In a deterministic system for a given set of input variablag(t), ¢t > t,, there is a unique
set of output variableg(¢), ¢t > t,. A system is astochastic systenif at least one of its output
variables is a random variable, which is determined prdissibally.

In the strict sense, two notions of discretion are distisgad: discrete state and discrete
time. In adiscrete-state systemopposite to a continuous-state system, the state spacseis a
of discrete state values. Indiscrete-time system the time consists of a sequence of single
pointsty, < t; < ... <t < ..., for k € Ny, with equal-length intervals between them, whie
represents the set of natural numbers including zero. &istime does not imply discrete space,
neither vice versa.
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A discrete-event systenis a discrete-spaceyent-driven system Eventis a concept, like
system, that can be well-understood intuitively. It canHmight of something that occurs instan-
taneously. In an event-driven system, state transitioasreygered by events. It has therefore a
discrete state space. An alternative to an event-driveteisyis atime-driven system in which
state may change at any point in time. A continuous-stateesyss by its nature a time-driven
system. The discrete-state property of a discrete-evestesyis illustrated in Figure 4.2. The
state spacg is a set of states, which is in this exampe= {s,, s5, s3, s4}. The state changes
when an event occurs, e.g. evepgt timet;.

Figure 4.2: Discrete-event system with discrete statees(j&t 99])

Simulation

A simulation is the imitation of the operation of a real-world process ystem over time
[BINNO1]. The heart of a simulation is its simulation model sfnulation modelis built upon
assumptions about the operation of the process or systemdorulated, which are expressed
in mathematical, logical, and/or symbolic relationships.

The following three notions of time are frequently used ia study of simulation [Fuj00]:

e Physical timerefers to time in the physical system. Itis the time in thevemrional sense.
e Simulation time is an abstraction used by the simulation to model the phlysina.

e Wallclock time is a reference to physical time obtained by reading a haelalack.

Two further time-related concepts are activity and delayaétivity is defined as a duration
of time of specified length, which is known when it begins.délay is a duration of time of
unspecified indefinite length, which is not known until it end

The research on simulation spreads over a broad spectrume &dated concepts for this
work are introduced in the following.
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4.1.1 Discrete-Event Simulation

Depending on how the state changes as the simulation tineads, simulations can be classi-
fied into continuous or discrete simulationscéntinuous simulationis one, in which the state
changes continuously over time. Indecrete simulation the state changes only at a discrete
set of points in time. By its nature as a discrete system, aetessimulation can be either time-
driven or event-driven. Aliscrete-event simulationis a discrete-event system, in which state
changes are determined by the occurrence of events andiestiVime stampsassociated with
events and activities set the points in time of their ocawree

Three prevalent modeling concepts of discrete simulatatiedworld views (or schemes
[CL99)), are the event-scheduling world view, the procedsraction world view, and the activity-
scanning world view. Thevent-scheduling world viewinvolves processing of the Future Event
List (FEL), which contains events, together with the timeawlthe events should occur in the fu-
ture. The FEL is ordered with the smallest event time firse ®fder is retained when an event is
removed from the list, or when a new event is added to theTlst. scheduling algorithm makes
sure that the first event is fetched and the simulation tinagl@nced to the time associated with
this event.

According to theprocess-interaction world view a simulation is modeled with entities and
processes. Itis in particular intuitive for a high-leveldeting. Entities are consumers of system
resources. The life-cycle of entities is described by pgees, each of them is described by time-
sequenced events, activities and delays. Processeiritetarms of resource demanding. The
implementation of the process-interaction approach,dnddom a modeler’s view, often makes
use of the event-scheduling algorithm.

In comparison to the event-scheduling world view and the@sse-interaction world view,
both use variable time advance (i.e. time advances to theimexinent event), thectivity-
scanning world viewuses fixed time increment and is therefore a time-drivenepoind\t each
time increment, conditions for activities are checked tedaine which activities should begin.

4.1.2 Parallel Simulation

Scalability and performance are crucial aspects for sitmra. With the increasing complexity
in the simulation model, sequential simulations encoumiare difficulties in execution time and
memory spaceParallel discrete-event simulation(PDES) addresses these issues by modeling
a simulation into potential parallégical processs (LPs) . Each LP executes its local events.
In case that an LP generates new events which affect otheritLiRstifies those LPs by pass-
ing message to them. By exploiting the parallelism in the simulation rahch PDES can be
executed on shared-memory or distributed memory compuléerefore, PDES is in particular
interesting for large-scale simulation models. [Fuj0}vyddes a comprehensive survey of the
field of PDES. An overview on PDES tools is given in [LEG9].

A main issue in achieving parallelism is thausality constraintin a discrete-event simula-
tion, an event with the smallest time stamp is processed Atsevents should be processed in
the time stamp order to ensure the causality. This can by easiieved in a sequential simula-
tion, where all events are centrally managed in an eventliisPDES, each LP processes only
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local events on its own event list. Due to the parallelism BEland the lack of a global clock,
the synchronization issue arises. This is a well-studietblpm in distributed systems, to which
causal ordering generally applies. Causal ordering is ditfigehe Lamport'tiappened-before
relation [CDKO1] [Tan02b], denoted by-3”". For any messagen exchanged between LPs,
send(m)— receive(m)takingsend(mjs the event of sending of the message,randive(mpas
the event of receiving the message.

In terms of algorithms to ensure causal ordering, two categ@f PDES are distinguished,
namely the conservative approach and the optimistic approa

The conservativeapproach is one to prevent causality error from ever oaugiriThe local
event processing is blocked until it is ensured that the et is safe from future event arrivals
with smaller time stamps caused by other LPs. [Do&kaheadproblem is a crucial issue for the
performance of this approach, which refers to the abilitgredict what will happen, or will not
happen in the simulated future. Model characteristics @anded to achieve good lookahead.
For example, LPs can be modeled by FIFO (first-in-first-aalt)queues. They communicate the
potential points in simulation time when a message may betsesthers. It is safe to process
local events until those indicated points in simulationgtifhiu03].

In contrary to the conservative approach, dpimistic approach allows events to be pro-
cessed out of order. Once a causality error is detectétehack to the state before the occurrence
of the error is performed. State saving and recovery meshanare essential for this approach.
A well-known optimistic algorithm is Jefferson’s Time Wajef85], where incoming and out-
going messages are held in separate queues. At the time wdteaggler evenarrives, which
denotes an event with a smaller time stamp than the curremitdomulation clockanti-messages
are generated and stored in the outgoing queue, one for édoh messages already sent after
the time of the straggler event. Anti-messages are detiviereheir destinations to foro®ll-
backof earlier states. The global control mechanism to ensukdagck is based on the concept
of Global Virtual Time (GVT). Each LP holds a local virtuabck. GVT at real time (time in
the conventional sense, or physical time) is defined as themim of the virtual times included
in two sets: one contains all virtual times at local virtulaloks, the other consists of the virtual
send times of all messages that have been sent but not yepbmmssed at time GVT never
decreases, while individual local virtual clocks may radlck. Any event with virtual time less
than GVT can not be rolled back.

Different algorithms have been developed for both apprescBome combine the concepts
of both [NJY97]. Whether a conservative approach or an optimapproach is more appropri-
ate depends very much on the characteristics of the agplicheing simulated. Generally, a
conservative simulation is easier to implement than amugtic simulation, because the state
saving and recovery mechanisms for an optimistic simutasice more complex for program-
ming and debugging. Regarding the performance, a conserstnulation may be sometimes
over pessimistic about the parallelism in a model due tozble df good lookahead, and overhead
for roll-back mechanisms is in general required for an oggiim simulation. For simulations of
computer networks, the conservative approach as well agptimaistic approach have been used
[LPN*01] [PFO1].
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4.1.3 Real-Time Simulation and Interactive Simulation

Real-time simulation execution is the prerequisite forratéve simulations (more see below)
and emulations. Interactive simulations are sometimdsed&luman-in-the-loop simulations,
because human intervention is allowed during simulaticeceton. Emulations, on the other
side, interact with real systems, rather than with humandsiFor example, network emulators
[SBUOO] [BBE*99] are embedded in the communication with other networlesod

According to [Jen], the definition of real-time involves tiimndamental factors: time con-
straints on individual activities, and criteria for usifgpse time constraints to achieve system
timeliness. The most familiar example of time constraird deadling which is defined as "a
time until which the activity’s completion has more utility the system, and after which the
activity’s completion has less utility” [Jen]. Forreard deadlingthe utility can be considered as
a binary set{1,0}: utility 1 for activity’s completion before deadline, ottrése utility 0. Soft
deadlineis a general case of deadline, where utility is measuredingef lateness (completion
time minus deadline). Larger positive values of latenepsasent lower utility.Hard real-time
systemsequire that all hard deadlines must be absolutely fulfiliedile soft real-time systems
handle soft deadlines.

A real-time simulation demands the execution of a simulation being paced by theloeld
time. For time-driven discrete simulations, the selectdrappropriate clock rate is crucial
[KLIK99]. An option to achieve real-time execution in an eta&riven simulation is, that the
simulation time remains unchanged until the wallclock tirraches the time when the next
event should be fired. The simulation time advances dir¢otihe time indicated in the time
stamp of the event. This occurs under the constraint of thgpotation time, because it is easier
to speed-up a simulation than to slow it down. Setting the@rtion between the simulation
time and the wallclock time appropriately, the event-dniag@proach can be used for simulation
execution with variable speed, including real-time exmerut

The most PDESs are intended to achieve rapid simulatioruérec They are however not
excluded for real-time execution. Proper adaptation nmupttrticular take care of synchroniza-
tion mechanisms. A few optimistic simulation-based apphes can be found in the literature,
for example [FGUC97] and [PFO01], which are basically intehfie interactive simulations.

Comparing to real-time simulatiomteractive simulation requires additional handling of
interactions with external entities, including delivefyrdormation about the simulation progress,
and implementation of user requests that probably affecsittmulation progress.

The approach presented in [FGUC97] provides interactiotts ewitput primitives and input
primitives. The output primitives are intended for samglinotification and queries, all con-
cerned with state information either at a point of, or oveamge of the virtual time. Whereas,
only valid state information is delivered. For this, theiontof World Virtual Time (WVT) is
introduced, which is the virtual time of the last valid simatibn state presented to external en-
tities. Only state prior to GVT is considered valid. Therefoit follows that WVT < GVT.
[PFO1] is based on a similar concept. Input to a simulatiomasleled by injection of steering
events or re-execution events. Steering events guide tinefsimulation progress. Re-execution
events cause a simulation be rewound. In the latter cases Warp state saving and roll-back
mechanisms are utilized.
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4.1.4 Client-Server Simulation Architecture

For interactive simulations involving multiple users, ttient-server paradigm is considered ap-
propriate [KT98] [PFO1]. The distribution of simulationiehts is necessary to support interac-
tions initiated by users individually and concurrently.ihowever does not require necessarily
the distribution of a simulation server. Two categoriesasi/sr architectures can be identified:

e Centralized server architectureis one, where a single server maintains the shared state
of a simulation. Clients, distributed at users’ site, mayfguan computations pertaining
only to local entities. The clients are primarily to disptég shared simulation state to the
user, and to deliver user requests to the server.

e Distributed server architecture exploits multiple servers, or more precisely, server parts
to compute the shared simulation state. Clients are awaredistribution of the server,
and handle user interactions accordingly.

This classification is different to [Fuj00], in which a thicdtegory of architecture is added to
the above two, namely the serverless architecture. Hezesgiverless architecture is considered
to be an extreme of the distributed server architecture revtiee server parts are distributed
along with clients. Neither the number of processors @idiby the server, nor the type of
network connecting the processors, but the awareness gktler distribution from the client
point of view, is significant for the classification. A cerizad server may use shared memory
or distributed memory processors, as long as it is percdiyagients as a single server. In other
words, a client-server architecture may be mapped to diftesperational models.

In the literature, the terndistributed simulatiorhas been assigned different meanings. In
this document, the context of distribution is explicithatgd to avoid misunderstanding, e.g.
simulation execution on distributed memory processorsljgiribution of a simulation user en-
vironment.

The High Level Architecture (HLA) [Def96] is an approach tstdibuted server architecture.
The development of HLA has been initiated and organized eyipartment of Defense (DoD)
of the US government. It extends an earlier work named Digtied Interactive Simulation
(DIS) [DIS94], also supported by DoD. A HLA-based simulatis a federation of autonomous
simulation nodes, called federates, that exchange mestagetify state changes on individual
nodes. To support the communication between federatesffefatit types, HLA provides a
Run-Time Interface (RTI) with an object-oriented API (Amgation Programming Interface).
This API has been adopted by the OMG Distributed Simulatigsté&ns (DSS) Specification
[ODbj00]. It comprises federation management, time managenownership management, data
distribution management etc. It addresses also complagsssoncerning the synchronization
between federates.

4.1.5 Simulation Application Modeling

The separation of simulation application from simulaticarrel, as illustrated in Figure 4.3,
is helpful for application development to be abstract froasib simulation mechanisms, such
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as event handling and synchronization, and to concentratepplication specific properties.
Existing simulation application modeling concepts difiemm each other due to various factors.
Domain dependency and coupling to simulation kernel aredtitloe most significant factors. For
example, the modeling concepts for network simulationyiger by GTW [FDP 97], SimKit
[Pro95], OMNeT++ [Var02], and ns-2 [FV01] are closely coegbwith the kernel.

Simulation application
* State variable
 System behavior

schedué hardle
evants event

Simulation kernel
* Event list
» Simulation time

Figure 4.3: Simulation kernel and simulation application

The developers of the Scalable Simulation Framework (SSFwP9] put their effort in a
modeling concept that is applicable for different kernepiementation approaches of discrete-
event simulation. SSF was intended as a generic framewoviafmus domains as well, although
the majority of the SSF-based applications are so far n&tsionulations. The design goals of
SSF include high performance, scalability and simplicitige core of SSF is an object-oriented
API consisting of five base classemtity, process event in-channelandout-channelsee also

Figure 4.4).

Entity In-channel Event
«———

Out-channel
— ]

Figure 4.4: Scalable Simulation Framework (SSF)

Entity is the basic building block of a simulation model. An entigrnges as a container for
processes and state variables, and owns channel endmointsriact with other entities.
Entities may act independently, or build alignment grouig®e co-alignment of entities is
significant for sharing the same timeline in terms of virtirzle.

Processdescribes the state evolution of an entity. Here, SSF adlgtsrocess-oriented world
view. An entity may have multiple processes. A process iscally triggered by the
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arrival of events from associated in-channels, or by theratipn of a certain amount of
simulation time.

In-channel represents the in-coming communication endpoints of aityerin in-channel is
connected with an out-channel.

Out-channel is the counterpart of in-channel. Delay can be specified fooat-channel to
model the duration of an event delivery. The separation @hi@nnel from out-channel
serves the modeling of uni-directional communication.

Event is the base class for messages exchanged over links betw&gasemodeled by in-
channel and out-channel.

The broad range of simulation concepts introduced in thisige are adopted and refined
for the VTIS approach. One point concerns a conceptual modsimulation applications, as
presented in Section 4.2. It is an extension of the simuldtmmework SSF. A second point re-
volves a centralized simulation server architecture tgsughe management of virtual groups.
It is discussed in Section 4.3. Techniques of discreteesierulations and parallel simulations
are applied to the implementation of the interactive simoilakernel. Details to this are pre-
sented in Section 7.1. In addition, particular issues a#iing the timing and control for the
temporal distribution of virtual groups are extensivelgl®rated in Section 4.4.

4.2 Conceptual Model for Simulation Applications

The focus of this section is a conceptual model for simutatipplications. It is based on the
application modeling framework SSF. This conceptual masl@rimarily intended as a basis
for the VTIS database model presented in Section 5.2. Hénisgather an information model

according to [Dis99], or a static model after the terminglag [DW98], in the sense that it

describes the generic structure of a simulation applinatiocluding the core elements, their
basic properties, and the relationships between them.

A behavior model or an interaction model can be used to camgié the structural specifi-
cation in the static model. Their consideration is out ofpgcof this work, because the goal of
the conceptual model is towards a database specificatiowhich the structural information is
of primary interest. The conceptual model is inspired byahtty-based framework of SSF, but
differs to it due to the focus on structural information. Asabstract model, it can be mapped to
SSF and to other similar modeling concepts. The conceptadehis an object-oriented model,
specified using UML [Obj03a] [HKO3]. Figure 4.5 shows the @taal representation of this
model. The major part of this model has been presented inQRLEBnd [LLPM"03b].

The model consists of the following classes, defined in tmeaspaceri p:

DataType is included for the completeness of the model. It repregametdefined primitive and
structured data types.
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Entity
Parameter (from vip) Port
. o )
(from vip) (from vip)
*
* sender
L recegiver
ConnectTo
Variable
(from vip)
V
ParVarBase Object DataType
(from vip) (from vip)
+value:DataType +id:String

Figure 4.5: Conceptual model for simulation application

Object is the base class for all objects that have an identificatd)n (

Entity describes a system entity. It is the elementary construet simulation model. The
properties of an Entity is not modeled by processes, asre $SF (see Section 4.1.4), but
by sub-Entities, Parameters, Variables and Ports.

Port is used to specify communication ends of Entity. A Port istaored in an Entity. A Port
may be connected to other Ports as sender, receiver or bbih rélationship is specified
by the ConnectTo association (see below). A Port is by debadirectional, and can be
therefore mapped to a pair of SSF in-channel and out-chaAnahi-directional Port can
be derived from Port with additional constraining attrésit The naming and background
of Port rely on computer networks [Tan02a], for which numesreimulation concepts and
techniques have been developed, for example GTW [FDP SimKit [Pro95] and OM-
NeT++ [Var02]. However, Port in this model is not limited tgplysical connecting point
of a network equipment such as a switch, but allows also nmglelf abstract commu-
nication endpoints, e.g. a service access point (SAP) ofnanumication protocol. In
summary, Port is an abstraction of communication ends dfi€stand is therefore appli-
cable to any systems that can be described by interactitgeent

ParVarBase serves as the base class for Parameter and Variable. It lahiseaattribute, which
can be of any type defined by DataType.

Parameter is used to configure a simulation model, either in the ini&lon phase, or at run-
time. Particularly in the latter case, a Parameter reptegha interaction interface of an
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Entity to the user. A Parameter is bound to an Entity. The fication of a Parameter
value is only done by user, which makes Parameter semdnwtititiérent from Variable.

Variable is used to specify state variables of a simulation modelatefig the simulation progress.
A Variable is contained in an Entity. The modification of tharMble value is done by the
simulation model, not by user. Parameter and Variable anasgcally different, although
they may share commonality in the technical implementation

ConnectTo is an association relationship between Ports. It has twocggton ends, a sender
and a receiver. The multiplicity for both association erglzaro or more. That is, a Port
as sender can be associated with zero or more other Porteagereand vice versa.

The conceptual model is recommended but not prescribedrfudation applications using
the VTIS approach. It is applied to the examples in this warlore in Section 7.2). For a
simulation model conforming to this, the VTIS database nhaglémmediately applicable to
derive the database structure. For other modeling concifgsconceptual model is useful to
derive appropriate mappings to the VTIS database model.

4.3 Management of Virtual User Groups

The concept of virtual user groups involves the distributtba simulation over the spatial dimen-
sion and the temporal dimension (see also Section 3.2.2)spatial distribution is incorporated
in a client-server architecture with a centralized simataserver. For the temporal distribution,
the concept of simulation session is introduced.

4.3.1 Spatial Distribution

In principle, distributed simulation clients can be sugpdreither by a centralized simulation
server or multiple distributed simulation server partsc{fom 4.1.4). The arguments to use the
centralized approach in this work are the following:

e Unique interface for simulation client&rom the client point of view, a centralized server
provides a unique and concentrated interaction interf&oe.the consideration of func-
tional aspects, the centralized approach is a good stgsbirg. It does not exclude dis-
tributed computation for the simulation server. Other ésstegarding the performance
of the server, such as reliability, fault tolerance, or mtancy, can be also considered,
although they are not the primary focus of this work.

e Synchronization of simulation client§his can be a complex issue for a distributed server
(see e.g. HLA [Def96]). In the centralized server approachulation clients synchronize
with a single coordination point. The latter matches thenagde for e-learning capable
simulation well, in which members of a virtual group share #ame learning context.
Thus, the user-simulation-interaction is more significlmtthe construction of a sim-
ulation. The user-user-communication can be provided hgrofacilities of a learning
environment, e.g. groupware, in which an e-learning capsiphulation is embedded.
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e Management of simulation datawith regard to the simulation database, a centralized
approach simplifies the management of simulation dataribigsed data management, for
example in case of a serverless architecture, is left foréuvork.

The relationship between a simulation server and simulafients is incorporated in a three-
site architecture. The composition of this architectur@eiscribed in the following.

Three-Site Architecture

The architecture as shown in Figure 4.6 is a refinement of éiiralized server architecture.
It takes a further factor into account, which is the separatif content-neutral operations of a
virtual group from the content-specific ones. Content-ra@wdperations are mainly organiza-
tional operations, such as joining a group, leaving a gramgl, obtaining information about a
group. These operations are generic to a simulation modele wontent-specific operations
are directly performed to a simulation model. The architecpresented here is concerned only
with content-neutral operations. For content-specificrajens the temporal distribution must
be taken into account. They are examined in Section 4.3.2.

Simulation Client Site Simulation Server Site Manager Site

SEU g, Simulation

Server s;

¥
Simulation
Client ¢;

Manager m

\

SEU g,

Simulation
Server s,

¥
Simulation
Client ¢

Figure 4.6: Three-site architecture of simulation envinemt

In terms of potential distributed locations, three priteipites are introduced: threanager
site, thesimulation server siteand thesimulation client siteObviously, the prerequisite for this
is the functional partitioning, which again facilitate®tbcalability of the entire environment, in
which a simulation model is executed. This environment isotied assimulation environment
Prior to the formal definition of a simulation environmem, iatuitive description of the major
concepts is given below.

From the organizational point of view, a simulation envirent is composed bymanager
and zero or morgimulation environment un{SEU). The computational elements of a unit are
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one simulation server, and zero or more simulation clieAtsimulation server maintains the
execution of a simulation model, which is shared by membkasvirtual user group as learning
context. A simulation client supports the interaction betw users and the simulation server.
Each simulation client may reside on a different locatiao®, simulation client site.

Association of Simulation Clients

As simulation clients are created for users of a simulatiovirenment, further consideration
on the relationship between a user and a simulation clienecessary. Typically, each group
member is assigned a simulation client, which supportdéishteraction with the simulation
server. There are however also other scenarios to conBiieexample, a user may play different
roles in a virtual group (see also the related approach Hig/Aection 2.3.3), or, two users may
wish to act as one.

Therefore, instead of binding a simulation client diregtiyh a user, binding is made between
a simulation client and a representative of a user, calked identity(ID). Leaving security issues
(including authentication and authorization mechanidimrsjurther study, the consideration can
focus on static bindings. They exist for the desired durediiod are independent on the semantics
of the interaction performed over simulation clients.

As illustrated in Figure 4.7, users and IDs are added to thgsSEn order to study the
relationships between them. The major characteristicewttme in the following:

1. There is exactly one simulation server in a SEU.

2. Zero or more simulation clients may exist in a SEU.

3. A user may have zero or more IDs.

4. An ID must be associated with at least one user.

5. IDs used in the same SEU, independently from which usest beiunique.
6. The same ID, independently from which user, can be useiff@greht SEUS.
7. A simulation client, if existent, is associated exactijfmone user ID.

8. In case more than one user share the same ID, they are tiogdishable from the simu-
lation client perspective.

Simulation Environment

The formal definition of a simulation environment uses th&ations of set, tuple and function.
A review of the notations can be found in Appendix A.
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Figure 4.7: Simulation environment unit

Definition 4.1: A simulation environment E defined as a tuplen, G), wheremrepresents the
managerof the simulation environment, ar@ is a set of SEUg,,, n € N, organized by
the manager. That s,

G=0or G={gn|neNy}

where, and also for the subsequent presentafioepresents the empty set, alNglis the
set of natural numbers including zero.

Further, an SEY,, is a tuple(s,,, U, D, (). s, represents the simulation server created for
gn. U is a non-empty set of users utilizing facilities 4. It represents the virtual user
group supported by the SEW. is the set of IDs used ig,,. C is a set that includes all
simulation clients allocated far,. That is,

:{ui|i€N0}
B or D={d;|jeNo}
0 or C={cr|keNp}

U
D
C

The functionf,. : D — C'is qualified as a partial surjective and partial injectivedtion.
The relationR,; : U — D is not a function, because user IDs are not assigned uniquely

Figure 4.8 presents an example SEU in an abstract form dogaalthis definition.

4.3.2 Temporal Distribution

The temporal distribution of a simulation system allowswgebf individual time schedules for
members of a virtual user group.

Many processes that last time in the nature from millisecnahillions of years, can be
represented in simulation in a period of time that is reablentor human observation. In the
simulated world, a process can be accelerated, decelemtederrupted, which is not always
possible in the real world. A further advantage of simulati® that users of a simulation are
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Figure 4.8: Abstraction of a simulation environment unit

able to segment a complex experiment into pieces, and tg tted over hours, days, or longer.
This happens also with experiments in laboratories. THeyaever, members of a group must
be present at the same time, in order not to miss anythinghqggens during the experiment.
An experiment carried out in laboratories lacks often oftion feasibility to repeat certain steps
for absent members.

Reproducibility is one of the major characteristics of a welinded simulation. For group
members, who share the same working context with othergreter individual working time,
the information produced by a simulation must be approgigjamanaged for the group. To
handle this, the concept of simulation session is introduce

A simulation session will be further refined by sub-elementkierarchical structures. To
describe the relationships between all these elementsmstef time (either simulation time, or
wallclock time) the notion ofifespanis used. At this point, a lifespan of an element of interest is
informally defined by the time between the point when the eleins started, and the point when
it is stopped. A formal definition is given in Section 5.1.3le context of temporal database.

Simulation Session

A simulation session represents the control view of thego@dearning context, that is provided
by a simulation server for a continuous period of wallclooke, in which the learning context
is shared by all members of a virtual group.

A simulation session is explicitly started and stopped lmugrmembers. During the lifespan
of a simulation server, multiple simulation sessions mayéed. To retain the shared learning
context, the lifespans of different simulation sessiomsafgroup do not overlap. This concept is
depicted in Figure 4.9.

Simulation session is a concept of control, which is gerfeoin the semantics of the under-
lying simulation model. Different simulation sessions mmaly on the same simulation model,
or on different simulation models. The background is, thadents may wish to stay in the same
group, but with a different learning context. It is compdeaio a course at university, in which
student groups are set up at the beginning of a semesterranetained for different exercises
during the entire semester.
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Figure 4.9: Simulation session

Modeled Events, Command Events and Steering Events

The control of a simulation session is triggered by userrauon. In terms of event-driven
simulation, user interaction can be interpreted as extexgats. The handling of external events
is a key issue for interactive simulations and emulatioes @so Section 4.1.3).

In comparison with external events, internal events camlyeneral considered as events,
whose generation and consumption occur without extertehiantion, but are solely dependent
on the simulation model. However, the classification ofrimé& and external events is not suffi-
cient for the intended simulation session control, as teeatkthis chapter shows. Instead, three
categories of events are distinguished, namely, modeledtgvcommand events and steering
events. The idea of steering events is borrowed from [PROttipugh the modeling concept of
such events presented here allows more fine-grained castsihted in related work.

e Modeled eventsmatch the previous description of internal events. Theicessing is
directly determined by the simulation model. Typical exésgfor modeled events are
sending and receiving messages, which are done betweeallpgocesses of simulation
entities to trigger the state change of the entities.

e Command eventsare control events, such as start, suspend, resume, anditsbplo
not change the semantics of modeled events. They may caaipedtessing of modeled
events being speeded up, slowed down, or stopped, but n#itheontent nor the order of
any modeled event will be changed.

e Steering eventsopposite to command events, change the future modeledsevistord-
ing to the conceptual model for simulation application (&ec4.2), requests to add or to
remove an entity, to connect or to disconnect entity pogsyell as to modify the parame-
ter of an entity, are all steering events. In comparisonngbaf variable values reflect the
occurrence of modeled events.

The following discussion is devoted particularly to the éilamg of command events and steer-
ing events. Command events are considered below in a statémador simulation sessions. A
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discussion on steering events is given later in the contietkining and control.

Simulation Session States

The semantics-neutral property of command events is cabfgto the principle of a video
recorder. A video recorder has recording and playing featut copies scenes on a tap (or other
recording media), or plays scenes from the tap. A video dmrdnas usually also forwarding
and rewinding features. Some of them can play in slow-matiode.

The control of a simulation session incorporating commarehts approximates the opera-
tion of a video recorder. This is described by a UML state diag[HKO03] (see Figure 4.10).

4 . . . . 1\
State Diagram of Simulation Session
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Figure 4.10: State diagram of simulation session

Apart from the predefined initial state and final st ¢pped) in UML, there are four
explicit statesinit, RunRecordRunPlay andSuspendedThe state transitions are triggered by
six types of command event, namgllay, r ecor d, pause, speed, r ewi nd, andst op.

e Init is the initialization state of a simulation session. It issgad immediately after the start
of the simulation session. From here, the sRimRecords reached on evemtecor d.
Alternatively, the stat®unPlaycan be triggered by the evepit ay.

¢ RunRecoracorresponds to the recording phase of a video recorder.iJthe only state,
in which steering events are accepted and processed. Toiatleractivity, the simulation
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time advances in synchronous with the wallclock time (mar8ection 4.4.1). The event
pause interrupts the recording phase, on which the sfatspende entered.

e Suspendeds the state, in which the simulation time is "frozen”, whiltee wallclock time
advances. The eventicor d causes return to thRunRecordstate. The statRunPlay
can be reached either from here, or fr&unRecordboth on the eventl ay.

e RunPlayis comparable to playing a video. To set the speed of playingeventspeed
is used. The parameter speed indicates the scale factor for scaled real-time execution
(explained in Section 4.4.1). Setting appropriate valudHe scale factor, fast-forwarding
or slow-motion features of a video recorder can be approdchaPlaying can be paused
by the evenpause. To change to th®unRecordtate, the eventecor d is used.

e From any of these four states, the evehbp causes the termination of the simulation
session, i.e. entering into ti&toppedstate.

e Ther ewi nd event needs to be considered carefully. Applied to a videorceer,r ewi nd
causes a video tap being rewound back to a point, from whttlerea scene on the tap is
played, or it is overwritten by a new one. The situation witki@ulation is a bit more
complex. The concerns become clearer after a discussiomanrgtin Section 4.4.1. At
this point, it is only stated, that this event is accepteldezitn theRunPlaystate, or in the
Suspendedtate. The effect perceived by a user is, that the simulaéturns to an earlier
point in simulation time £ 0) as specified by the parameter of the operation. If occurred
in the RunPlaystate, it continues playing from that point in simulatiameé.

This section presents concepts addressing the spatiabdigin and the temporal distribu-
tion of virtual user groups in a simulation environment.

Concerning thespatial distribution a simulation environment relies on a centralized server
architecture, and is formally described by a collection oits) called SEU, each supports a
virtual group, and all are coordinated by a manager.

To control thetemporal distributionthe concept of simulation session is introduced. It rep-
resents the control view of a piece of shared learning combexa virtual group over time. The
lifecycle of a simulation session is determined by commavahts — one of the three categories
of events that affect the progress of a simulation execufidris section ends with an analysis
of the command events in terms of a state diagram for sinomatession. The other two event
categories, which are modeled event and steering everdyiicylar the latter one, are discussed
in the following section.

4.4 Timing and Control Mechanisms

To realize the control of a simulation session accordingeécstate machine described previously,
timing and control mechanisms are carefully studied. Tleedas put on issues that have impact
on the storage of history data to reconstruct a simulati@c@on, which are mainly concerned
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with the scale factor for real-time execution, as well ahwlite handling of command events and
steering events.

4.4.1 Scale Factor in Real-Time Execution

Timing is a basic but important aspect for an interactiveusation kernel. To model processes of
the real world, which may last very different periods of tirttee simulation time may be modeled
at any appropriate proportion to the physical time. Opadsitas-fast-as-possible simulations,
in which the simulation time is decoupled with the wallcldgke, in an interactive simulation,
real-time execution is required. That is, the advance osimeilation time must be paced by the
wallclock time. For the following consideration, the siratibn time is assumed to use the same
dimension (or unit) as the wallclock time, e.g. second.

To accept user interaction, the simulation time advancesatdy in synchronous with the
wallclock time. This is the recording phase, or RenRecordtate, according to the simulation
session control. In the playing phase (s®tmPlay, the so-calledscaled real-time execution
[FujO0] can be used. It is a variation of the real-time exerytin which the proportion of
a second in the simulation time to a second in the wallclogietis set by a constant factor,
denoted ascale factor As shown in Figure 4.11, the value of the scale factor maygban
command events.

simuationtimez,

lsq |-

|

|

|

|

|
tSO T | !
two twr tw2  lwz lys ws  wallclocktimer,,
recordT record speedF,)

pause play stop

Figure 4.11: Scale factor for timing in simulation kernel

In this representation, the wallclock time is the horizbmabtas, and the simulation time is
the vertical axis. They are segmented into correspondiregMals, with the begin and the end of
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each interval being marked by the occurrence of command®vé&he scale factor for a certain
interval equals the tangent of the angldetween the curve in this interval and the horizontal
axis. For example, in the area defined by the interalst.;] and[t.o, t.,1], the scale factor
should be 1 for real-time execution, because the simulagssion is in th&kunRecordstate.
That is,

tan(5) = 1, therefores = 45°

Two approximations are made in this representation. Firstintervals of the simulation time
are continuous time spaces. In discrete-event simulaigh an interval is in fact a sequence of
discrete points in time. Second, it is assumed that the cordregents occur at instants of time.
That is, their occurrence does not consume time.

The curve between the axes is a function from the wallclatletintervals to the simulation
time intervals. This can be formalized using the notationget and sequence [Nis99]. The
lifespan of a simulation session in the wallclock time isatiésed by a sequenceqT,,, which
is based on the sét,. Elements off}, are time intervals over the wallclock time. The intervals
do not overlap. Each interval appears only onceeil;,. As the wallclock time does not flow
backwards, the intervals iseqT,, are consecutive and in the increasing ordey, is the start
point of the simulation session, ang;.1) is its end point.

seqT, = (wo, wy, ..., wg), k € Ny

where,
Tw = {wn = [twn;tw(n-‘rl)] ’ n = 07 17 SS) ku ke NO; Lun < 2fw(n—l—l)}
Intervals over the simulation time are described by thdset

Ts - {Sm — [tsma ts(m+1)] ’ m e N07 tsm S ts(m—l—l)}

The simulation time is assumed to step only forwards, if tmpged. The case of backwards
execution is not considered in this work. However, due éov nd, the simulation time inter-
vals may overlap (see also Section 4.4.2). Therefore, thalation time is not represented by
consecutive intervals.

For T, andT; as sets of intervals, not as sets of discrete time pointsg ikea one-to-one
relationship that can be described by a bijective funclipn— 7,. Such a function, as defined
below, determines the scale factfy,, whose value is under the assumption of scaled real-time
a constant for every pair of intervals, denotedrgs In the example shown in Figure 4.11, the
value of f,, is the constant’, > 1 for the interval-paif([t 4, tws], [ts3, tsa])-
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Definition 4.2: The function of scale factor is defined as follows, based erattove definition
for the wallclock time intervals and the simulation timeantals:

fws - {(wnysm) | Wy, € Twa Sm € TS}

— {Fn — —ts("b+l>_t57n
tw(n+l)_tw"

n=0,1,...k m,k € No}

In the practice, the factor is selected to compute the sitionldime based on the wallclock
time. For example, a certain tinag, in the simulation time intervdt,,,, ts(m+1)] at the wallclock
timet,, in the wallclock time intervalt.,,, tum+1)] iS:

ts:v = tsm + Fn * (th - twn)

The range and the value of the scale factor depend on the cotheneent applied to the
interval, and the simulation session state triggered bygdnemand event:

¢ In the RunRecordstate, F,, = 1 is desirable, because the interactivity requires rea¢-tim
execution. The evemtecor d, applied either tdnit, RunPlayor SuspendedsetsF;, = 1.

¢ In the RunPlaystate, F;,, can vary between 0, and the maximum which is allowed by
the computing power, sa¥,,.... If F,, > 1, the simulation time advances faster than the
wallclock time, otherwise slower. By default, the evehtay, also applied tdRunRecord
or Suspendedsetst;,, = 1. Other values are set explicitly by tilsgpeed event. In case
that as-fast-as-possible execution is used instead ddoadl-time, a constant scale factor
is not necessary, because the wallclock time is not signifiica the execution. The scale
factor is then undefined, denoted By, .

¢ In theSuspendedtate,F;, = 0, because the simulation time does not proceed.

4.4.2 Control by Command Events

As introduced in Section 4.3.2, command events are coneits, which do not change the
semantics of the processing of modeled events. Six typesmfrand events trigger the states
of a simulation session (see also Figure 4.10). It represiet user’s view on the control of
a simulation session. To build this concept upon a simulatiernel, which does not directly
support the states and events of the simulation sessiorpinggomust be considered.

The state machine of a simple interactive simulation keisishown in Figure 4.12. It has
three explicit statesinit, Runningand SuspendedOnly forward execution is allowed. That is,
the simulation time increases in tReinningstate, and stops in tHeuspendedtate. This state
machine is used as an example to discuss the handling ofdeaguests. Prior to the discussion,
the notion of simulation instance needs to be introduced.
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Figure 4.12: State diagram for simulation kernel

Simulation Instance

The simulation kernel state machine shown by Figure 4.12ssmts only a control view on the
kernel for its users, precisely, for the users of the sinnutainstance based on the kernel. A
simulation kernel is considered to be used only together aisimulation application (see also
Section 4.1.4).

A simulation instance is an executing instance of this wwitich has the following charac-
teristics:

e A simulation instance is controlled by a simulation session

e Over the wallclock time, simulation instances of the samauation session do not over-
lap.

e At any one point in the wallclock time, if exists, there is ymne simulation instance
active.

e The active time of a simulation instance is the wallclockdibetween its creation and its
termination, which is also defined by the lifespan of the $ation instance.

The relations between the lifespans of a simulation sergsimulation sessions, and the
simulation instances of the simulation sessions, areiiitesd in Figure 4.13.

Principally, the states of a simulation sesslait, Suspende@nd Stoppedcan be directly
mapped to the states of the simulation kernel with the samenta The state®RunPlayand
RunRecordf a simulation session are mapped to Rnningstate of the simulation kernel.
That is, the distinction between the playing phase and tberdeng phase is only aware to the
session-level control. According to Figure 4.10, the défece of these two states are whether the
eventsspeed andr ewi nd are accepted, and whether steering events are interpiReuind
is the critical case that is considered in the following itadle
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Figure 4.13: Simulation session and simulation instance

Rewind

Figure 4.14 shows an extension of Figure 4.11 witheav nd event. The parameter value of
rew nd is t.;. As Figure 4.11 shows, this is a simplified representati@ncgived by a user
of the simulation session. The user has the impressiontitbatimulation time at the wallclock
timet,s, asr ewi nd occurs, is set back fromy, to an earlier point’;.

As in the simulation kernel the simulation time never desesathe simulation session must
terminate the first simulation instanceraw nd, and start a second one immediately after that.
As illustrated in Figure 4.15, the second simulation instaproceeds fast (probably A&},...)
until ¢;, and continues from there &t = 1, because the state befarewi nd is RunPlay

It is noted, that at/,, the second simulation instance is a duplicate of the first dforeover,
in this example, both instances are semantically ideniticihle intervaljt,, t’;], because for the
semantics only the projections of the events on the axisnfilgition time are significant. How
command events and steering events initiated by users degeak in an interactive simulation
kernel is out of the scope of this thesis, but treated in aedlgoined work. Please refer to
[PRS"04] for further details on this issue. In this thesis, it iswaed that all events are well
ordered for event handling.

A further point is concerned with the semantics afterif the state before and afteew nd
is RunPl ay. Two options are possible:

1. Repeat the previous simulation instance fr§guntil occurrence of the nextecor d
event, say’ . In this case, not only the modeled events, but also theisteevents occur
in the interval[t’,, ¢, ] are incorporated.

2. Takingt!, as starting point and continue only with modeled events.

This distinction would make no sense for a video recordee differentiation between mod-
eled events and steering events makes a simulation fundalyetifferent to a video recorder.
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Figure 4.14: Rewind in simulation session control

A video tape is either empty or contains scenes that are altsy same every time they are
shown. The scenes are comparable to modeled events in aasonulDue to steering events,
every simulation execution could be a different one.

Which option is selected is treated as a question of desigheiEdf them, or both of them,
can be meaningful for an application. With regard to theati¥e storage of data, it is interesting
to consider, in terms of the simulation time, until which ptaihe second simulation instance is
a duplicate of the first one. For the first option, this couldtfe intervallt, t.,]. But in any
case, the equality in the intervil,, t’5] can be utilized. This conclusion is incorporated in the
temporal data model presented in Section 5.2.

4.4.3 Control by Steering Events

Steering events are events, that change the future progessmodeled events. Steering events
are only accepted in thRunRecordstate. According to the conceptual model for simulation
applications (Section 4.2), steering events include:

e Adding or deleting an entity.
e Changing a port connection of an entity.

e Changing a parameter value of an entity.

According to the previous consideration oewi nd, steering events can be either initiated
by users or generated automatically. Also command eventbegrogrammed. This confirms
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Figure 4.15: Rewind mapped to simulation kernel

that the classification of modeled, command and steeringteve more appropriate than the
distinction between internal and external events only.

This section discusses issues concerning the timing anotaf a simulation execution,
which are significant for the general structure of the sirmoladatabase that is elaborated in the
following chapter. The first major issue addressessitae factorfor the real-time simulation
execution. It is formally described, that the range and evalfithe scale factor, as well as its
time of setting, are characterized by corresponding ialerin the simulation time and in the
wallclock time, whose boundaries are determined by comnesadts. The second crucial point
is concerned with the command eveeivind, which gives user the impression that the simula-
tion time has been set to a time point in the past. As the stioaldime conventionally never
decreases, the concept of simulation instance is intratutelivides the lifecycle of a simula-
tion session at the time points of rewind into smaller piegdsereas in each of the pieces the
simulation time steps only forward.
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4.5 Summary

This chapter introduces several concepts that build a bastbe modeling of simulation his-
tory data. The conceptual model for simulation applicaigused to describe the structure of
simulation models. In addition, the concepts of simulasession and simulation instance are
introduced to model the control of interactive simulatiams& spatial and temporal distributed
environment. In particular, timing issues are examinedtertime concept of the temporal data
model discussed in the following chapter.



Chapter 5

Temporal Simulation Database

In the VTIS approach, the temporal simulation databaseigesvraw data for the knowledge-
based processing of teaching strategies. The core contdpt database is a temporal data
model. It incorporates time into the conceptual model fardation application introduced in
Section 4.2, in order to record the history of simulationce®®ns. It is based on some known
database approaches. It includes also new concepts thagrogparticular issues of interactive
simulations.

In the first section of this chapter, related concepts andoggbes in the area of databases
are reviewed. Section 5.2 presents then the temporal datalpwvehereas the model is described
in a representation-neutral manner. The representapiecHsc issues are addressed by Section
5.3 and 5.4 to support the development of concrete datalassuses based on the temporal
data model.

5.1 Basic Concepts and Related Work

Some frequently used database terminologies are intrddincthe following. They originate
mainly from [EN97].

A databaseis a collection of related data. Aatabase systemor denoted frequently as
database management system (DBMS), is a collection of pregythat enable users to create
and to maintain a database.

A data modelprovides concepts for the description of the structure ddtalshse, including
data types, relationships, and constraints. Basic opesafar retrievals and updates on the
database may be also included. Some known data models evduoed in Section 5.1.1. A
conceptual data model also called a high-level data model, is close to the waysugerceive
the data. The entity-relationship model (Section 5.1.8 popular conceptual data model. A
physical data modetlefines how data is stored on a computer. It is also called adoel
data model. Arepresentational data mode] or an implementation data model, is conceptually
between the two. It describes the structure of a databasbatds understood by the user, and
not far from the way the data are stored. Relational data rsd@alction 5.1.1) are models of
this categoryObject-oriented data modelis a new family of data models that emerged several
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years ago. They are generally representational data models

Data schemais the structure of a concrete database. Concepts providdtelgata model
are used for the description of the data schema.

A transaction is a logical unit of database processing that includes oname database
access operations, which can be insertion, deletion, ncadidin, or retrieval operations.

Persistent storages one of the essential advantages of using databases. Tefdapro-
gram stored in a database survives the termination of thgramo. The data is then callgxbr-
sistent The data describing variables of an object can be retritedby other programs.

Differentintegrity constraints may be used to ensure the correctness of the data in a database
[Ger97]. A database provides capabilities to define and forea integrity constraints. An
example is theeferential integrity constraintvhich is e.g. used by relational databases (Section
5.1.1) to maintain the consistency between two relations.

5.1.1 Data Models

Some frequently used data model are introduced in the failgpw

Relational Data Model

A large number of the current databases is based on theorahtilata model. A relational
database is a collection oflations. Each relation is represented by a table. Each row of the
table is atuple A column header is called attribute The data type applied to each column is
called adomain Mathematically, this model is defined by sets and relations

To manipulate the data in a relational database, a set o&tipes, called relational algebra,
is specified. Two important operations &L ECT andJO N. TheSELECT operation is used to
select a subset of the tuples from a relation that satisfeesdhdition specified for the operation.
JA Nis used to combine related tuples from two relations intglsituples.

A standard specification for relational databases is SQtu¢8ired Query Language). It
provides a formalism for schema definition and data query.aRcextensive introduction of the
relational data model and SQL please refer to [EN97].

Entity-Relationship Model

Theentity-relationshig ER) model is a popular high-level data model. It describea da enti-
ties, relationships, and attributes. The ER model can bgstho the relational data model.

The concepts of entity and attribute are close to those akforesystems (Section 4.1). That
IS, anentity represents an object of interest, either physical or caneép The properties of
an entity are described by itdtributes. An entity typedescribes the commonality of a group
of entities. A particular entity is characterized bgluesof its attributes. The attribute values
construct the major part of a database.

Relationshig define how entities are related to each other. They areideddyrelationship
types. Entities are said tparticipatein relationships. The number of participating entities efi
the degree of a relationship, e.g. a binary relationshigvofgarticipants, or a ternary relationship



5.1 Basic Concepts and Related Work 73

of three participants. Each entity participating in a frielaghip plays a particulamle in the
relationship.

There are different variations of the ER model. Témhanced entity-relationshi(EER)
model extends the ER model with concepts for generalizaimh specialization, as well as
inheritance. These are in fact close to the object-oriectedepts.

Object-Oriented Data Model

Object-oriented databases (OODBs) emerged in the late 188@sresult of the integration of
database technologies and object-oriented software esgny.

An OODB is a collection of objects. An object is described byraqueobject identifier
(OID), astateand abehavior Thestateis determined by values of the objgonbperties which
can be eitheattributesor relationships The behavior of an object is specified bgerations
that can be performed on the object. This concept integthtestructural description of data
with the manipulation operations on the data, which are kamgple separately considered in
the relational data model. Object-oriented developmentepts and languages can be applied
to OODBs very well. However, some database specific issuesmusken into account, e.g.
persistent data storage.

Since the beginning of the 1990s, the ODMG (Object Data Mamamnt Group) has been
working on a standard for OODBs. The specification ODMG 3.0 [D¢avas released in 2000.
It includes an Object Definition Language (ODL) and an Obfgaery Language (OQL). ODL
is based on the Interface Definition Language (IDL) definedhigyOMG [Obj02a]. OQL is a
declarative query language strongly inspired by SQL.

The following is an example for an ODL-based specificati&etefrom [CZ00]. The type of
object is defined by a class namdr son. Its properties are described by the attribiage,
nanme andgender, as well as by the relationships _marri ed_t o. In ODMG, only binary
relationships are defined. Each relationship is repreddmte pair of inverse references. This
example is a special case, in which both references poihetsame property of the same type.
In addition, eacHPer son object can be manipulated by the operatiyet _mar ri ed. In any
case, the referential integrity for a relationship must ihsueed.

class Person {
attribute short age;
attribute string nane;
attri bute enum gender {male, female};

relationship Person isnarriedto
i nverse Person::is_married._to;

voi d get _married(in Person p);

The syntax of OQL is aligned to SQL. For example, to find outabe of a person named
"John” from the databageer sons, the following expression is used:
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sel ect p. age
fromp in persons
where p.name = ' John’

Thedot notationis used fompath expressias for example. age. Typically, a path expres-
sion starts with an object name, which is followed by zero orenrelationship name or attribute
name, separated by dots. This concept is adopted for XML @&gihessions (more in Section
5.1.2).

In spite of interesting concepts, pure OODBs are not widegdusday. Object-relational
databases are one category of derived approaches. Anatiferapproach to object-oriented
databases are XML-based databases.

5.1.2 XML-Based Database

The Extensible Markup Language (XML) is a data descriptenmguage defined by the World
Wide Web Consortium (W3C). XML is in fact a metalanguage, cdimgsof a few rules to
define new languages. Such a language is characterizeddyyataghown below by an example.
Each element of content is marked by a start tag, e<§er son>, and by an end tag, e.g.
</ Person>.

<Person>
<age>35</age>
<nane>John</ name>
<gender >mal e</ gender >
</ Person>

XML documents are text-based and human-readable. Theysseatal factors for the wide
use of XML for Web services [Coy02]. XML is often used to referthe XML family, which
covers a broad range of data processing technologiesestiteg for this work are in particular
XML Schema and XQuery, which provide core concepts for XMdséd databases.

XML Schema

An XML document is in general self-describing, and does aqtire an explicit grammar speci-
fication. However, a grammar specification based on XML Schieas some benefits [BPG3].
XML Schema provides a rich set of mechanisms for specifyimgerextensive grammar con-
straints. A grammar specification is in particular worth XviL documents that share the same
structure, or for XML documents that are derivations of thene structure. It is useful as a
means for validation, too.

The first complete XML Schema specification was released Bil20The specification
is composed of several parts, including Primer [WorOlaju@&ures [WorO1b] and Datatypes
[WorOZlc]. Until the publication of XML Schema, DTD (Documefype Definition) had been
the only mechanism to describe grammar for XML documents L&dhema was not intended
to be a superset of DTD. DTD and XML Schema exist today in peraDTD is less complex
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and easier to use than XML Schema. In comparison with DTD, X3¢hema introduces more
advanced concepts, including:

1. Broader range of built-in data typesBesides the string types of DTD, different integer
types, floating types and time/date types are defined.

2. Simple and complex typeA. si npl e t ype derives from built-in types, which may be
used as restriction bases (by constraining value rangeals member types to construct
lists or unions. Aconpl ex type may contain substructure, e.g. sequence of elements
and attributes, while ai npl e t ype does not. The content ofeonpl ex type may
be simple or complex. Ai npl e cont ent may extend (usingxt ensi on) or restrict
(usingrestriction) simple types. Aconpl ex cont ent, similar to aconpl ex
t ype, may have substructure, and may uset ensi on or restri cti on of other
types. Simple and complex types can be used to construceatdgpes.

3. NamespaceA namespace defines a scope for uniqgueness of names. Thisucbisnot
specific for XML Schema. In XML Schema, it is used here to refiee names in different
schema scopes.

4. Object-oriented concepAs stated in point 2ext ensi on andr est ri ct i on are used
to extend or to restrict property when defining new types thaseexisting types. This is an
inheritance concept. In addition, thest r act attribute can be used to declare element or
complex types as non-instantiable types, which are usegtasston or restriction bases.
A complete mapping for object-oriented schema is given ing8F3].

Using XML Schema, the grammar for the above Person-exangiiebe specified as the
following:

<xsd: el enent name="Person" >
<xsd: conpl exType>
<xsd: sequence>
<xsd: el emrent nane="age" type="xsd:integer"/>
<xsd: el ement name="nanme" type="xsd:string"/>
<xsd: el ement nanme="gender" >
<xsd: si npl eType>
<xsd:restriction base="xsd:token">
<xsd: enunerati on val ue="nal e"/ >
<xsd: enunerati on val ue="fenal e"/ >
</ xsd:restriction>
</ xsd: si npl eType>
</ xsd: sequence>
</ xsd: conmpl exType>
</ xsd: el enent >
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XQuery

XQuery is a new language to query XML documents. XQuery 1.8 published just recently.
It borrows features from several other query languagesngntttem, SQL and OQL. The type
system of XQuery is based on XML Schema. XQuery 1.0 [Wor08eh extension of XPath 2.0
[Wor03b]. Both are based on the same data model [Wor03d].

In the data model the structure of an XML document is represented as an atdkeeled
tree. Seven kinds afodes can construct a tree: document, element, attribute, taxtespace,
processing instruction, and comment. In addition to nodésmic valus, which are single
values of the simple types according to XML Schema, can bewsd. A node or an atomic
value is called aiitem A series of items is known assequence Every value in XQuery is
represented by a sequence, which may contain zero or mars.ifehis data model is applied to
input and output of queries, which are XML documents. It &ggphlso to query expressions.

Expressiornis the basic building block of XQuery. The major expressionaepts are intro-
duced in the following.

Path expressionsare used to locate nodes. These expressions rely on XPatild3%jo A
path expression consists of a series of one or nstegs, separated by ”/” or "//”. It can be
constrained by predicates. For example, to select the Redeon with nane equals "John”
from the documenper sons. xm , the following expression is used:

doc("persons. xm ")/ Person[ nhanme="John"]

A set of the so-callecixes are defined to navigate through nodes, for examphe,| d,
descendant , parent andattri bute.

FLWOR expressionsprovide a means to combine and to restructure informatidrey &re
similar to the SQLSELECT statements. A FLWOR expression starts with one or nfiane or
| et clausesin any order, followed by an optiomsiller e clause, an optionalr der by clause,
and a required et ur n clause [CDF03]. This is where the name FLWOR comes from. In the
example below, the names of the male persons are returnguhiaetical order.

for $p in doc("persons.xm ")/ Person
where $p/ gender = "nml e"

order by $p/nane

return $p/ name

Thef or andl et clauses can bind multiple variables and tuples of variathethis manner,
information can be easily combined, for example to achiegilts similarly as using the SQL
JA N statement.

Constructors create new elements for the output. Element, attributedandment construc-
tors can be used. They can be applied in combination withiegien the following example, an
elementxanpl e will be produced, whose content is the age of the person nédhoda”.

<exanpl e>
{doc(" persons. xm ")/ Person[ nane="John"]/ age}
</ exanpl e>
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A set of built-in operators (arithmetic, comparison and sequence) &mkttions are sup-
plied. In additiongxternal variablesndfunctionscan be included, either directly or ovdsrary
modules

Different mappings enable the storage of XML data in legaatablases that have internally
non-XML data format, e.g. relational databases [CD8] or object-oriented databases [CZ00].
An alternative approach is a "native” XML database. Accogdio [CDF 03], a "native” XML
database is characterized by the pervasive use of XQueritsaddta model at all levels of the
database system. This is reflected in various aspectsdinglthe data definition interface, the
data query interface, the interoperability, and the daaltanfiguration interface.

5.1.3 Temporal Database

A temporal databasés a database that supports some aspects of time [OS95b]nothea
definition, a temporal database is one that maintains pessept, and future data [TC®3].

A database stateor asnapshot is the data in the database at an instant of time. Therefore,
non-temporal databases are also called snapshot databases

Time Dimensions

Roughly speaking, data in a temporal database is a functitimef Threedimensions of time
are distinguished regarding temporal databases' 98B

e Thevalid time of a fact is the time when the fact is true in the modeled rngafitvalid-time
databasecontains the entire history of the modeled reality.

e Thetransaction time is the time when the fact is present in the database as statad d
Hence, dransaction-time databasalows rolling back the database to a previous state. A
bitemporal databassupports both valid time and transaction time.

e While the previous two may be either or both interpreted bytaluise, the third one, the
user-defined timeis interpreted directly by the user. According to [J&€B], a database
that supports only the user-defined time is not a temporabdae.

Continuous time in the nature is represented in temporalrdatiels by discrete time points.
The following three concepts are used to describe disdragefoints:

e Each of the time points is called amstant.
e Aninterval is a consecutive set of time points and is designated by usdry points.

e Instants or intervals are used tiyne stamps

Temporal database approaches differ mainly in the questlmow to attach time stamps to
data, and how to use time stamps to retrieve data. Some egpatise approaches are reviewed
in the following.
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History-Oriented Approach

A special class of temporal databases is cdtistiory-oriented, whereas the history is a tem-
poral representation of an "object” of the real world or ofaabase [JeB98]. Depending on
the type of the "object”, which can be entity, attribute, ohema, there can be entity histories,
attribute histories, or schema histories.

The characteristics of history-oriented databases ieclud

1. History unique identifications, e.g. via time-invari&els or object identifiers (OIDs).

2. History-related integrity constraints, e.g. historyqueness, entity history integrity, etc.,
which can be expressed and enforced. The histories can eetldireferenced by the
queries.

Two frequently used approaches to history-oriented datgbare: thesnapshot-collection
approach, and thenapshot-deltapproach. The former views the history of a database as a
collection of snapshots of the entire database. In therlattse, a history consists of a single
database snapshot and its deltas. For frequent changbsyfaaem affects only a small part of
the data, the snapshot-delta approach is more flexible. twihe flexibility is at an expense
of more complexity in the data model and query processing.

A change-oriented snapshot-delta approach is DOEM (Dl XJCAW99]. It is intended
for semi-structured data like HTML, that does not necesadhere to a certain schema. DOEM
is an extension of the Object Exchange Model (OEM), that depobject-based data using
labeled graphs, i.e. nodes for objects and labeled arcshiecrelationships [CGMH94]
[AQM 796]. In DOEM, changes are described by node annotations @nanaotations. They
contain time stamps to the represented change operatiogetefipdate node and add/remove
arc. This concept is also reflected in the query languagewkibased on an extension of OQL.
The graphical notation tends to have difficulties for mormptex data structure [OQTO1].

A number oftemporal data modslfor history-oriented databases are built as extensions
of conventional non-temporal data models, such as relatiemtity-relation, object-oriented or
XML-based models.

Temporal-Relational Model

To extend relational data models with time, either tuplesttsibutes can be associated with time
stamps. The latter case is more complex to model, becausemis of a tuple may be associated
with different time stamps. This must be incorporated ingbery logic. Different variations for
SQL have been developed [TCG3].

Some concepts developed for the temporal-relational rsadelalso adopted for other mod-
els. Two important concepts are temporal element and teahpsesignment [GY88]. The con-
cepts can be applied to the valid time, and to the transatitioan

e A temporal elementis defined as a finite union of intervals, each of them is a suifse
[0, now], where0 represents the relative beginning, andv represents the current time.
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e A temporal assignmento an attribute is a function from a temporal element to theaio
of the attribute.

Temporal EER Model

In a temporal EER model ([TC®3], Chapter 9), every entity is designated by &fespan,
which is associated with a temporal element, denote@(ay. The temporal assigment(e) is
described by the functioA(e) : T'(e) — dom(A), wheredom(A) represents the domain of the
attribute.

Analogously, a relationship is also associated with a figes denoted by'(r), which is
constrained by the temporal elements of the participatmugiese,, e,, ..., e,,, precisely,
T(r) C (T(e1) NT(e2) N...NT(ey,)). Attributes of a relationship are treated similarly to gnti
attributes.

A special kind of attributes is calledsurrogate. It is a time-invariant key to identify an
entity uniquely in a database.

Temporal ODMG

T_ODMG is a temporal extension of ODMG [BFGM98]. For the prof an object, that are
described in ODMG by attributes and relationships, threperty "natures” are distinguished:
temporal, immutable, and static. #®mporal propertyis one, whose value may change over
time, while anmmutable propertgan not be modified during the lifespan of the objecstatic
propertymay vary over time, but only its current value, not its higtas stored in the database.

To describe the history data, some time-related data tygem@oduced, e.gTi neSt anp
andTi el nt er val . Both are interfaces providing methods for time maniputati&or ex-
ample, Ti meSt anp allows to read a time stamp in different formats, suclbase (in year,
month, day, etc.)Ti mel nt er val provides the methodsni on andi nt er sect to operate
with time intervals.

Temporal XML

Histories of documents are also referred to as versionstO&§ and [Nar02b] present a work
on the management of versioned XML documents with tempatlthses. The data model as-
sumes that every element in an XML document is associatddantime stamp. A document is
stored by a complete current version and a chain of previetsons as deltas. It applies there-
fore the snapshot-delta approach. et t er nScan operator supports temporal operations,
for example to access the document history, the elemermdripighe create time, or the delete
time.

A similar concept is presented in [WZ03], where valid time tisehed to attributes of ele-
ments in an XML document. In contrary, [ZD02] proposes to addadditional valid time axis
to store the history of attributes and elements. Moreokerhtstory is stored separately from the
non-temporal part, for which the consistency must be cysfonsidered.
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An extension to the newly released XQuery-6Query [GS03]. Three kinds of queries are
differentiated: current, sequenced, and representatidraurrent queryreflects the current state
of the database. Aequence querng applied to the history of the database, without concernin
the representation of the temporal data. For these two kiextept the keywordsur r ent
andval i dti nme, standard XQuery grammar is used. In comparisaepeaesentational query
refers explicitly to time stamps in the data representatidnch are specified using the keywords
ti meVaryi ngAttri but e for attributes, and i mest anp for elements.

5.1.4 Simulation Database

Storage of simulation data is mostly used for state savirgyrastoration. For example, the
roll-back mechanism in optimistical simulations (see @sation 4.1.2) requires the storage of
previous states [Jef85] [FGUC97]. Since the data is consunethally, proprietary methods
are usually used there.

The work presented in [OS95a] is one of the few approachdscdrabe found in the lit-
erature, which concern the export of simulation data. Ili@pa relational database to store
simulation states of an analytic simulation with abstraoetstamps, in order to analyze them
after a simulation execution. The state of a simulation issatered as a sequence, which is
globally ordered for the entire simulation. Each of themt@wed in the database with a time
stamp, whereas a state can be described by multiple redatiime time stamps are associated
with tuples, rather than with attributes. With a graphicakry language based on high-level
Petri Nets, a single state, or a sequence of states, candstigated by describing the start and
the goal state, and possibly some intermediate states.

The simulation database in the VTIS approach is intendeeldord the history of simulation
executions, including the current and past state changesstraight-forward manner, the struc-
ture of the database is aligned to the structure of the simoualanodel. The latter is described in
Section 4.2 as an object-oriented conceptual model forlatmn applications.

Although most of the known concepts to temporal data modeleadewed previously, are
basically applicable, they are rather general to appbcatiomains. Specific issues concerning
the storage of interactive simulation data have not beaedeso far, in particular the co-relation
between the simulation time and the wallclock time. Althoa@ghumber of work for bitemporal
databases can be found in the literature, e.g. [Gan99],981J&d [NEE95], they are mainly
concerned with the valid time and the transaction time. Emeastics of the simulation time and
the wallclock time is however very different. Concepts addneg this problem are presented in
the following section.

5.2 Temporal Data Model

As core of the temporal database, the temporal data modehieened with issues on the time
dimensions and the integrity constraints. They are incatea finally in a set of database entity

types.
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5.2.1 Time Dimensions

Time dimensions is the first issue to be addressed in a teingai@ model. According to the
purpose of the database as a history database, one mighteagstocus on the valid time only.
Usually, the valid time of a simulation database repressuitdy the simulation time. However,
the history of an interactive simulation involves also thalalock time. For events that reflect the
user interaction, the wallclock time is particularly irgsting. Although both time dimensions
have significance for the history data, dual time-stampargefery event is not meaningful and
also not necessary. The question is how to utilize the catiogl between the two time concepts
to construct appropriate database structures.

The consideration starts with some conclusions drawn in @hdp According to the event
classification introduced in Section 4.3.2, events iretlaby users are either command events
or steering events. To have impact on a simulation executlese events must be ordered
internally for event processing, where each of them is defely designated by a time stamp
in the simulation time. It is shown in Section 4.4.2, thatlsactime stamp can be used to
reconstruct a steering event in case of rewind. Since inifisgplan of a simulation instance the
simulation time is non-decreasing, and steering eventsvaskled events are only processed
in the running state of a simulation instance, the time sgmphe simulation time for steering
events and modeled events are unambiguous on the simulitieraxis (see also Figure 4.15).
This property is crucial to achieve the semantical reprdality of simulation executions.

Theoretically, the occurrence of steering events and neddeVents in the wallclock time
can be calculated, according to Definition 4.2 in Sectionl4.Brerequisite is, that the intervals
segmented by command events, and the scale factor in everyah are known. Command
events serve the control of a simulation session. Theydrigte states of the simulation session
and set the scale factor. Command events have no impact oerrttentics of other events, but
on the perception of them. Therefore, dual time-stampssed to incorporate command events.

Command events are however not directly stored in the datalbas are reflected in the
history of the state and the scale factor of a simulationisesd his is in-line with the concept
of a history-oriented database, which is intended to retioedevolution of simulation entity
states. According to the simulation session state spettficpresented in Figure 4.10, from any
state, command evengd ay, r ecor d, pause, andst op trigger always the statdRunPlay
RunRecorgSuspendedindStoppedrespectively. The command evesgieed changes only the
scale factor in thRunPlaystate. All these five command events can be easily recomestiérom
the state and scale factor history, which is stored 81 aSessi on entity in the database. The
reconstruction of ewi nd relies on the concept of simulation instance. A simulatitstance is
represented as$i m nst ance entity in the database. 8i nl nst ance serves as a container
for Ent i t y that represents entities in the simulation model.

As a summary of this discussion:

e Two time dimensions are significant for the history dataeslan the database, namely,
the wallclock time and the simulation time. Dual time stangpis however not always
necessary.

e Modeled events and steering events can be unambiguouslyfidé by time stamps in the
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simulation time only.

e Command events have dual time stamps. They are not direotlydsin the database, but
represented by the history data of the state, the scalerfartd the simulation instances
of a simulation session.

Before the database entities can be described, the two timendions need to be formally
defined. The concepts of time interval and temporal elemBRE" 93] apply generally to both
time dimensions. To recall, a time interval is a set of contee time points and is designated
by its boundary points. A time element is a finite set of tinteivals. A wallclock time element
is denoted byl , and a simulation time element is denotedZjy They are distinct td’,, and
T, introduced in Definition 4.2 in Section 4.4.1, which are atipatar set of wallclock time
intervals, and a particular set of simulation time intesvdlhe boundaries df,, and7} intervals
are determined by the points of occurrence of command evé&his constraint is not set far,,
andT!. T andT! are constrained by the maximal time for interval boundaries

Definition 5.1: A wallclock time element’, is a set of intervals, each of them is denoted as
I,, and is defined by a pair of boundary points in the wallclocketimenoted as,, and
twy. Every interval is a subset of the interval now,|, where0 represents the relative
beginning of the wallclock time, angbw,, represents the current wallclock time. That is,
T = {Lwn = [tws, twy) | 72,y € No3 0 <ty <ty < nOwy, }-

Definition 5.2: A simulation time element! is a set of intervals, each of them is denoted,as
and is defined by a pair of boundary points in simulation tidexoted as,; andt,,. Every
interval is a subset of the intervél 75,,....|, where0 represents the relative beginning of the
simulation time, and’,,,.. is the maximum of the simulation time that has been reached
until the point of consideratioriy,,.. is the current simulation timeows,, if nor ewi nd
has been applied, because in case@ii nd, a user would have the impression that the
simulation time has been set to a point in the past. That is,
TS/ = {[sm = [tsiatsj] | m,@j € Nan <ty < tsy < Tsmax;Tsma:c > nows}-

5.2.2 Integrity Constraints

The integrity constraints specified in this section are us®the baseline for the management
of temporal data. Since the data structure is aligned to Hpectoriented conceptual simu-
lation model, principles of the temporal EER model an@®©DMG apply well, in which time
stamps are associated with entities (or objects), relstiips, and their attributes. Comparing to
T_ODMG, only immutable and temporal object properties ares@mred. In terms of the tempo-
ral data model, static properties are handled the same astabia properties. That is, this data
model is also applicable for snapshot database. In additierreference relationship adopts the
ODMG relationship. The containment relationship is a nencept to allow more complex data
structure.

The integrity constraints address various aspects of ttabdae, as described in the follow-

ing.
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The basic building block in the database isemtity. This data model defines a set of entity
types, includingSi nSessi on, Si nl nst ance andEnt i t y. The former two are special pur-
pose entities to model simulation sessions and simulatistances. The third one corresponds
to Ent i t y in the simulation model. An entity may contain other ensitie

Every entitye in the database has adentifier (ID), denoted byD(e). D(e) is a time-
invariant attribute ok. D(e) uniquely designatesin the immediate scope it is contained. An
entity that contains other entities builds a naming scopeHhe contained entities. The global
identifier ofe in the entire database is a concatenation of the IDs oveoitsatyment hierarchy.

Thelifespan of an entity e can be defined in either time dimension:

e The lifespan’,, (¢) defined for the wallclock time is an interval f , that is,L,,(e) € T)..

e The lifespanL,(e) defined for the simulation timé,(e) is an interval of7”, but only in
caseTl ;4. 1S equal tonow,. Thatis,Ls(e) € Ty A Tenar = Nows.

It is noted, that this definition differs from the general difon of lifespan which is associated
with a temporal element [TC@3]. Since neither the wallclock time, nor the simulatianéi
decreases, the lifespan of an entity is described by a simgleval with consecutive time points,
whose upper boundary never goes beyond the current tims.cdhicept is incorporated in the
definitions ofSi nSessi on andSi nl nst ance.

A time-varying attribute of an entitye, denoted byA(e), has by default the same lifespan as
the entity, which is therefore not explicitly specified. Tieenporal value ofA(e) is represented
as a mathematical relation. Depending on the semanticg efrtity and the attribute, the relation
is binary or ternary.

e A binary relation is between the lifespan of the entity in glation time, and the domain
of the attribute, that i,L;(e), dom(A)).

e Aternary relation is determined by the lifespan of the gntitwallclock time, a simulation
time element of the entity, and the domain of the attributat is,
(Luw(€), T((e), dom(A)).

In case of a&containment relationship, for example an entity, say,, is contained in another
entity, saye,, the ID D(e,) obeys the constraint on IDs stated previously. In additibere are
following constraints on the lifespan ef:

o If not explicitly specified, the lifespan of the containeerakent equals the lifespan of the
container element.

e Otherwise, ifL,(e,) andL,(e,) are specifiedL,(e,) C Ls(e,), likewise for the wallclock
time. This constraint does not apply if a time dimension isdusye, but not used by,
neither vice versa.

Like ODMG, only binary reference relationshipsare considered. Such a relationship as-
sociates two entities by two inverse references. For exanepltitye,,, and entitye,, are associ-
ated by a reference relationship. This is describedby,) and R(e,,), which are relationship
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properties ofe,, ande,,, respectively. They point to each other as inverse. Thegde of a
reference relationship is constrained by the lifespan sbeaiated entities, in case the entities
use the same time dimension. It follows for the example, sedhe simulation time is used,
Ls(R(en)) = Ls(R(em)) C (Ls(en) N Ls(en)). The variability of a reference relationship is ex-
pressed by its lifespan. Such a relationship does not havieuses.

A set of database entity types according to these integoitgttaints are defined as a basis to
develop the database structure. They are presented inlkbwifig section.

5.2.3 Database Entity Types

Four entity types are defined for the data model. They aretddrasDBRoot , Si nSessi on,
Si M nst ance andEnt i ty. The classification of the four is derived directly from thesla-
tion concepts introduced in Chapter 4.

DBRoot

DBRoot is the root of the simulation server database. It contairesaitribute describing the
lifespan of the simulation server, and may be composed of@emoreSi nSessi on.

Definition 5.3 A DBRoot entity in the database is defined as the following:

1. The lifespan oDBRoot DB is defined byL,,(DB).

2. DB is composed of zero or mof& nSessi on, each of them denoted hy,. That
is, DB=0or DB = {z, | n € Ny}.

SimSession

A Si nSessi on is a special type of entity that represents a simulation@esAs described in
Section 4.3.2, each virtual user group is assigned a simanlaerver. A simulation server may
use multiple simulation sessions in sequence. Thereferiféspan ofSi nSessi on is defined
for the wallclock time. As stated in Section 5.2.1, the higtaf a simulation session is described
by its state and scale factor.

Definition 5.4 A Si nSessi on entity in the database is defined as the following:

1. ASi nBessi on zx is uniquely identified by an identifieD ().

2. The lifespan ofr is defined byL,(x). L,(z) C L,(DB), whereL,(DB) is the
lifespan of the containddBRoot . There is a corresponding simulation time element
T(x).

3. Two time-varying attributes describe One describes the state changes of the asso-
ciated simulation session, denoted$¥z).

o St(x) = (Ly(x),Ti(x),dom(St)).
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e dom(St) define the state space of the attribute values.
dom(St) = {Init, RunRecord, RunReplay, Suspended, Stopped}.
The implicit start state is ignored.

e The point of a state change, which is always triggered by antana event, is
defined by an instant, € L,,(z), and an instant; € 77(x).

4. The other attribut&'c(z) describes the changes of the scale factor.

o Sc(x) = (Ly(z), Ti(x),dom(Sc)).

e In case only scaled real-time is usédm(Sc) ={a|a e RA0 < a < Fozty
whereR is the set of real numbers, aid,,, is the maximum of the scale factor
that can be achieved. If non-real-time is used additiondlyexample for fast-
forwarding,dom(Sc) includes alsd’,,q. -

e Similarly to St(z), the point of every change is defined by an instant L, (x),
and an instant, € I, (z), wherel,,(z) € T.(z).

5. z is composed of zero or mo& nl nst ance, each of them denoted hy,. That
is,z=0orx={z,|ne Ny}

SimInstance

Si m nst ance is the representation of a simulation instance. Therefbiealways contained
in a Si nSessi on entity. The specification of th&i m nst ance lifespan in the wallclock
time is essential to reconstruct @wi nd event. In parallel, the lifespan for the simulation time
is also defined, because for a simulation instance, difféoemsimulation sessiofiy,,.. is equal
to nows.

Si m nst ance does not have a state attribute, because its state historglisitly managed
by the state attribute of the contairféirnSessi on.

Definition 5.5 A Si i nst ance entity in the database is defined as the following:

1. ASi m nst ance zis uniquely identified in the scope of its contai@mSessi on
by D(z).

2. The lifespan of: is defined by a relatiofL,,(z), Ls(2)). L,(z) C L,(x), where
L,(z) is the lifespan of the contain&i nSessi on.

3. zis composed of zero or moEnt i t y, each of them denoted lpy,.
Thatis,z = 0 or z = {e,, | n € Ny}.

Entity

An Enti ty in the database reflects &mt i t y in the conceptual simulation model. In this
chapter, if not explicitly statedgnt i t y refers to a databagenti ty.

An Entity is contained either in & m nst ance or in anotherEnti ty. Therefore
the lifespan of arEnti ty is a subset of the lifespan of ti&# m nst ance, in which it is
contained. Moreover, because of the association betwe&kmainst ance and its container
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Si nSessi on, for Ent i t y, only the simulation time lifespan needs to be specified.every
time point in the simulation time lifespan, the correspagdiime point in the wallclock time
lifespan can be calculated.

In the world ofEnt i t y, there is only a single time dimension. This property cantbized
for the data management in several ways. Primarily, all tauging properties of ainti ty
and of its sub-entities, can be described solely in the sitiar time. It is therefore easier to
ensure the integrity constraints. Further, in case a segaienprevious simulation instance is
to be repeated, e.g. forewi nd, the associatefint i t y segment can be easily duplicated and
integrated in the new simulation instance without sidectffe

Aligned to the conceptual simulation model, &nti ty is described by zero or more
Par anet er, Var i abl e, andPor t , which are themselves also database entities. In addition,
anEnt i t y may contain zero or more othEnti ty.

Definition 5.6 A databasé&nt i ty is defined as the following:

1. AnEntity eis uniquely identified in the scop&i(m nst ance or Entity), in
which it is contained, by an identifidp(e).

2. The lifespan ok, denoted byL(e) is defined by a subset of the simulation time
lifespan of its containe®i mM nst ance or its containeEnt i ty.

3. e may contain zero or moréar anet er, Vari abl e, andPor t database entities,
which describe its time-varying properties, as well as zermore othelEntity.
Thatis,e = (P(e),V(e), B(e), E(e)), where,

P(e) =0 or P(e) = {pm(e) | m € Ny} for containedPar anet er entities,
V(e) =0orV(e) ={v,(e) | n € No} for containedvar i abl e entities,

B(e) =0 or B(e) = {bx(e) | k € Ny} for containedPor t entities, and

E(e) =0 or E(e) ={ee) | | € No; Ls(e;) C Ls(e)} for contained sulni ty.

Definition 5.7 A databasd&’ar anet er entity is defined as the following:

1. APar anet er entityp must be contained indntity e.
2. pis uniquely identified in the contain&nt i ty by D(p).

3. The lifespan op is identical with the lifespan aof, denoted by, (¢), and is therefore
not explicitly specified.

4. p has one attributé&/(p) describing the value of the represented parameter, i.e.
U(p) = (Ls(e),dom(U)). Whereby,dom(U) represents the value domain. Each
value change is triggered by a steering event.

Definition 5.8 A databasé/ar i abl e entity is defined as the following:

1. AVari abl e entityv must be contained indentity e.
2. v is uniquely identified in the contain&nt i ty by D(v).
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3. The lifespan of is identical with the lifespan af, denoted by, (e), and is therefore
not explicitly specified.

4. v has one attributé’(v) describing the value changes, ité(v) = (Ls(v), dom(U)).
Wherebydom (U ) represents the value domain. The value change is determimed
by modeled events.

Definition 5.9 A databaséor t entity is defined as the following:

1. APort entityb must be contained indentity e.
2. bis uniquely identified in the contain&nt i t y by D(b).

3. The lifespan ob is identical with the lifespan of, denoted by (e), and is therefore
not explicitly specified.

4. The time-varying property of a port is described by its regtion relationships,
which are reference relationships. The connection betwleeport represented by
b, and the port represented by(contained inEnt i ty ¢'), is specified by the rela-
tionshipsc(b) andc(l'), respectively. Wherebyb) is a relationship ob that has the
inverse relationship(d’) of &, and vice versa. The variability of a port connection is
defined by the lifespan of the connection relationship.
Thatis,L(c(b)) = Ls(c(b')) C (Ls(e) N Lg(€')).

The temporal data model described above is general to datasentation format. Although
it is rather an object-oriented model, relying on some cptxef the temporal EER model and
T_ODMG, it can be also mapped to relational data representatio

To support the development of application-specific daak#sictures based on the temporal
data model, issues on data schema specification need to bielewd. The approach used here
consists in two main points. One is to defingemericdata schema that supports the entity types
of the temporal data model. This data schema is stated ger@tause application-specific
refinement can be derived from it. The second point is to defiepresentationatiata schema
that is immediately supported by standard implementatiechranisms. The representation of
time stamps is among others an important issue to be addreBses approach is reflected in a
MOF-based metamodel for representational data schemarpeesin Section 5.3, and a mapping
of this metamodel in XML Schema discussed in Section 5.4.

5.3 MOF-Based Metamodel for Representational Data Schema

The Meta Object Facility (MOF) is defined by the Object Marmagat Group (OMG) as "a
framework for specifying, constructing and managing tetbgy neutral metamodels” [Obj02b].
Models based on MOF are interchangeable between diffectations. Thanks to notation map-
pings, data schemas can be also easily derived. An intnodutt MOF, and the MOF-based
specification of the generic data schema, are the contehisagection.



88 5. Temporal Simulation Database

5.3.1 Meta Object Facility

MOF is a meta-modeling language, based on a four-layer rattadchitecture. The layers are
denoted by M0, M1, M2 and M3, with increasing abstractiorelev

1. Information layer(MO) contains the data to be described.

2. Model layer(M1) contains the metadata that describes the data in tbemaftion layer.
UML models are, for example, M1 data.

3. Metamodel laye(M2) contains the meta-metadata that defines the struatgreemantics
of the metadata in M1 layer. The metamodel for UML is M2 data.

4. Meta-metamodel laygiM3) contains the description of structure and semantiagneta-
metadata in M2 layer. This is the layer of the MOF model.

MOF is self-describing. The MOF model itself is describeddoynstructs of MOF. MOF
is used to specify the metamodels for UML [Obj03a]. In fachuember of UML concepts are
adopted by MOF. The UML graphical representation is digeagied in MOF and MOF-based
specifications. As shown in Table 5.1, the metamodel predantSection 5.3.2 is intended as a
M2-model, and the data schema derived from it is a M1-model.

| Meta-level | MOF terms | Examples |

M3 Meta-metamodel The "MOF Model”

M2 Meta-metadata, metamodel| UML meta-model, VTIS
MOF-based metamodel

M1 Metadata, model UML models, VTIS XML
schema-based data schema

MO Data Modeled systems, VTI$
database data

Table 5.1: MOF layers

Major MOF modeling concepts to define information modelsth@tadata are the following:

Classesare type descriptions of metaobjects. A metaobject reteestabstract or technology
specific object that represents metadata. The propertiasct#ss may be described by
three kinds of features, namely attributes, operationgefeiences.

e Attributes can be mapped to get and set operatigkitributes andoperatiors are
used to describe the behavior of a class.

e Referenceas a construct to describe relationships between classés. kihd of a
relationship is defined by aassociation(see below). A reference of a class binds
an "exposed” end of an association with this class or a salasss of this class, and
points to the class that is bound to the other associatior{’esférenced” end). The
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concept of reference is comparable with "call by refereneg2d in some program-
ming languages such as C++, or object referencing as for deamspd in CORBA
[Obj02a]. Over a reference, the object pointed by the refsrd association end can
be easily accessed.

Reference has no direct equivalence in UML, while attribatesd operations can be im-
mediately mapped to UML constructs.

Associations are constructs for expressing relationships between rgtets. An association
has exactly twassociation ensl, whereas each association end has a multiplicity specifi-
cation to define the possible number of objects bound to ther @nd.

DataTypes include constructs to define data types. MOF provides a pgcképrimitive data
typesand constructors facomplex data typesuch as enumeration types, structure types,
collection types, and alias types.

Packagesare used to group model elements. Package generalizagsting, importing, and
clustering are four mechanisms for metamodel composit@hrause. Package general-
ization is analog to class generalization, where one packdgerits model elements from
another package. Package nesting refers to a containmehtimsm, where a package is
a component of its enclosing package. Package importiogvalinclusion of only those
desired elements. Package clustering binds the importgiraported package into a
cluster, from which an independent instance can be created.

Constraints are used to express additional consistency rules for mugleliements. A con-
straint consists typically of a rule expression, an evadmgbolicy and a set of constrained
elements. Th®bject Constraint Languag@CL) [Obj03a] is recommended as a formal
rule specification language. Informal description enclgted in a predefined format is
also allowed.

Direct mappings defined for MOF include currently a mappmthe OMG Interface Defini-
tion Language (IDL) [Obj02a], and a mapping to XMI (XML Metaa Interchange) [Obj02d].
XMI defines production rules for different modeling langeag The production rules for XML
Schema have been newly developed [ObjO3b]. They are hoveewezntly supported by very
few modeling tools.

5.3.2 Metamodel Specification

MOF is considered appropriate to specify the represemaltidata model according to the fol-
lowing arguments:

e The object-oriented property of MOF allows to express galimation and specialization
for the intended data structure.

¢ MOF includes a package for primary types, and provides nmeshe to define new data
types.
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¢ MOF supports different association concepts.

The overall structure of the metamodel is shown in Figure &sing UML graphical nota-
tions. A complete specification can be found in Appendix B. Tan concepts of the meta-
model are outlined in the following:

1.

The data typeSi mTi ne andWel Ti e are used by time stamps to record history data in
the simulation time and the wallclock time, respectively.

. STI nt erval andW nt er val are used to specify lifespans of entiti&3,| nt er val

for simulation time lifespans, andf'l nt er val for wallclock time lifespans. Each of
them consists of two attributest art andend, describing respectively the start and
end point of a lifespan. For a lifespan that has a defined Idwendary, and a upper
boundary pointing to the current time, a half-open repriegem is used, i.e. the value
of end is undefined. It is assumed that the current simulation tine, and the current
wallclock timenow,, can be obtained from the simulation environment. The sitrara
kernel provides usually such features.

. I ndexedEnt ry is the base to record the history of time-varying object praps. A his-

tory is stored as an indexed list of entries. Each entry aestane or two time stamps and
a value. The derived typ8TI ndexedEnt ry is used for time-stamping in the simula-
tion time. For dual time-stamping the tygd| ndexedEnt r y is used. For type-specific
values, further derived types are used.

. STElI enent , WEl enent andBTEl enent derive fromd obal El enent , which has

an attributa d. Every class, that represents an entity type of the tempattal model, is a

d obal El enent . STEl enent is used by entities that have a simulation time lifespan,
andWI'El ement is used by entities that have a wallclock time lifespan. tiggithat have
lifespan in dual time dimensions derive frd@iEl enent .

. DBRoot is introduced to represent the root of a database, which m@am zero or more

Si nSessi on.

. Si mBessi on, Si nl nst ance andEnt i ty correspond directly to entity types of the

temporal data mode&i nSessi on isaWrEl enent with attributesst at e andscal e,
which describe the history of the state and the scale factor.

. Si m nst ance inherits fromBTEl enment to describe lifespan in both time dimensions.

. EntityisanSTEl enment . Itis a container for zero or mofear anet er, Vari abl e,

Port andEntity.

. Par amet er andVari abl e are generalized byar Var Base, which inherits from

d obal El enent and contains an additional attributgpe. Par anet er andVvari abl e
contains zero or mor€i medVal ue to record the value change history.
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10. Port isad obal El enent , and is represented as a container of zero or rRor¢ Conn,
each stores the information of one port connection. Thissgmtation is a mapping to the
reference relationship concept in the temporal data mddel. MOF reference concept can
not be applied, because it does not provide the specificafitifespan, nor other kinds
of attributes. Therefore the data structéd@ t Conn is defined.Por t Conn has besides
an attribute for lifespan, also the attributever se, which specifies the ID of the inverse
Port.

The metamodel relies on concepts that are supported by tharitpaof known object-
oriented modeling languages. The MOF reference conceprigX¥ample not supported by
UML, and has no direct correspondence in XML Schema, but eansed effectively for IDL-
based models. The argument not to use MOF reference to ldeBorit connection property is
given above. Also for time-stamping simple structures aedythat can be easily transformed
to other representation formats. For this work, the fornfaXilL Schema is selected. The
mapping of the metamodel into this format is discussed iniG@e&.4.

5.4 Mapping to XML Schema

XML technologies emerged only several years ago. Enormffad as been and is still being
put into the development of new concepts and tools. The Spatons of XML Schema and
XQuery are just part of the results of this effort. Both pr@viessential concepts for XML-
based databases. As introduced in Section 5.1.2, XML Scpeovales rich features to describe
complex data structure. Itis used as the type system for ¥Quaich is based on various well-
proven data query concepts. The strength of XQuery has l@®msn some recent publications
[BCS01] [BCSO1] [CDF 03] [Wie02].

On the other side, the review of related work in Section 5sh@ws, that the temporal exten-
sion of XML is an on-going work. Different extended notatsceittempt to move the complexity
of time-stamping and temporal expressions to elsewhetésttransparent for users. Therefore,
the approach to use a representational data schema is anptwrtoe open for a future standard.
The MOF-based metamodel follows already this approactadtie mapping of the metamodel
to XML Schema can be built easily upon the current standaachgrar of XML Schema.

It is noted that the mapping presented here is only one pessihion. As stated earlier, the
MOF to XMI mapping, together with the XML Schema productiohes for XM, could be used
to generate a XML Schema document from a MOF-based spemficatitomatically. Since the
technologies are rather new, there is currently rare toppert in the practice, that is conform to
the specifications.

Mapping concepts summarized in the following are used mlurk to obtain data schemas
manually. They are kept as simple as possible to retain theaf®lity of data schemas. The
main goal is to facilitate the implementation of the VTIS eggch. Thanks to the metamodel,
adaptation of the mapping concepts can be made easily.

e The schema is identified by the target namespdute p: / / www. | nmu. de/ vti s", ab-
breviated byti s.
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The data typesSi mli me, Wl Ti ne and Si nSessi onSt at eKi nd are mapped to
xs: si npl eType, that is,Si mli ne to xs: doubl e, WI Ti ne to xs: stri ng, and
Si mBSessi onSt at eKi nd to a restriction oiks: t oken.

A MOF-class is either mapped to ais: conpl exType or anxs: el enent .

The inheritance relationship between MOF-classes is thestbyxs: ext ensi on ele-
ments. For exampl&TEl enent isanxs: conpl exType using thexs: conpl exType
A obal El enent as its extension base.

As the type of axs: attri but e is always a simple type, an attribute of a MOF-class
is either mapped to ars: attri bute or anxs: el enent, contained in the corre-
spondingxs: conpl exType or xs: el enent for the MOF-class. For example, the
attributei d is anxs: attri but e of G obal El enent, and the attributsl i f e is an
xs: el ement of STEl enent .

The containment relationship between MOF-classes is nthjgpine containment of
xs: el ement . For exampleSi nSessi on is anxs: el enent with occurrence from
zero to unbounded containedBRoot .

To allow various types to descriié medVal ue, the choice groupal ueNodeCont ent ,
and the type€onpl exVal ue andConpl exVal uel t emare introduced.

Val ueNodeCont ent contains the elements ef npl eVal ue andconpl exVal ue,
and can be referenced Oy nedVal ue or Conpl exVal uel t em In this manner, val-
ues of complex hierarchies can be constructed. For exampl@lue of a structured
type X containing: elements is a&onpl exVal ue with i i t ens, each described by
a Conpl exVal uel t em In case the type of ant emis a complex one, it contains a
Conpl exVal ue element with sub-t ens.

The choice groufEnt i t yCont ent is introduced for thexs: conpl exType Entity
to allow arbitrarily ordered containmentBé&r anet er ,Var i abl e,Port andEntity.

Although the element typEnt i t y can be immediately applied, extensionstoft i t y
may be desired for certain applications. For this, the ahgroupEnt i t yLi st is useful.

It is referenced by the element tye m nst ance. The containment oEnt i t yLi st
can be adapted on demand. As shown in C.2, the generic schenh@ extended easily
by specific schemas. The integration point for such spedfieas is represented by
Enti tyLi st. It contains by default the elemelBbt i ty.

The generic data schema based on the MOF-based metamqulgingphese mapping con-

cepts, is included in Appendix C.
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5.5 Summary

This chapter presents core concepts for the temporal siimildatabase. The temporal data
model differs to conventional ones particularly in the adagation of the two time dimensions
for history data, namely the simulation time and the wadlklome. An analysis shows that dual
time stamps are not necessary for every data set. The résh& analysis is incorporated in a
generic database structure, which is formally describatyudOF-notations. A mapping of the
database structure to XML Schema is also provided.

The temporal data model does not include concepts to queriigtory data, because this
topic is a core issue of the knowledge-based processingolitleg strategies, and is left for the
discussion in Chapter 6.
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Chapter 6

Teaching Strategies as Active Rules

This chapter focuses on the specification and the processitegiching strategies based on the
temporal database introduced in the previous chapter.idBe6tl reviews first some related
concepts from the areas of knowledge-based systems and databases. Active rules used by
active databases are considered appropriate for this pared/TIS approach. A knowledge
model for the description of teaching strategies as actilesris presented in Section 6.2. An
XQuery-based rule template, as well as a rule processitgtecture are introduced in Section
6.3 and Section 6.4, respectively.

6.1 Basic Concepts and Related Work

This section gives an introduction to basic concepts of kadge-based systems and active
databases. It also includes a review of related work.

6.1.1 Knowledge-Based Systems

A knowledge-based systems (KBS), sometimes referred to &x@art system [Jac99], is "a
computerized system that uses knowledge about some domainite at a solution to a prob-
lem from that domain. The solution is essentially the saméatsconcluded by a person knowl-
edgeable about the domain of the problem when confrontdd tiwé same problem” [GD93].
Knowledge may consist of simple facts or relations betweetsf It can be either algorithmic or
heuristic. To be used by KBSs, knowledge must be represemtedchine-readable forms.

Core concepts of KBSs are the separation of knowledge fromsis and the separation
of generic problem-solving knowledge from problem-speaifata. These are reflected in the
structure of KBSs, which can be considered from three diffexéews: the user’s view, the
knowledge engineer’s view, and the tool developer’s vieR93].

From theuser’s view, a KBS consists of an intelligent program, a problem-speddiabase,
and a user interface (see Figure 6.1). Trtelligent prograncontains all of the problem-solving
intelligence of the system. Th@oblem-specific databasmntains information about the cur-
rent problem to be solved by the intelligent program, incigdconclusions (also intermediate
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conclusions) the intelligent program has been able to defiieuser interfaceallows a user to
guery the intelligent program and to provide problem-siiedata to the database.

Knowledge-based system

Intelligent
program

User «— 71> User 5
interface v

< » Database

Figure 6.1: User’s view of a knowledge-based system [GD93]

From theknowledge engineer’s viewthe intelligent program is composed okaowledge
baseand aninference engineThe knowledge base contains all of the relevant, domagaitp,
problem-solving knowledge, represented in a certain formide inference engine interprets
knowledge stored in the knowledge base to provide solufimnthe current problem. Thiol
developer’s viewrefines the knowledge engineer’s view with additional depeient tools, such
as knowledge acquisition tool or test case database.

The correspondence between these different views and tBerdffited roles is discussed
in Section 3.2.4. Most significant for the VTIS approach igptovide a teacher as a content
developer the knowledge engineer’s view. At this point,forenalization of teaching strategies
for knowledge acquisition which is the primary respongipibf a knowledge engineer, needs to
be carefully considered.

Rule-based systems are the most commonly used KBSs.if-Tinen pattern is a general
rule pattern, which is described by assertions. A rule maymasltiple if-patterns and then-
patterns. Anassertionis a statement that something is true, for example "Elephastlong
nose”. The if-pattern matches one or more of the assertioascollection of assertions, which
is sometimes referred to asrking memory A rule istriggeredif all the if-patterns of the rule
are satisfied that is, each of the if-patterns matches an assertion. é&based system, which
has then-patterns that put new assertions into the workiexmany, is adeduction system In
comparison, aeaction systemhas then-patterns that specify actions, rather than asserA
triggered rule idired, if the then-patterns of the rule are fulfilled. It means timatase of a
deduction system new assertions are established, andenotasreaction system actions are
performed [DDLSO0Q].

A teaching strategy may involve both deduction and reacfitve modeling concept provided
in this thesis focuses on the reaction property. It can bengldd in future work to support
deduction. Due to the fact, that a simulation database afslikaw data for the processing of
teaching strategies, concepts of active databases areleets particularly interesting for this
work.
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6.1.2 Active Databases

Active databases are a special type of databases that cegptomatically to events that are
taking place either within or outside the databases [PDi@3jontrast, "passive” databases react
only to explicit commands by the user or the application piog The reactive behavior of an
active database is defined by a knowledge model and an execntdel.

Knowledge Model

A knowledge model supports the description of active fuorality in form ofactive rules An
active rule is composed of up to three kinds of elements: tewemdition, and action. Such a
rule is also referred to as an ECA-rule. A typical ECA-rule lasikample the following syntax:

on event
i f condition
do action

An eventis something that occurs instantaneously (see also Seétign According to
[PD99], the specification of an event may cover differeneasgy including:

e Source of the event. It can Is¢ructure operatior(e.g. insert, update or deletéeghavior
invocation(e.g. the event is raised by a user-defined operaticamsaction(e.g. abort,
commit, begin-transaction), etc.

e Granularity of the event. An event can be defineddeeryor specificnembers in &et or
in certainsubsets

e Type of the event. Arimitive event is raised by a single, low-level occurrence, while a
compositeevent is raised by some correlation of primitive or compositents.

e Event operators, in case multiple events are specified fatea The most common op-
erators include disjunctiorof), conjunction &nd), sequencesgqg, and non-occurrence
(not).

¢ Role of the event. It can bmandatory optional or none indicating whether events must
be given for active rules. In casewdne the active rules are in fact condition-action rules.

Condition is generally optional for an ECA-rule. If absent, an activie ie an event-action
rule. In case both event and condition are optional, at leastof them has to be specified. If
a condition is specified, it can be associated wibhtext Since the evaluation of the condition
consumes time, the database state may change during thatewal Context can be a statement
about the database states, in which the condition shoulsdieated.

Similarly, context can be also used for thetion specification. Actions can be structure
operations, behavior invocations, external calls, natifans, abortion of transaction, or others.

ECA-like rules are also frequently used in other areas, sscpodicy-based management
[DDLSO00] [Rad03].
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Execution Model

An execution model determines the runtime mechanism ofectile processing. The process
may involve different phases, including signaling, triggg, evaluation, scheduling and execu-
tion, as illustrated in Figure 6.2. The output of a certaiage) that is used as input for the next
phase, such as event occurrence or triggered rules, isegdsesented in the figure.

Thesignalingphase is sensitive to an event source, and is characteyzsgeht occurrence.
According to the event occurred, a set of triggered rulegliscsed in theriggering phase. The
triggered rules are evaluated in thealuationphase on their conditions, from which a subset
called evaluated rules is chosen for the scheduling phade.dRaflicts, if present, are resolved
in theschedulingohase. The output of the scheduling phase are selectedwdiese actions are
finally performed in theexecutiorphase.

_, | Signaling | | Event

Phase Occurrence

Triggering |_, | Triggered
Phase Rules

Evaluation || | Evaluated
Phase Rules

Scheduling |_, | Selected
Phase Rules

Execution
Phase

Figure 6.2: Processing phases of active rules

\

\

\

Different policies can be used in the execution model to rmbtihe processing phases. For
example, in the scheduling phase, in case multiple rulesiggered at the same time, priorities
can be used to determine the order which one is to be fired first.

Numerous proposals for active databases based on relationigject-oriented databases are
introduced in [PD99]. Some new approaches for XML-basedlueges can be also found in the
literature.
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Active Rules for XML

An ECA language for XML, called AXML, is presented in [BPWO02] aidACT99]. An
AXML-event is either an insertion or a deletion of nodes indiL document. XPath [Wor03b]
expressions are used for the condition part. The actiompaytconsist of one or more insertion
and deletion operations, which are executed again on XMlush@nts. The implementation of
AXML, in particular for the events, relies on XML DOM (DocumeObject Model) [Wor00].

A similar proposal is presented in [BCS01]. In addition to mis& and deletion, update of
nodes is the third kind of events. The condition specificasdbased on a pre-release of XQuery
[Wor03c]. The action part of the rules describes notifiaaiolr he XML protocol SOAP (Simple
Object Access Protocol) [Wor03a] is used to distributefioatiions.

Recalling the discussion in Section 2.2.3, teaching stiedegre based on the assessment
about students, and are carried out by actions. The behaivgiudents, that directly affects a
simulation execution, is reflected in the history data stanehe simulation database. Although
not the single source, the history data provides an essani for the assessment which again
determines the actions to be performed.

Active rules apply well to the basic idea as depicted aboves hot goal of this work to
develop brand new concepts for active databases or rutdbagert systems, but to exploit
existing ones for a case study to demonstrate their apjiiyato the implementation of teach-
ing strategies. There are still some crucial issues to addi the knowledge model and the
execution model of the active rules. They are discusseckingimainder of this chapter.

6.2 Knowledge Model

In this section, the knowledge model used to construct@ctiles is discussed. The foundation
of this model is the temporal data model introduced in Sed&i@.

6.2.1 Event

Events are directly associated with database manipulaperations. Two types of events are as-
sumed, namelinsertandupdate The event typelelete as for example included in the proposals
[BPWO02] and [BCSO01], is not considered, because the simulaataebdse is a history-oriented
database. Principally, any change in a simulation execu#is far as modeled, is documented in
the database as history data. Deletion of a simulationyefdaitexample, causes an update of the
lifespan entry for the entity.

The classification of insert and update events can be dirdetived from the temporal data
model. In the following description, denotations introdddn the MOF-based metamodel (Sec-
tion 5.3) are used.



100 6. Teaching Strategies as Active Rules

Insert

Insert events can be classified into insertion of new da&abélesnents, new relationships, or new
history entries, as presented in Table 6.1.

| Caused by command event | Caused by steering event |
new entity Si nSessi on, Si mM nst ance Entity
new relationship Por t Conn
new history entry|| Si nSessi onSt at eEntry, Par anet er : : Ti medVal ue,
Si mBessi onScal eEntry Vari abl e: : Ti medVval ue

Table 6.1: Insertion of database elements

According to the temporal data model, attributessSofrSessi on or Ent i t y do not have
their own lifespans, but exist as long as their parent estiti hus, attributes are created together
with their parent entities, and their creation is not exgliaepresented as insert events. Anal-
ogously,Par anet er, Var i abl e andPor t are also not explicitly inserted, because they are
always contained inaBnti ty.

For insert events, either insertion of new entities, neatr@hships, or new history entries, it
can be further differentiated, whether they are caused bymand events or steering events in
the simulation, as described in the following:

1. The command evest art causes the creation of a n@&vnSessi on entity.
2. The command eventew nd causes the creation of a n@&vm nst ance entity.

3. The command evenfd ay, r ecor d, andpause add new entries to the state attribute
of the Si nSessi on entity (Si nSessi onSt at eEnt ry), while the command event
speed adds new entries to the scale attribuge fSessi onScal eEnt ry).

4. Steering events in a simulation can be associated witbrdetion of new simulation enti-
ties, the connection/disconnection of ports, as well axkti@ge of parameter or variable
values. This is reflected in the database by the insertioewfEmt i t y, newPor t Conn
relationship of aPor t , and new value history entrieSi(nedVal ue) for Par anet er
orVar i abl e, respectively.

Update

Update usually refers to overwriting an old value by a new. d@ither the old value is undefined,
or it is not of interest for the database and thus can be oittsewiby the new one. For the latter
case staticattributes are defined in©ODMG [BFGM98]. In the base temporal data model, only
the end attribute of entity lifespans can be updated. It is set undédfiwhen the entity is first
time created. Static attributes in a derived data model eangated analogously.
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The wallclock time lifespan of a simulation session or a $aton instance is represented
by awlife attribute in the associatedl nSessi on or Si m nst ance, respectively. The simu-
lation time lifespan of a simulation instance, a simulatonity, and a port connection is repre-
sented by thslife attribute ofSi nl nst ance, Ent i t y, and the relationshipor t Conn. The
startattribute of a lifespan, either a wallclock time lifespanasimulation lifespan, is set imme-
diately after the according entity is created. In comparisbeendattribute remains undefined
until the entity is terminated. In other words, as long aslifiespan is half-open (i.e. undefined
endattribute), the entity is active in the simulation. Téed attribute documents the time of its
termination.

| Caused by command event | Caused by steering event |
Si nSession::wWife::end, Entity::slife::end,
Sim nstance: :wWife::end, Port Conn: :slife::end

Sim nstance::slife::end

Table 6.2: Update of lifespan end

6.2.2 Condition

The condition part of active rules is primarily based on ¢ggeon the data stored in the simulation
database. The generic data schema of the database is baseM©OR-based metamodel as
presented in Appendix B, and is specified in Appendix C using->@éhema. Principally, any
guery language supporting the generic data schema can te Gsee must be taken for time
stamp and time interval related queries which are denot@drmaporal queries [TC@3]. In
the following, some frequently used operations and usescase summarized. It serves the
specification of the rule template, as further consideresiction 6.3.

Time Stamp and Time Interval Operations

Operations on time stamps and time intervals are esseatsigport temporal queries. A time
stamp represents an instant of time, either in the simuldime or in the wallclock time. Every
entry in the history of a time-varying attribute containsrag stamp. The simulation time and
the wallclock time may use different units, and may be regmeed in different forms. Since the
representations can be usually converted into a numberoag integer or double, comparison
operators such as, >, <, <, = can be used. In addition, for the wallclock time, extraction
operators such aseconds-fromti ne are also useful.

An interval is considered in the context of temporal datelzsa set of consecutive instants.

Therefore, conventional set operators suchhas®, C, C, =, N, U apply well to intervals. In
addition, it can be useful to determine whether an instaamhislement of an interval.
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Query Use Cases

Applying the operations on time stamps and time intervalerig@s of the temporal simulation
database can be classified into the following use cases. 3éeases are not intended as an
exhaustive but an initial set of primitives to construct g@@x conditional expressions.

Use case 1:Wallclock time lifespan ofATEl enent or BTElI enent .

Can be applied tdBRoot , Si nSessi on, andSi nl nst ance.

using L., (d) = [tws(d), tw.(d)] to refer to the wallclock time lifespan of the correspond-
ing entity in the simulation environment, two cases can lsirdjuished: (a),.(d) =
now,,, wherenow,, is the current wallclock time. That is, the entity is stillhning. (b)
twe(d) < now,. Thatis, the entity is already terminated. In any case, thrattbn can be
calculated byt . (d) — t,s(d).

Use case 2:Simulation time lifespan o8TEl enent or BTElI enent .

Can be applied t&i mM nst ance, Enti ty, andPort Conn. The interpretation of the
simulation lifespan is similar to the previous one, excéptt Por t Conn has no direct
correspondence in the simulation environment, but is atradi®n of a port connection.

Use case 3.List of immediately contained elements, whose wallclocketilifespanL,,(e) in-
tersect with the interval,,, that is,L,,(¢) N I, # 0.

Can be applied t®BRoot andSi nSessi on, to obtain containe&i nSessi on and
Si M nst ance, respectively.

Use case 4.List of immediately contained elements, whose simulatioretlifespanL,(e) in-
tersect with the interval;, that is,L;(e) N I # 0.

Similar to the previous case, this can be applie&itol nst ance, Entity, orPort,
to obtain containe@&nt i t y, subEnti ty, andPor t Conn, respectivelyPar anet er,
Vari abl e, andPor t that do not have explicit lifespan description, are not eatdd.

Use case 5:Given a time pointt,,, find an immediate contained element, that € L, (e),
whereL,(e) is the lifespan of the element.
Applicability as use case 3. Find the corresponding entityctvis used at time,,,.. In
caset,,, = now,, itis the currently used one.

Use case 6:Given a time point,,, find an immediate contained element thate L(e), where
L(e) is the lifespan of the element.

Applicability as use case 4. Find the corresponding entityctv is used at time,,. In
caset,, = nows, it is the currently used one.
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6.2.3 Action

Actions to carry out teaching strategies are classified tti@e 2.2.3 into control actions that
have direct impact on the simulation execution, and actibas do not. The former category
of actions causes feed-back to the source of rule eventst ktass of rule conflict are due to
such feed-back actions [BPWO02] [AHW95]. For example, two raestriggered at the same
time. Executing the action of one rule first, rather than otiee, might cause the simulation to
progress differently. In this case, the rule schedulingtrdeine which rule is fired first.

Actions in the first category considered currently are thibs¢ causeeommand eventsto
control a simulation execution. As shown in Section 4.3.@ &action 4.4.2, command events,
opposite to steering events, do not change the semantiaswod lsimulation model is executed.
They controls only when a simulation execution is startettoninated, as well as the speed of
the simulation execution. The processing of command evsrdstermined by the simulation
session state model. Therefore, even if command eventssared in the wrong order, they will
not cause any unexpected behavior. An extensive study gungesteering events is left for
future work.

Actions in the second category supported at the time bemtharfollowing two: notification,
and creation of student records. As shown in Section 2d8fications are frequently used
for teaching. They are informative actions that do not diyeaffect a simulation execution.
Therefore, the scheduling of rules can be kept simple, tsscaude conflict might occur only due
to the content or the order of notifications. As notificatiams delivered to the user, no further
side effect for the simulation execution can occQreation of student recordsis useful for
the off-line assessment. While notifications are distridutethe users, student records can be
collected anywhere desired as data that can be revieweedlater.

The informal description of the knowledge model in this getts completed in the follow-
ing section by a rule template with formalized grammar. ThdLXquery language XQuery
[Wor03c] is considered appropriate as a foundation for tie template.

As introduced in Section 5.1.2, XQuery is a query languageé phovides rich mechanisms
for data manipulation. Path expressions and FLWOR expmessian be used to construct com-
plex queries. In addition, to form output of queries into XMbcuments, a set of constructors
are defined. A means to efficiently structure queries aretiomealls. Besides a number of
predefined functions and operators [Wor03e], user-defimections or external functions can be
used. XQuery-based active rules are immediately appkdainldatabase structures based on the
schema presented in Appendix C, too.

6.3 XQuery-Based Rule Template

This section presents an XQuery-based rule template foreatles. It comprises a rule gram-
mar for formalized syntax, and a set of functions as queriepat supporting in particular the
condition part and the action part.
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6.3.1 Rule Grammar

The grammar for the active rules is specified in Definition @de below). This grammar uses
the idea, although not the notations fwb-level grammarsoriginally defined by van Wijngaar-
den, called W-grammar [ISO96] [Zzha03]. W-grammar was oadly intended for context-free
grammars which are not assumed in this case. A two-level mp@nconsists ometa produc-
tionsfor the first-level grammar, anttyper production$or the second-level grammar. The hyper
productions use notions defined in the meta productions.

The grammar presented in Definition 6.1 is a second-levehgrar, using the grammar of of
XQuery ([Wor03c], Appendix A) as the meta productions. THRNE (Extended Backus-Naur
Form) notations used by the XQuery grammar is also adopted.

Definition 6.1:The grammar of active rules describing teaching strategesfined as a second-
level grammar, using meta productions of the XQuery grammar

Assuming the XQuery grammar is a grammar denoted.as- (V,, 3., R, S.), where

e V, is the set of variables,

e Y. is the set of terminals,

e R, isthe set of productions, and
e S, is the start symbol.

The second-level grammar is describedby= (V,, %, R,, S,), where

e V,. 3, R, andS, have respectively the same meaning’as:,, R, ands,.

e Variables adopted from the meta productions are enumeaatéte following:
V. NV, = {Prolog, Char, QName, PathExpr, QueryBody}.

e The productions?, are defined below using the notations of EBNF.

Rul eSet
Rul eConment :
Rul eComment Cont ent : :

Prolog | Rul eExpr* | Rul eComment*
"('" (Rul eConment Content | Rul eComment)* "!1)"
Char

Rul eExpr “rule" QNane "{" Event Expr?
Condi ti onExpr? ActionExpr "};"
Event Expr "event:" Event Expr Cont ent

Event Expr Cont ent
Condi ti onExpr
Act i onExpr

("insert" | "update") PathExpr
"condition:" QueryBody
"action:" QueryBody

Teaching strategies are specified by a set of riRe$ ¢Set ), including a prolog, as used in
XQuery specifications, zero or more rule expressiul €Ex pr ) and any number of comments
(Rul eComment ). A rule has an identification that is defined by a QName. Thierdas a
type for qualified names (may include prefix indicating napaeg) defined in XML DTD and
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XML Schema. The event part and the condition part of a ruleesgion are optional. If the
event part is missing, the rule is used probably for theioff-hssessment, otherwise for on-line
use. Absence of the condition part refers to an unconditiacigon. Basically, the rule event
part is described by path expressions, either precededebkeywordinsert or the keyword
update because insert and update events are associated witheshahdatabase nodes. The
condition part and the action part may use any expressidinsedefor XQuery, including path
expressions and FLWOR expressions, therefore it is defip€aibr yBody. An example using
this template is presented in Section 8.2.5.

6.3.2 Functions

As patterns for the rule description, a set of user-definedtfans and external functions are

included below. They are aligned to the operations and usesgaresented in Section 6.2.2. In

addition, an external function nameéssCnd is included as action execution interface to issue
command events.

| Function Name | Kind | Description |

sessCmd external Executes the session command indicated by the
parameter.

wcltimeNow external Returns the current wallclock time.

simtimeNow external Returns the current simulation time.

wcltimeDuration | external Returns the duration between two wallclock
time points specified by the parameters in string
form.

simtimeDuration | external Returns the duration between two simulation
time points as specified by the parameters in
string form.

wcltimeToDouble| external Returns the double value for the specified wall-
clock time point in string form.

wcltimeToString | external Returns the string value for the specified wall-
clock time point in double.

rootNode user-defined Returns the root node of the database XML-
document to be evaluated.

all[SimSessions | user-defined Returns the nodes of all SimSession stored in
the database.

allSiminstances | user-defined Returns the nodes of all Siminstance associated
with the SimSession identified by the parame-
ter.

continued on next page
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continued from previous page

Function Name | Kind | Description

wlifeStart user-defined Returns the start of the specified wlife node| in
string form.

wlifeEnd user-defined Return the end of the specified wlife node|in
string form.

wlifeDuration user-defined Returns the wlife duration of the specified wlife
node in string form.

wlifelntersect user-defined Returns the wlife intersection of specified wlife
nodes in form of a wlife node. No intersection|is

identified by the start and the end of the returned
node setting to -1.0.
iNWTInterval user-defined Returns true if the time point identified by the
first parameter is in the interval specified by the
second parameter. Otherwise false is returned.

slifeStart user-defined Returns the start of the specified slife node as
double.

slifeEnd user-defined Returns the end of the specified slife node| as
double.

slifeDuration user-defined Returns the slife duration of the specified slife
node as double.

slifelntersect user-defined Returns the slife intersection of specified wlife

nodes in form of a slife node. No intersection is
identified by the start and the end of the returned
node setting to -1.0.
inSTInterval user-defined Returns true if the time point identified by the
first parameter is in the interval specified by the
second parameter. otherwise false is returned.
buildSTInterval | user-defined Returns a slife element constructed from the
specified time points.

Table 6.3: Functions for rule specification

6.4 Architecture for Rule Processing

The knowledge model is reflected into an architecture fa pubcessing as illustrated in Figure
6.3. This is a refinement of the overall VTIS architecture essented in Section 3.3. The
architecture assumes the processing of active rules abuyith the simulation execution, i.e.
on-line assessment. For off-line assessment a subset sifitlien components is used.

Core of the architecture is the controller. It is supportethi®rule repository that manages all
available active rules. Further, the controller is sulbxstired into an event detector, a condition
evaluator, and an action executor. This structure is i@-\inth the knowledge model and the
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general rule processing concept as shown in Figure 6.2.

The event detector incorporates mainly the triggering ph&gnaling is assumed to be a
feature provided by the simulation database. When the stronldatabase signals that data has
been inserted or updated, the event detector comparegtedesii event with the event part of
available rules. In case some rules are triggered, it ir’dke condition evaluator to process
the triggered rules. The condition evaluator consults threilstion database to determine the
set of selected rules. If the set of selected rules is not gntipd action executor is invoked,
which performs actions according to the action part in thecded rules. That is, it issues either
command events to control the simulation server, or geeerattification and delivers them to
the assistance interface, or creates entries for the dtusfsords.

6.5 Summary

This chapter presents the final conceptual part of the VT|{8ageh. It relies on the principle
of active rules which are triggered by events related tolieges. The idea is to model teach-
ing strategies as active rules, in order to use them coupitdtiae occurrence in a simulation
execution over the simulation database.

An active rule is typically an event-condition-action rulehe construction of the three rule
parts is described in a knowledge model. A rule templaterpm@ting a knowledge model is
provided, which is based on the grammar of XQuery. An archute for the rule processing as
a refinement of the overall VTIS architecture is also prese:nt

The following chapter gives an idea how the concepts inttedwso far can be realized using
available techniques.
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Chapter 7

Implementation Concepts

The implementation of the VTIS approach is an extension @simulation environment devel-
oped in a project named VIP (Virtuelles Informatik Praktiky which has been sponsored by the
German Government as part of the Initiative "New Media in Burication” [Ger]. VIP stands
for "Virtuelles Informatik-Praktikum” (engl. virtual piical courses in computer science). The
results of the project have been presented in [LLP02], [LLPBb] and [PRS04].

The VTIS concepts introduced in Chapter 4 are implementeldenAP simulation environ-
ment, which includes an interactive simulation kernellethRtDaSSF (a real-time extension of
the simulation kernel DaSSF), and a generic core API supypitie development of simulation
applications. Section 7.1 gives some details on this enxment.

VIPNet is a network simulation based on the VIP core API. Aodehodules and applications
of VIPNet have been developed in the VIP project. The VIPNEt,As well as some modules
and applications used for examples in this work, are intcedun Section 7.2.

The implementation concepts for the VTIS database and thebased control are presented
in Section 7.3 and Section 7.4, respectively.

7.1 VIP Simulation Environment

The core concepts and components of the VIP simulation @mvient are briefly reviewed in
this section. For further details please refer to [LLPO8b] and [PRS04].

7.1.1 Architecture

The VIP simulation environment is based on a centralizedikition server architecture. It is
also a three-site architecture, as elaborated in Sect®h.4The simulation client site provides
a Java-based graphical interface for user interaction. miaeager is the coordinator in the
environment. It instantiates and terminates the simulagervers.

The distributed communication is implemented using CORBA (@om Object Request
Broker Architecture) [Obj02a], a widely-used middlewaratfirm. CORBA is an object-oriented
framework for distributed computing. It includes the ddfon language IDL and mappings of
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IDL for various programming languages, so that applicaiasing different implementation
languages and different operating systems can easilyopgeate. For the VIP simulation en-
vironment, the multi-language property of CORBA is utilizeddombine the Java-based user
interface with the C++-based simulation server.

7.1.2 Simulation Kernel RtDaSSF

The simulation kernel of the VIP simulation environment &éled RtDaSSF. It is a real-time
extension of DaSSF [LNO1], which is a C++ implementation oF$Sow99] (see also Section
4.1.5). DaSSF is an event-driven, conservative, paraitallation kernel, constructed for large-
scale simulations, such as simulations for ad-hoc netwafRsl*01].

The underlying SSF concept is a crucial argument to sele&tSbafor the VIP simulation
environment. Since DaSSF was designed for as-fast-agsf@ssnulations, to enable interac-
tive simulation applications, extensions must be made.rAsgnted in [PR804], the timing for
scaled real-time execution, and the interface to obserde@oontrol the kernel behavior, are
key issues have been addressed.

The principle of scale real-time is explained in Section3land 4.4.1. To implement this,
the event scheduling mechanism of DaSSF is adapted by utdirngla so-called "real-time key”.
In case of real-time execution, this key is compared withwiadiclock time, taking the scale
factor into account. If the key is greater or equal to the eniriwallclock time, the event is
fired immediately. Otherwise, it is rescheduled into thenéegieue, until the next check by the
scheduler.

The control interface is modeled by the objecttypeg&nt i t y, Rt Ti me andRt Qbser ver .
Rt Entity is derived fromSSF_Enti ty, an implementation of the SSF Entity class. Ad-
ditional methods are provided witRt Enti ty, such assuspendAl |, resuneAl |, and
set Speed, to trigger the kernel state or to change the scale factoil|us$rated in Figure
4.12. Rt Ti e is a facility to obtain the current simulation time, or thereut wallclock time.
The kernel state, and the deviation of the real-time behagig. slope or error, can be inquired
at theRt Qbser ver interface.

7.1.3 VIP Core API

The VIP core API was intended as a generic framework for autdre simulations with dis-
tributed user environment. Figure 7.1 describes only tlee/\for the simulation model devel-
oper. From this point of view, the VIP core API consists bakycof four class typesenti ty,
Por t , Par amet er, andVar i abl e. This structure is in-line with the conceptual model intro-
duced in Section 4.2. Each of the class types is enriched ley af snethods, that implement
application generic behavior based on the DaSSF and RtDagstdnality.

For example, th&nt i t y class inherits fronsSF_Ent i t y, which serves as a container for
logical processes that generates and consumes eventBoT heclass is implemented by a pair
of DaSSH n- channel andout - channel . To connect entity ports, tHeor t class provides
connecti on anddi sconnect methods, that use themselves ttegppt 0 andunmap meth-
ods ofout - channel . ThePar anmet er andVar i abl e classes have no correspondence in
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Figure 7.1: Structure of VIP-based simulation

DaSSF, but are necessary to support user interacBan.anet er represents the interface to
accept user requests for configurational chanyfes.i abl e provides a means to deliver state
update information to the user.

Behind this concise structure are complex mechanisms stipgpdhe communication be-
tween the graphical user interface and the simulation egipdins. Key issues for the spatial
distribution, as discussed in Section 4.3.1, are address®dhe temporal distribution, the ma-
jor part of the timing and control concepts presented iniSect.4 are also implemented, in
particular the control of simulation sessions.

The generic mechanisms provided at the VIP core API can lsklusa variety of interactive
simulations. VIPNet has been built as an example.

7.2 VIPNet — A Network Simulation

VIPNet is a network simulation based on the VIP simulationimment. More precisely, VIP-
Net is composed of an API for network simulations based oViRecore API, and a collection
of modules that assemble simulation applications. Thigephis illustrated in Figure 7.1. The
construction of the VIPNet API, separated from applicagpecific models, is beneficial for the
variability and extensibility of simulation models, as &iped in the following.

7.2.1 VIPNet API

Conceptually, the VIPNet API adheres to the ISO-OSI 7-lsstareture for computer networks
[Tan02a] [HAN99]. Network components are characterizedh®jr protocols. A protocol de-
scribes the syntax and procedure for exchanging messagiestsvpeers. At a service access
point (SAP), a protocol may use the service of a lower layetqmol, and may provide service
itself to an upper layer protocol. In the latter case, thequal includes also specification about
the form and procedure of service primitives.

The protocol concept is reflected in the structure of the \APAPI, as illustrated in Figure
7.2. A UML-based specification is shown in Figure 7.3.
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Figure 7.2: VIPNet Component

A Conponent represents a network component. Itis structured into ongoePr ot ocol .
An SAP is represented by a pair 8APPr ovi der Port andSAPUser Port . A Pr ot ocol
may have zero or mor®@APPr ovi der Port and/orSAPUser Por t . To support complex pro-
tocol behavior, &r ot ocol may be structured into multipler ot ocol Sessi ons. Timing
functions make use d?r ot ocol Ti ner. Pr ot ocol Message is the base class to describe
protocol messages. Sonponent may have one or mor€onponent Port, each of them
representing a connecting point to otl@nponent . Semantically, 8&Conponent Port is
mapped to alsAPUser Por t of the lowestPr ot ocol , which may be an abstraction of a pro-
tocol on any layer. In this mannerGonponent , opposite to a real network component, needs
not to assembl®r ot ocol s or mechanisms down to the physical layer, if only the bedravfi
a higher layer is of the primary interest. The property isdwample utilized by the simulation
of routing functionality, as explained in the following sebction.

7.2.2 Modules

Modularity is one of the major goals for the design of the VERNKPI. It is carried forward in the
development of simulation models. A simulation model cstssof configurable modules. There
are two groups of modules: protocol modules, and compon@aiutes. Aprotocol module
represents a network protocol, e.g. an IP module, or an RIRuleod component modulis an
abstraction of a network component, e.g. a host module, k& cabdule, a switch module, or
a router module. Each of the component module makes usegpod@fate protocol modules.
Doing so, VIPNet can be easily extended by developing newutesd In the following, the IP
module, the router module, and the host module are brieflgduoiced.
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IP Module

The structure of the IP module adheres to the concepts ohtbenket protocol family [Com95].
The architecture of the Internet protocols is in-line witle t7-layer architecture of 1ISO-OSI,
but consisting of four layers, with the focus on the intedager and the transport layer. The
internet layer comprises the Internet Protocol (IP) [l@Bdnd a set of routing protocols, such
as the Routing Information Protocol (RIP) [Int98b], and thee®Bhortest Path First (OSPF)
protocol [Int98a]. The Internet Control Message ProtocGIMP) [Int81b] is used additionally
to distribute control information. The transport layer s@ts mainly of the User Datagram
Protocol (UDP) [Int80], and the Transmission Control Protqd@ CP) [Int81c].

The IP module covers IP, ICMP, and the routing protocols. Bsponsibility of IP includes
mainly forwarding and reassembly of IP datagrams that areased received at network inter-
faces. IP mechanisms are used by ICMP, routing protocolgransiport protocols. Components
implementing this concept are illustrated in Figure 7.4.

The functionality of the IP module can be outlined as follows

1. | PProt is derived fromPr ot ocol . It provides aSAPPr ovi der Port to modules
implementing routing protocols (generalizedRyut i ngPr ot ), and transport protocols
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(e.g. UDPProt). Al PProt may have one or mor8APUser Por t , each represents a
network interface.

2. | PDat agr amrepresents IP datagrams, dndvPMessage represents ICMP messages.
A | PDat agr amcontains the source address and the destination addrdssadtagram.

3. The essential features of IP are provided by a sd®raft ocol Sessi ons, including
| PFor war d andl PReassenbl y, as well as one or moilePOver X or derivations from
| POver X.

4. |1 POver Xrepresents a generic network interface, from which speaiadns for concrete
network types can be built, such as Ethernet. Hae@ver X instance can be associated
with one or moreéSAPUser Por't .

5. Information to be sent ovéPPr ot is passed tb PFor war d, which examines the source
and destination addresses, and constiueR@at agr ans to be delivered ovdrPOver Xs.

6. When anl PDat agr amarrives at arSAPUser Por t , it is forwarded to the associated
| POver X, where the destination address of the datagram is examinezhse the data-
gram is targeted to one of the addresses specified fdrRe ot instance, the datagram
is passed tb PReassenbl y, which delivers reassembled information to upper pro®col
over theSAPPr ovi der Port .

7. In case the destination addresse of the arriieDat agr amdoes not match one of the
own addresses of dnPPr ot instance, and the container of th®Pr ot instance is not
a router, the datagram is discarded. Otherwise, if routingtionality is available, the
datagram is passed to tieut i ngPr ot instance, where the route for the datagram is
determined. The datagram is then passed to the appropfieer X for the route to
be forwarded.Rout i ngPr ot is the routing protocol interface to IP. It implements by
default static routes, which can be overwritten by mechmasisf derived routing protocol
modules, e.g. by the RIP module.

8. | CVPHandl er processes in this module ICMP messages indicating errorB uata-
grams.

Router Module and Host Module

The router module and the host module are directly derivethi€onponent . According

to Figure 7.2 and Figure 7.4, a router module is constructighd MPPr ot as the uppermost
protocol, combined witlfRout i ngPr ot or a derivation oRout i ngPr ot as the routing func-
tionality. Thel PPr ot instance of a router module can operate stand-alone or b@eedother
lower layer functionality. It is noted, th&out i ngPr ot or one of its derivations is in the cur-
rent implementation only configurable as an optioh BPr ot , not as a separated protocol. This
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Figure 7.4: VIPNet IP protocol module: interworking betweseib-components

is beneficial in particular for the configuration of interdaidentifiers and addresses. As shown
in Figure 7.4, the separation of routing protocols from tasib IP functionality is conceptually
already included.

A host can act as an initiator or a consumer of messages. fohera host module is open
for any protocol that initiates or consumes messages aspibpermost protocol. For example,
an instance of a host module can be assembldé IngPr ot (generates and responses pings),
UDPPr ot (representing UDP), andPPr ot .

Care must be taken for the lowermost protocols of instancéseofouter module and the
host module using in the same application. Principallyhéytare connected by protocol-neutral
components, such as instances of the "transparent-caloldiile, the lowermost protocols must
be identical. Otherwise, the protocol messages exchanmgatbacompatible. The "transparent-
cable” module is an abstraction of cables in the real-wdtldas two ends. Messages arriving at
one end will be passed to the other end immediately withoahgimg their content and format.
Such a cable is useful to simulate a higher level protocah s IP.

7.3 XML-Based Simulation Database

The implementation of the simulation database is used fpe®ments in this work. It covers
the very basic features but adheres to the concepts inteddocChapter 5.
In principle, the database is a collection of XML-documethist conform to the schemas
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presented in Appendix C.

The manipulation of the database XML-documents is baseth@XML Document Object
Model (DOM). DOM "is a platform- and language-neutral irfigere that will allow programs and
scripts to dynamically access and update the contentistauand style of documents” [Wor04].
TheNode interface is the core of DOM. After an XML-document is parse used to represent
a hierarchy of DOM nodes. Using tidode interface, the type and content of a node, as well
as its parent and child nodes, if existent, can be inquiragpdated. The Apache [Apa] Xerces
DOM parser is used in this work.

7.3.1 Components

Figure 7.5 illustrates the components of the databasentipdément the creation, update, inquiry
and storage of the data. As stated earlier, deletion of datati considered by the data access
interface because of the property of the database as ayhikitabase.

read/wite

DBManager

Node Interface I I

\

Simualation Database

Figure 7.5: Simulation database components

DBManagerrepresents the initial and the write access interface ofltitebase. It loads the
specified schemas to validate the data and provides a sekeddtams (see Figure 7.6) to cre-
ate and to update data nhodéBManagerserves DBManager with the creation and inquiry of
node identifiers. It implements the integrity constraimisentity identifiers (Section 5.2.2). For
example, $essi onl: i nstancel: entity3_Host 3”is the identifier of an entity, which
represents a host component created for the simulatioanostnamed nst ancel, that is
again contained in the simulation session nammedsi onl. NodeManageprovides the cre-
ation and update of nodes and node values, aligned to theigenkema. This interface can be
extended for specific schemaode interfacanherits from the DOMNode interface. It rep-
resents the read access interface to the data. The detaletlse of this interface is presented
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in Section 7.3.2.Data represents a collection of XML-documents storing desiietukation
history data.

DBManager

+rootNode():RootNode

+createSession(t:WclTime):String
+setSessState(st:SimTime,wt:WclTime,kind:SimSessionStateKind):boolean
+setSessScale(st:SimTime,wt:WclTime,sf:double):boolean
+createlnstance(st:SimTime,wt:WclITime):String
+endInstance(id:String,st:SimTime,wt:WclTime):boolean
+addEntity(st:SimTime,parent:String,type:int,id: String):String

+endEntity(id: String,st:SimTime):boolean
+addParameter(parent:DBRoot,type:String,id:String):ParameterNode
+setParameterValue(node:ParameterNode,value:String,st:SimTime):boolean
+addVariable(parent:DBNode,type:String,id:String):VariableNode
+setVariableValue(node:VariableNode,value:String,st:SimTime):boolean
+addComplexValueltem(parent:ValueNode,id:String,type:String):boolean
+setSimpleValue(node:SimpleValueNode,value:String):boolean
+addEntityPort(entity_id:String,port_id:String):PortNode
+connectEntityPorts(portl_id:String,port2_id:String,st:SimTime):boolean
+disconnectEntityPorts(portl_id:String,port2_id:String,st:SimTime):boolean

Figure 7.6: Database write access interface

7.3.2 Data Nodes

For the read access of data contained in the stored XML-dentsna set of node interfaces is
defined. The root of the inheritance hierarchyD@VNode — the interface of the DOM core.
Basically, every node interface in the lower inheritancelgorresponds to an element type or
a complex type in the generic schema (please refer also tod-t§y1). For inquiry on attributes
or contained elements, a node interface provides appteggerations.

The read and write access interfaces of the database ageaiteteé with the VIP core API, in
order to generate data at the run-time of a simulation. Ontther side, the write access interface
generates also events to trigger active rules. The latiat gdfurther elaborated in the following
section.

7.4 VTIS Controller

According to Figure 3.5, the controller is the core comparienthe processing of active rules
implementing teaching strategies. The realization of thetroller is aligned to the execution
model represented in Figure 6.3. A refined architectureasvatin Figure 7.7, with the focus on
the interworking between the controller, the simulatiorveg the simulation database, and the
assistance interface at sites of users.
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Figure 7.7: Implementation of active rule processing

Controller

This architecture relies on the middleware CORBA, which i alsed for the VIP simula-
tion environment supporting distributed simulation ctge(Section 7.1.1). This architecture is
applied in particular to the processing of active rules miyithe simulation execution. While
simulation models are executed on the simulation servéa, idanserted or updated in the sim-
ulation database. The insert or update operations causalisig events being generated and
delivered to the controller. They result in three kinds di@ts after the three-stage processing
with event detector, condition monitor and action exec(gee also Figure 6.3). One kind are
control actions that are executed with the simulation see/g. session control actions. The
second kind are notifications that are delivered to userstbeeassistance interface. The third
kind produces student records. Thanks to CORBA, the first twdskbf actions can be easily
integrated in the VIP simulation environment.

In case the event part of rules is absent or ignored, the roleepsing is decoupled with the
evolution of the simulation database. Offline assessmaiated teaching strategies can be
realized in this manner.

In the following, some details to the rule composition, thierd signaling interface, and the
rule processing components are presented.

7.4.1 Rule Composition

The rule template presented in Section 6.3 is compatibleeégtammar of XQuery. Each part
of a rule, either the event part, the condition part, or theagart, is composed of a keyword
and XQuery expressions. Therefore, rule parts can be easilyated by an XQuery parser. For
experiments in this work, IPSI-XQ [Fra], an XQuery parsevaleped by Fraunhofer IPSI, is
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used.

In addition, a set of user-defined functions and externattfans supporting rule specifi-
cation have been developed. The specification of the fumgti® presented in Table 6.3. The
function declarations are included in a rule prolog whictirectly used for every evaluation of
XQuery expression, so that a rule developer is able to cdrateron the essence of rule logics.
Please refer to Appendix D for the complete specificatiorhefrule prolog. The user-defined
functions are specified using XQuery expressions. Themaitéunctions are declared in the rule
prolog and implemented using a programming interface of-d@ for external functions.

7.4.2 Event Signaling

The event signaling interface of the controller is definedhwsy following IDL interface. The
methodsi gnal Evt is used by DBManager of the database every tim@aert operation or
an updateoperation is executed. The parametet i nf o contains the kind of the operation
and a path expression describing the nodes involved. Theatiapdat eRul es notifies the
controller that the rule repository has been probably rexkgwn which the controller can fetch
updated rules.

/1 IDL definition of controller’s event signaling interface
nmodul e vtis{
interface Controller{
oneway void signal Evt(in string evtinfo);
oneway voi d updat eRul es();

b
b

The IDL interface is implemented as part of the controlleaaSORBA server, using the
programming language Java. The CORBA client using this iateris currently embedded in
DBManager of the database, becauseiraert and updatedata manipulation operations are
executed over DBManager. An alternative implementation os®/the DOM Event interface,
which monitors directly the changes on document nodes. MamtEnterface is however not
available in the currently used DOM parser.

7.4.3 Components

The rule processing within the controller is performed yeéhsub-components: EventDetect,
ConditionEval, and ActionExec. They are implemented ushegJava Thread feature, so that
the processing of rules on signaling events scales well.

To execute actions as discussed at the beginning of SectipAgtionExec uses the CORBA
Notification service [Obj02c] to distribute notificatioresd the CORBA interface of the simula-
tion server to execute session control actions. The studeatds are stored as XML-documents.
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7.5 Summary

The implementation of the VTIS approach relies on the digted simulation environment and
the network simulation framework, that have been develapetie VIP-project. Additional
components supporting the simulation database and theolenare integrated in the distributed
simulation environment using a CORBA interface.

The implemented features are used for a comprehensive éxamgemonstrate the VTIS
approach. The example and a plan for evaluating the appiioable practice are discussed in
the following chapter.



Chapter 8

Evaluation

An evaluation of the VTIS approach in practice is plannediierup-coming summer semester,
namely, in a practical course for computer science. Thistfwa course was offered for the first
time in the previous summer semester as part of the VIP-giroje

In the following, the content and organization of the preaitisource are briefly described.
An example task for the practical course demonstrates hewdhcepts and tools of VTIS can
be applied.

8.1 Practical Course

The practical course is titled "Construction and Managemé@iomputer Networks”. The goal
of this course is to deepen the knowledge about computeronketwwhen doing planning, de-
ployment and management of communication infrastructore ffictive company. It is a joint
course carried out by two universities: the Ludwig-Maxiamis-University of Munich (LMU),
and the Technical University of Aachen (RWTH-Aachen). Tisatstudents and tutors from
Munich and Aachen participate in the same course.

The organizational concepts for this course have been aj@®dlin the VIP-project. Itis a
result of the cooperation of computer science and pedagogggsionals. The essential ideas
are outlined in the following. Please refer to [LLPM3a] for further details.

e Students build consulting teamR& install an authentic situation, the students partiangat
in the course play consultants in teams. Each team showbiera complete solution for
the fictive company. Technical aspects should be considegedher with potential costs.
The teams sell their solutions in two presentations.

e Distributed presence phase and self-learning phadee presentations mentioned in the
previous point take place in the so-called "distributedspreee phases”. At the time of a
distributed presence phase, students and tutors fronratitféocations join together in a
video-conference. The course is composed of three digddbpresence phases, respec-
tively at the beginning, in the middle and at the end of thaseuThey interleave with the
self-learning phases, in which each team works indiviguadi its solution. As members
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of a team can be either in Munich or in Aachen, a distributdthboration environment
is used. It consists of the VIP simulation environment ap@iated in the next point,
and an "e-learning platform”. The latter refers to a conteenitral tool that organizes the
distribution and the management of e-learning materiathsas text documents, slides
or video-clips. Usually such a tool also provides featumspersonal communication.
Email and chat tools are for example popular built-in feasuor the course in the previ-
ous summer semester CVW (Collaborative Virtual Workspackg][has been used as an
e-learning platform.

e VIP simulation environment as planning, deployment andagament tool.This part of
the distributed collaboration environment particularbpports the self-learning phases.
This environment includes simulation models based on theark& simulation framework
VIPNet.

e Tele-tutors supported by VTIS-based virtual tutbhas been shown in the previous sum-
mer semester, that human tutors are very helpful when fifs¢réance with e-learning
tools is collected. Tutors, either in Munich or Aachen, pdevsupport for students us-
ing the e-learning platform. For some tasks, the humangue relieved by VTIS-based
virtual tutoring functions. This is demonstrated by an eghann the following section.

8.2 Example

This section presents an example task for the practicalseoperformed in the VTIS-based
learning environment. The object is to specify static rartixies for routers that support several
sub-nets, as illustrated in Figure 8.1. In the following liasics for this task are first introduced.

8.2.1 Basics

Static routes are in some cases useful, even when autonwaigdg; for example by RIP, is
used. The manual specification of route entries in this tadgshstudents to understand the
construction of sub-nets, in particular what network adses, subnet masks and default routes
are concerned. These concepts are briefly introduced irotloeving. Details can be found in a
number of books for IP-based computer networks, e.g. [Tap@m95] [McC98].

The internet address, ¢ address is one of the very basic concepts of IP-based networks.
An IP address identifies a host uniquely in a network. An IPresil(IP version 4 is considered
here) is usually written using the "dotted decimal notdtjdre. four integers that are sepa-
rated by dots, for exampl&92. 24. 10. 5. Each integer is represented by one octet, so that
totally 32 bits are used for such an address. The above eramipl binary format11000000
00011000 00001010 00000101. The bits can be divided into metwork portionand a
host portion In an earlier concept, the network portion consisted ofdfirember of bits. In
this manner, class A, B and C addresses have been defined.eferk portion of a class A
address is 8 bit long, of a class B address 16 bit long, and latss € address 24 bit long. The
rest of the bits are reserved for host identifiers. Accordmtiis classification, class A, B, or C
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networks are distinguished. This concept was extendedbgteubnetting (see below) to solve
the problem of address space exhaustion.

Routing refers to the process of choosing a path over which to senddReps. This process
is carried out by aouter. A router manages eouting tablewhich containgoutesdescribing
how to reach potential destinations. Using the networkipoin IP addresses helps to keep the
routing table in a manageable size. Typically, a route isidesd by a pai( N, R), whereN is
the IP address of a destination network or host, Brid the IP address of the next router along
the path taV, called "next hop”. A packet is forwarded "hop-to-hop” urkie last router which
delivers the packet directly to the target host. Therefivesetting of routes is crucial for correct
and efficient delivery of packets. Routing protocols such @ &id OSPF provide automated
update of routesStatic routesare usually set by network administrators for specific networ
hosts. They are not affected by automated route update miscis

A 32-bit network mask is used to determine the network portion of an IP address. iBits
the mask set toneindicate the network part, and those sez&vothe host part. The network
mask is applied to the target address of a packet to be rosted bitwise-AND.

Due to the fixed number of bits for the network portion, the bemof networks was quickly
exhausted using the ABC-address-scheme. Therefore theptafcibnetting has been intro-
duced. In subnetting, an address is divided intardgarnet portionand alocal portion The
internet portion identifies a site, which is free to intetgres local portion. In this way, hier-
archical addressing and routing can be achieved usingrbiecal subnets. A subnet mask is
usually written using "dotted decimal notation”, for exde®255. 255. 248. 0. The length
of bits setting tol can be explicitly indicated, which i21 for this example. Sometimes this
subnet mask is represented2i5. 255. 248. 0/ 21. In general, for routes a subnet address
is specified together with a subnet mask. Supernetting istlese of subnetting. It allows a
block of contiguous class C address, instead of a singles &asddress, to be assigned to an
organization. Such a block is specified by the lowest addredsa 32-bit mask, which operates
like a subnet mask. This technique is known as ClasslessDaerain Routing (CIDR).

8.2.2 Scenario

The scenario for the example task consists of three routansed Routerl, Router2 and Router3.
They manage the packet forwarding for a hierarchical stirecdf sub-nets. The hosts Host1,
Host2, Host3 and Host4 serve as sender and receiver of watpdo prove the reachability.

Routerl is configured with three network interfaces. Intfa is connected to the subnet
Netl that is represented by Hostl. The IP-addresses ofdnéell of Routerl, Netl and Hostl
can be found in Figure 8.1, likewise for other hosts, rouded sub-nets.

The second interface of Routerl is connected to Net2. Theeagddipaces of Netl and Net2
are subsets of NetA. The construction of Router2, Net3 an& Nah be explained analogously.

Router3 represents a uplink to other networks that are ndicegkpdepicted in the scenario.
The interface 0 of Router3 is connected to the interface 0 oft&tdu The other interface of
Router3 is connected to the interface 0 of Router2.

The task consists in the specification of the routes for RauiRouter2 and Router3. A cor-
rect setting is shown in Table 8.1. This table includes e all three routers in a compressed
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Figure 8.1: Example of practical course

form. In fact, only the segment that concerns its own rolggsesented to a router.

Every route entry in the table consists of four elements,etamthe IP address of the potential
destination network or host, the subnet mask of this netwothost, the next-hop IP address to
forward packets targeting this network or host, and the@mpate outgoing interface. The next-
hop address is set to " for directly connected networkg, &letl at Routerl. The last entry
for each router is a default route, in case none of the oth@io#routes matches the destination
address contained in a packet.

The settings for Routerl and Router2 are rather straightaiahwvhile for Router3 some
crucial points must be taken into account:

1. The address spaces of Netl and Net2 cover only a subset afitiress space of NetA.
Therefore, not NetA, but Netl and Net2 are explicitly spedifas potential destinations.
Otherwise, Router3 would forward all packets targeting N&iARouterl, which would
find no matching routes on its table and sends the packet tddfailt route. As the
default route of Routerl is Router3, and the loop would go onamdA similar situation
would happen to packets targeting NetB, if this is includepgasntial destination, instead
of Net3.

2. The interface 0 of Routerl and Router2 are described by exitas, because the interface
addresses are not included in any of the indicated subnets.
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3. Router3 does not have default route. Since the defauktsaitRouterl and Router2 points
to Router3, any packets that can not be delivered by RouterRauatkr2 will be discarded

at Router3.

| Router | IP Address | Subnet Mask | Net-Hop IP Address | Interface |

Routerl 192.24.1.0 | 255.255.248.0 - 1

192.24.12.0| 255.255.252.0 - 2

default - 192.0.0.3 0

Router2 192.168.12.0 255.255.252.0 - 1

default — 192.0.0.4 0

Router3 192.24.1.0 | 255.255.248.0 192.0.0.1 0

192.24.12.0| 255.255.252.0 192.0.0.1 0

192.168.12.0 255.255.252.0 192.0.0.2 1

192.0.0.1 | 255.255.255.248 — 0

192.0.0.2 | 255.255.255.248 - 1

default — - -

Table 8.1: Static routes of Routerl, Router2 and Router3

The routes are validated by test packets sending betweeiouhédosts. The test packets
are "one-way” packets, that are consumed by the target hibdtsind, and are discarded by
non-target hosts. In principle, a ping simulation applaat as the one included in VIPNet,
applies well to the test. Ping is used frequently in real ek to test the reachability and status
of a destination. It uses ICMP echo request and echo replyepacklevertheless, to keep the
example simple, and to demonstrate rule-based data amalys-way test packets are used here.

In the following, two representative cases are considered:

Case 1 — known subnet addressA test packet targeting a known subnet address is sent by
Hostl. Host3 is taken as the example target. That is, theceaddress of the packet
is192. 24. 1. 10, and the destination addressli92. 168. 12. 10. If the routes are
set correctly as shown in Table 8.1, a packet sent by Hosi#earfirst at Routerl, which
does not find a matching route but uses the default route ¥eaforthe packet to Router3.
Router3 determines that the packet can be delivered over Rowote which it passes the
packet to Router2. At Router2, the destination address ofdbkgt matches the address
and mask of Net3, so that the packet is passed to the indigatexfiace 1, from which
the packet arrives finally at Host3. A packet with a destoraddress, that is other than
Host3 or Host4, but in the address space of Net3, would bedakeered by Router2. It
would be never accepted by any host.

Case 2 — unknown subnet addressA test packet targeting an unknown subnet address, for ex-
ample, 192.24.10.10, is sent by Host1. If the routes aressetatly as shown in Table 8.1,
a packet sent by Host1 is forwarded by Routerl to Router3, sedhe default route is the
only match found at Routerl. Router3 does not have any matcbing, neither a default
route. Therefore, it discards the packet.
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8.2.3 Configuration of Simulation Model

The simulation model for the scenario consists mainly afétmouter module instances and four
host module instances. They are identified as shown in FigdreEach of them is configured
with the IP module. The hosts are configured additionallyhveitmodule that generates and
consumes test packets. Instances of the cable module ar¢ougek the routers and hosts.

As described previously, Host1l is configured as the sendesbpackets. In order to observe
how test packets are routed in the subnets, the hosts arefsare assigned packet counters,
either counter for sent packets, or counter for receivettgtac In terms of the conceptual sim-
ulation model, the packet counters are variables of thenigéhg entities, which are in this case
either hosts or routers. For entities with multiple inteds, such as a router, a variable for a
sent packet counter is identified elsnt er f aceNanme>_sent Packet Count er , and a vari-
able for a received packet counter sisnt er f aceNane>_r cvdPacket Count er, where
<I nt er f aceNane> will be replaced by concrete interface names.

8.2.4 History Data

A segment of an XML-document of the simulation database tbedrds an execution of the
example simulation model is presented below. It gives amaésgion of the construction of such
a document, and prepares for the next section of data asalysi

<?xm version="1.0" encodi ng="UTF-8" standal one="no" ?>
<DBRoot xm ns="http://wwmw. | mu. de/vtis"
dat aPat h="/ proj / vi p/ wor kdi r/ bkspace/ VI P- BK/ si mf c++/ net/ app/t ests/ ssdb/ data/"
i d="vgl" xm ns:xsi="http://ww.w3. org/ 2001/ XM_Schene- i nst ance"
xsi:schemaLocation="http://ww. | mu. de/vtis sessions. xsd" >
<wWife><start>Tue Feb 17 18:38:47 2004</start> <end>Tue Feb 17 18: 38:512004</end></wWife>
<Si nSessi on id="sessionl" >
<wife><start>Tue Feb 17 18:38:47 2004</start ><end>Tue Feb 17 18:38:51 2004</end></wife>
<state>
<entry index="1"><sTi ne>0</sTi me><wli me>Tue Feb 17 18:38:47 2004 </wTi me>
<val ue>lnit</value></entry>
<entry index="2"><sTi me>0</sTi me><wli ne>Tue Feb 17 18:38:47 2004 </ wTi me>
<val ue>RunRecor d</val ue></entry>
<entry index="3"><sTi ne>3000</sTi me><wli me>Tue Feb 17 18:38:51 2004 </wTi me>
<val ue>St opped</val ue></entry></state>
<scal e>
<entry index="1"><sTi ne>0</sTi me><wli me>Tue Feb 17 18:38:47 2004 </wTi me>
<val ue>1</val ue></entry></scal e>
<Si m nstance i d="sessionl:instancel" >
<slife><start >0</start ><end>3000</end></slife>
<wWife><start >Tue Feb 17 18:38:47 2004 </start>
<end>Tue Feb 17 18:38:51 2004 </end></wWife>
<entity id="sessionl:instancel:entityl_Host1l" type="Conponent: Host" >
<slife><start >0</start ><end>3000</end></slife>
<entity id="sessionl:instancel:entityl_ Hostl.1" type="Protocol:I|PApp">
<slife><start >0</start ><end>3000</end></slife>
<paraneter id="sendRate" type="ul ong" >
<entry index="1"><sTi me>0</sTi me>
<si npl eVal ue>1</ si npl eVal ue></ entry></ par anet er >
<paraneter id="src" type="string">
<entry index="1"><sTi me>0</sTi ne>
<si npl eVal ue>192. 24. 1. 10</ si npl eVal ue></entry></ paraneter >
<paraneter id="dsts" type="vector">
<entry index="1"><sTi ne>0</sTi me>
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<conpl exVal ue><itemid="0" type="String">
<si npl eVal ue>192. 168. 12. 10</ si npl eVal ue></iten>
</ conpl exVal ue></entry></paraneter ></entity>
<entity id="sessionl:instancel:entityl_ Host1l.2"type="Protocol:|PProt">
<slife><start >0</start ><end>3000</end></slife>
<paraneter id="itfSpec" type="vector" >
<entry index="1"><sTi ne>0</sTi me>
<conpl exVal ue>
<itemid="0" type="Struct"><conpl exVal ue>
<itemid="itfAddr" type="Vector"><conpl exVal ue>
<itemid="0" type="Struct"><conpl exVal ue>
<itemid="addr" type="Vector" ><conpl exVal ue>
<itemid="0" type="Struct" ><conpl exVal ue>
<itemid="ipAddr" type="String">
<si npl eVal ue>192. 24. 1. 10</ si npl eVal ue></itenm>
<itemid="sbMask" type="String">
<si npl eVal ue>255. 255. 248. 0</ si npl eVal ue></iten>
</ conpl exVal ue></iten></conpl exVal ue></iten>
<itemid="iscd" type="Struct"><conpl exVal ue></conpl exVal ue></itenm
<itemid="itflID" type="String"><sinpleVal ue>Itfil</sinpleVal ue>
<litem></conpl exVal ue></itenm></conpl exVal ue></iten>
<itemid="itfCf" type="Struct"><conpl exVal ue></conpl exVal ue></iten>
<itemid="itfType" type="String">
<si npl eVal ue>Ni | Prot </ si npl eVal ue></iten
</ conpl exVal ue></iten></ conpl exVal ue></ entry></ par anet er >
<variable id="Ni|Prot_ltfl_sentPacketCounter" type="ulong">
<entry index="1"><sTi me>0</sTi me>
<si npl eVal ue>0</ si npl evVal ue></entry>
<entry index="2"><sTi ne>1000</sTi me>
<si npl eVal ue>1</ si npl eVal ue></entry>
<entry index="3"><sTi ne>2000</sTi me>
<si npl eVal ue>2</ si npl eVal ue></entry>
<entry index="4"><sTi ne>3000</sTi me>
<si npl eVal ue>3</ si npl eVal ue></entry>
</variable></entity>
<port id="sessionl:instancel:entityl_ Hostl:portl_N|Prot._Itf1l">
<connection index="1" inverse="sessionl:instancel:entity8_Linkl:portl Portl">
<slife><start >0</start ><end>3000</end></slifex></connection>
</port></entity>

This segment is about 15% of the entire data for a three-skeep@cution with a packet send
rate of 1 packet pro second. Obviously, the amount of data@ses quickly with the complexity
of the configuration. The performance aspect is one issue tmhsidered in future work (see
also Chapter 9).

This segment includes the history data about the simulagssion namedessi onl, its
simulation instanceessi onl: i nst ancel, as well as the entity

sessionl:instancel:entityl Host1 that represents Hostl. That is, concatena-
tions are used for the identifiers. To simplify, in the foliog, only the local part is referred to.
The entityHost 1 is configured with two sub-entitieblost 1. 1 represents the packet generat-
ing module, andHost 1. 2 the IP module. Each of them contains a certain number of peteas
sendRat e is for example a parameter bibst 1. 1 to set the packet send rate. The parameter
structure forHost 1. 2 is rather complex because of the complex interface speidficatruc-
ture. A variable oHost 1. 2 isNi | Prot _I t f 1_sent Packet Count er . As stated above, it
describes the counter of sent packets at the interface natrfetl Ni | Pr ot is added for the IP
module to identify the type of the interface that simulatestwork interface, which sends and
receives in this case directly IP packets.
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8.2.5 Rule-Based Data Analysis

A simple rule as presented below demonstrates the benetiteebased data analysis.

rule "R1"{
event :
i nsert

vtis:rootNode()//vtis:variable[fn:ends-with(@d,"sentPacket Counter")]
action:

<nmsg text="The following entities received probably packet
fromthe sender host: {

(: time last packet was sent :)

let $tm:= max( for $var in vtis:rootNode()//vtis:variable
where(fn: ends-with($var/ @d, "sentPacketCounter"))

return $var/vtis:entry/vtis:sTime/text()

)
(: entries of received-packet-counters :)
let $i = (

for $var in vtis:rootNode()//vtis:variable

where(fn: ends-with($var/ @d, "rcvdPacket Counter"))
return $var/vtis:entry

)

(: find entities, whose | ast received packet counter entry
mat ches the packet-send-tine :)
let $id = (

for $j in $i/vtis:sTinel/text()

where($] >= $tm

return

$j / parent:: node()/ parent::node()/parent::node()/parent::node()/ @d

)

return $id
>
b

The rule consists of an event part and an action part. Theittmmgart is omitted. The rule
can be applied both for off-line and on-line data analysigr ¢ff-line data analysis, the event
part is not significant.

The event part defines the triggering of the rule in case dir@analysis by an insert op-
eration. The insert operation is caused by the incremeriteo§ént packet counter of an entity,
which is in this example Host1.

The action part describes the construction of a messaganitiattes all the entities that
have probably received the last packet from Hostl. Expvassised in this part are explained
by short comments. First, the simulation time for the lastkeathat has been sent by Hostl is
determined. This time is compared with the time associaifdtive latest entry of the variable
of received packet counter. In case that the packet sendiimbehes the packet receive time, the

ID of the entity owning the variable of received packet ceuns selected for a message, that is
delivered as a notification.



8.3 Summary 129

Applying the rule to the history data generated for Case 1 ofi@28.2.2, the controller will
produce the following result:

Message content:
"The following entities received probably packet fromthe sender host:
sessionl:instancel:entity3__Host3.2
sessionl:instancel:entity5 Routerl.1
sessionl:instancel:entity6_Router2.1
sessionl:instancel:entity7_ Router3.1"

From the message content, the identification of the invghentities can be easily resolved.
The order of the entities printed out depends on the ordenwheentities have been created. It
has no direct co-relation to the path of the packet.

Analogously, the result for Case 2 will look like the followgn

Message content:
"The following entities received probably packet fromthe sender host:
sessionl:instancel:entity5_ Routerl.1
sessionl:instancel:entity7_ Router3.1"

8.3 Summary

The example presented in this chapter serves the evalutiba VTIS concepts and tools in the
practice. Although the scenario is a very basic one, sonmgfgignt benefit can be demonstrated.

One point is that thanks to the modular structure of VIPNstpaulation model can be easily
assembled by configuring the module.

Secondly, the history data is represented in a human-réadaim. It can be examined
with conventional text editors if saved in files. This prdgeas useful for experiments to setup
rules. Although, with increasing complexity of the simidat model, the readability is difficult
to retain. At this point, it becomes clear that the rule-dadata analysis can be very useful
to manage the complexity. In addition, the temporal dataehadd temporal queries make it
possible to find the matching data of objects, that not onéylacated on different levels of
the logical hierarchy, but also have different lifespanscd®eng the discussion on integration
approaches in Section 3.1, doing so using a behavior-edeampproach would be much more
complicated.
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Chapter 9

Conclusions and Outlook

This chapter closes the thesis with a summary of contribgtiand an outlook over future work.

This thesis is devoted to the development of modern e-legrsystems, which are generally
referred to as Learning Technology Systems (LTSs). Suchl@araing system is no longer only
a collection of multi-media documents, but "a designed rimfation space, where educational
interactions take place” [Dil00]. Great effort has beeniptd the design of LTSs in the last few
years. Major requirements placed on LTSs include suppphyfpermedia, construction-oriented
learning, and learner-centered environments.

The thesis focuses on one aspect of LTSs, whose importarscbdea recognized just re-
cently, namely the construction and the integratiomidlial teachers in LTSs.

It has been shown in case studies, that the lack of adequedteitg support is a crucial prob-
lem for the acceptance of information technology-supgblearning. Virtual teachers provide a
promising means to improve this situation. A virtual teacdgomates certain functions a human
teacher usually performs. Once a virtual teacher has beatedt, it allows greater flexibility at
less expenses.

The conception and the implementation of a virtual teachestrne considered in a concrete
technological context, which is for this thegidearning capable simulation The contributions
of this thesis are summarized in the following.

Summary of Contributions

A comprehensive set of requirements on e-learning capablgaions has been derived from
pedagogical concepts for situated learning. The core oét&t learning consists basically of
two aspects, namely, authentic learning contexts, andhéza@s supporters. For the first aspect,
an e-learning capable simulation is required to provided¢ipeesentation of domain knowledge,
as well as an interactive and distributed collaborationrenynent. The second aspect is con-
cerned with the integration of virtual teachers in an eresy capable simulation, that is, the
formalization of teaching strategies, which model the gedgcal handling of human teachers,
as well as the implementation of teaching strategies, tagists in the on-line and off-line as-
sessment about students, and the accomplishment of agsastions based on the assessment.
A review of related work has shown that none of the known apghes addresses the complete
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set of requirements.

This thesis covers the various aspects of the requiremetitg&wata-oriented integration ap-
proach, called/TIS (Virtual Teaching Interface for e-learning capable Simulations). Con-
cerning the integration of virtual teachers into LTSs, "agion of learning content from control
logic” is the principle followed by the majority of the redemorks. It is also the basic principle
of the VTIS approach presented in this thesis, whereasrilegrcontent” refers to the domain
knowledge represented by simulation models, and "contgicl refers to teaching strategies
that assemble the functionality of virtual teachers. Intast to existing approaches, that are
classified as behavior-oriented integration approach&s$S Velies mainly on the history data
representing simulation executions. This new concepwaligreater adaptivity and extensibility
of an e-learning capable simulation over a looser couplitgaching strategies with simulation
models. This concept is also the foundation for a teachendty development interface. VTIS
comprises of the following three conceptual parts:

1. Interactive simulation for virtual user groups. This part is concerned with the provi-
sion of an interactive simulation based shared learningexonthat can be spatially and
temporally distributed, so that students are able to cotiae in the virtual space from
different locations and at individual time schedules. Tgamize the spatial distribution
of such a learning environment, the concepsiofiulation environment unis introduced.

It is reflected in a centralized simulation server architext The temporal distribution is
provided by the concept aimulation sessiarA simulation session represents the control
view of a simulation execution. Mechanisms supporting thetol have been carefully
studied. Investigation in this part prepares for the madgtif the simulation history data.
A conceptual model for simulation applications presentetthis part serves the same pur-
pose. This conceptual model provides elementary constdescribing the structure of a
simulation model.

2. Temporal simulation database.The focus of this part is the modeling of the history data
for simulation executions. Basic concepts of temporal degab have been extended to
include particular properties of interactive simulatipndich are mainly due to the co-
relation between the simulation time and the wallclock tirhibese two time dimensions
are incorporated into a generic database structure, thased on the conceptual model for
simulation applications and the control mechanism for &itimn sessions. The temporal
simulation database provides input for the automated gredog of teaching strategies.

3. Teaching strategies as active rulesin order to allow teaching strategies to be applied
aligned to a simulation execution, they are modelled ase@actiles that are sensitive of
modifications of the history data stored in the simulatiotadase. Thanks to the data-
oriented approach, the alignment to simulation execui®nst mandatory but an optional
feature. By varying the rules, alternative teaching stiategan be easily adapted. The
rule template defined is based on the event-condition+actite pattern. It relies on a
data query language and assembles the core of the develbprasface for teachers. In
addition, data queries can be made not only across the wtalibundaries of objects in
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a simulation model, but also alongside the temporal dinzenef the objects. This is a
further benefit of the data-oriented approach.

The concepts presented in the thesis have been implemen@uddvaluation in practice. The
evaluation should be embedded in a practical course thbBbavibrganized by the two universi-
ties: LMU Munich and RWTH Aachen. An example task for the piadtcourse demonstrates
how the VTIS concepts and tools can be applied.

Outlook over Future Work

The VTIS approach has been intended as a generic framewadéarning capable simulations.
The data-oriented integration of virtual teachers is a nencept in this area. Although its
strength has been already shown by an example included itnéises, extensive evaluation of
the approach in the practice is still necessary. The evaluatay include the following aspects:

e Network simulations have been considered as examples daddtielopment of the con-
ceptual model for simulation applications. The feasipitif this model representing other
types of domain knowledge can be examined in further studies

e Experience with the development interface for teacheks, ¢bnsists mainly of a query
language based rule template, needs to be collected in rapplex case studies.

e More complex application scenarios are also useful to stivelperformance related prop-
erties of the prototype developed in this work.

Some reference models from known e-learning initiativegehzeen reviewed in the thesis.
These are rather general purpose models covering a brogd ddrtechnologies. The VTIS
approach can be seen as a specialization using simulatibie asre technology. Its integration
with the reference models is worth to be considered in fulloe.

With the temporal data model and the rule-based control avésm, VTIS provides a solid
basis for the application of further knowledge-based tepkes, e.g. various reasoning schemes
of artificial intelligence, in order to achieve more advathgetual teachers.

The idea of rule-based analysis of history data can be alssidered for other application
areas. For example for the management and testing of comgys'ems, incorporating the tem-
poral aspect of the system data can be useful for the studyrafrdic properties of a system.
Doing so, some issues concerning the preparation of thersydata must be carefully consid-
ered. One issue is the openness of the system to be studitekforodeling and the collection
of the data. A second issue is that a centralized servertaocthie can not always be assumed,
so that the distributed nature of the system data must ba take account. The research on
policy-based management has already shown promisingsethadt can be included in the con-
sideration.
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Appendix A

Mathematical Notations

This appendix includes mathematical notations used inhibsis. Sources of this review are
[Sip97], [Nis99] and [NN95].

A very basic concept iset A set contains mutually distinguishable elements, erclas
curly braceg...}. Elements of a set are not ordered.

Comparing to a set, tuple is an arrangement of certain elements of a set in some order.
Elements of a tuple are enclosed in parentheses (bracket)rding to the number of elements
contained in a tuple, the tuple is called a pair (two elemeatsiple (three elements), a quadruple
(four elements), and so on.

The Cartesian product for two setsA and B is defined as:

Ax B={(a,b)|ac AND € B}

Thatis,A x B is a set of elements, each of them is a pair. The first elemeheqgfair is an
element ofA, and the second is an element®f The order ofA and B is significant, that is,
A x B # B x A, unlessA = B. In this manner, Cartesian product can be applied to any numbe
of sets, or to a set any times. The latter is referred th-add product. Thek-fold product for
the set Ais defined ag" = A x A x A x ... x A (k times).

A relation is defined as a set of tuples, all belonging to the same Cantpsialuct. A binary
relation from a set A to a set B is defined as:

RCAxB

It states that? is a subset of the Cartesian produck B.

Domainandrangeare two operations applied to a relation to determine theehs partic-
ipating in the relation. Thelomainof the relationRk as described above, denoteddas(R),
returns the elements of that take part inR, that is,

dom(R)={x € A|Jy € Be(zx,y) € R}

The symbole is a separator used between the quantii€émeans "there exists”) and the
variablexz on one hand, and the formula, y) € R on the other hand.

Analogously, the range aR, denoted asan(R), returns the elements @f that take part in
R, that is,
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ran(R) ={y € B|3dx € Ae(x,y) € R}
The inverse of?, denoted ag:~! is defined as:
R ={(y,x)exc Ajye B|(z,y) € R}

Relations can be visualized by directgphs. A graph consists afodesandarcs[Nis99]
(or edges[Sip97]). An arc in a directed graph points to a certain dicgt In such a graph,
a node represents an individual appearing in the relatiod,am arc associates two nodes as
defined by the relation. There are different representdtams for graphs. Usually, a node is
represented as a small circle, and an arc as a line (whichasraw in case of directly graph)
linking circles.

A function is a relation which associates a unique element in its ramgeviery element in
its domain. A functiorf from Ato B is denoted as:

f:A—B
Depending on the range and domain of a function, it can baitled as:

Partial: dom(f) is a subset of.

Total: dom(f) is equal toA. In many other definitions of function, a function refers to a
total function.

Surjective ran( f) is equal toB. A surjective function can be partial or total.

Injective the inverse off is also a function. An injective function can be partial aato

Bijective both total surjective and total injective.
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MOF-Based Metamodel

This appendix provides a complete specification of the M@seld metamodel for representa-
tional data schema introduced in Section 5.3. It comprisé®/@ parts, describing data types
and classes, respectively.

B.1 Data Types

Primitive Types

The primitive data types defined in the MOF PrimitiveType kssge are used. In addition,
DataType as defined in the MOF model is used as superclasdl fibvegorimitive types and
the following data types.

SimTime

This data type is used to describe the simulation time. Thedb of this type is subject to
implementation. There is no default value for the SimTinyeety

WeclTime

This data type is used to describe the wallclock time. Thenétrof this type is subject to
implementation. There is no default value for the WclTimeetyp

SimSessionStateKind

This data type defines an enumeration for the simulation@essate. Its value can deni t
RunRecor d, RunPl ay, Suspended, or St opped, whereas ni t is the default value.
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B.2 Classes

STinterval

This is used to describe a time interval in the simulatioretim

SuperClasses
none

Attributes
start (Table B.1)

Specifies the start of the interval.
type: SimTime
multiplicity: | exactly one

Table B.1: Database metamodel: STInterval attribute start

end (Table B.2)

Specifies the end of the interval.
type: SimTime
multiplicity: | exactly one

Table B.2: Database metamodel: STInterval attribute end

WTInterval

This is used to describe a time interval in the wallclock time

SuperClasses
none

Attributes
start (Table B.3)

Specifies the start of the lifespan.
type: WeclTime
multiplicity: | exactly one

Table B.3: Database metamodel: WTInterval attribute start

end (Table B.4)

IndexedEntry abstract

This is the base class for entry types that are used to sterkiskory of values. Each entry is
assigned an index, which is incremented starting from ZEne.highest index points to the most
current value.
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Specifies the end of the lifespan.
type: WeclTime
multiplicity: | exactly one

Table B.4: Database metamodel: WTInterval attribute end

SuperClasses
none
Attributes
index (Table B.5)

Specifies the index of this entry.
type: Integer
multiplicity: | exactly one
changeable} no

Table B.5: Database metamodel: IndexedEntry attributexinde

STIndexedEntry abstract

This is the base class for entry types that are used to sterkistory of values in the simula-
tion time. It inherits from IndexedEntry and has an adduiloattribute for time-stamp in the
simulation time.

SuperClasses
IndexedEntry
Attributes
sTime (Table B.6)

Specifies the simulation time when the associated value|is
set.

type: SimTime
multiplicity: | exactly one
changeable} no

Table B.6: Database metamodel: STIndexedEntry attributaesT

BTIndexedEntry abstract

This is the base class for entry types that are used to steraisitory of values, both in the
simulation time and in the wallclock time. It inherits fromdexedEntry and has two additional
attributes, one for the time-stamp in the simulation tinre] the other for the time-stamp in the
wallclock time.
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SuperClasses
IndexedEntry
Attributes
sTime (Table B.7)

Specifies the simulation time when the associated value |is
set.

type: SimTime
multiplicity: | exactly one
changeable} no

Table B.7: Database metamodel: BTIndexedEntry attributenaTi

wTime (Table B.8)

Specifies the wallclock time when the associated value |s
set.

type: WclTime
multiplicity: | exactly one
changeable} no

Table B.8: Database metamodel: BTIndexedEntry attributeneTi

TimedValue

This class is used for an indexed entry in the simulation fona value of any defined data type.
It inherits from STIndexedEntry.

SuperClasses
STIndexedEntry
Attributes
value (Table B.9)

Specifies the value.
type: DataType
multiplicity: | exactly one
changeable} no

Table B.9: Database metamodel: TimedValue attribute value

SimSessionStateEntry

This class is used to for entries that document simulati@sisa state changes, one entry for
each change. It inherits from BTIndexedEntry.
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SuperClasses
BTIndexedEntry
Attributes
value (Table B.10)

Specifies the state value.

type: SimSessionStateKind
multiplicity: | exactly one
changeable} no

Table B.10: Database metamodel: SimSessionStateEntityusttvalue

SimSessionState

This class is used to describe the entire state changeyhatarsimulation session, using Sim-
SessionStateEntry as contained elements.

SuperClasses
none

Contained Elements
SimSessionStateEntry

SimSessionScaleEntry

This class is used to for entries that document simulatiesiga scale factor changes, one entry
for each change. It inherits from BTIndexedEntry.

SuperClasses
BTIndexedEntry
Attributes
value (Table B.11)

Specifies the scale factor value.
type: float

multiplicity: | exactly one
changeable} no

Table B.11: Database metamodel: SimSessionScaleEntlyuattvalue

SimSessionScale

This class is used to describe the entire scale factor chastgey of a simulation session, using
SimSessionScaleEntry as contained elements.
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SuperClasses
none

Contained Elements
SimSessionScaleEntry

GlobalElement abstract

This is the base class for database elements, each of theanuimégue identifier.

SuperClasses
none
Attributes
id (Table B.12)

Specifies the identifier of this element.
type: String

multiplicity: | exactly one

changeable} no

Table B.12: Database metamodel: GlobalElement attribute id

STElement abstract

This is the base class for database elements that havepalif@sthe simulation time. It inherits
from GlobalElement.

SuperClasses
GlobalElement
Attributes
slife (Table B.13)

Specifies the simulation time lifespan of this element.
type: STinterval
multiplicity: | exactly one

Table B.13: Database metamodel: STElement attribute slife

WTElement abstract

This is the base class for database elements that havepalifas the wallclock time. It inherits
from GlobalElement.

SuperClasses
GlobalElement
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Attributes
wlife (Table B.14)

Specifies the wallclock time lifespan of this element.
type: WTInterval
multiplicity: | exactly one

Table B.14: Database metamodel: WTElement attribute wlife

BTElement abstract

This is the base class for database elements that have @alifés the simulation time, and a
lifespan in the wallclock time. It inherits from GlobalE|emt.

SuperClasses
GlobalElement
Attributes
slife (Table B.15)

Specifies the simulation time lifespan of this element.
type: STinterval
multiplicity: | exactly one

Table B.15: Database metamodel: BTElement attribute slife

wlife (Table B.16)

Specifies the wallclock time lifespan of this element.
type: WTInterval
multiplicity: | exactly one

Table B.16: Database metamodel: BTElement attribute wlife

DBRoot

This class represents the root of the database. It contamssaz more SimSession. It inherits
from WTElement.

SuperClasses
WTElement

Contained Elements
SimSession
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SimSession

A SimSession serves here as a container for zero or more Sanice. It inherits from WTEle-
ment.

SuperClasses
WTElement
Contained Elements
Simlnstance
Attributes
state (Table B.17)

Specifies the state.

type: SimSessionState
multiplicity: | exactly one
changeable; yes

Table B.17: Database metamodel: SimSession attribute state

scale (Table B.18)

Specifies the scale factor.
type: SimSessionScale
multiplicity: | exactly one
changeable; yes

Table B.18: Database metamodel: SimSession attribute scale

SimlInstance

SimInstance serves as container for zero or more Entitghkrits from BTElement.

SuperClasses
BTElement

Contained Elements
Entity

PortConn

This class is used to describe a port connection establiséigeeen two Ports.

SuperClasses
IndexedEntry
Attributes
inverse (Table B.19)
slife (Table B.20)
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Specifies the inverse of the connection.
type: String

multiplicity: | exactly one

changeable} no

Table B.19: Database metamodel: PortConn attribute inverse

Specifies the simulation time lifespan of the connection.
type: STinterval

multiplicity: | exactly one

changeable;] yes

Table B.20: Database metamodel: PortConn Attribute slife

Port

Port is used to specify communication ends of Entity. A Psrtontained in an Entity. The
connections to other Ports are defined by the contained Punt€lements.

SuperClasses
GlobalElement

Contained Elements
PortConn

ParVarBase abstract

This is the base class for Parameter and Variable, which tidferent semantics but can be
handled in the database technically in the same mannehdtits from GlobalElement.

SuperClasses
GlobalElement
Attributes
type (Table B.21)

Specifies the type.

type: String
multiplicity: | exactly one
changeable} no

Table B.21: Database metamodel: ParVarBase attribute type

Parameter

A Parameter inherits from ParVarBase. It is contained in afityEnit is used to configure a
simulation model, either in the initialization phase, orat-time. The history of the value is
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described by contained TimedValue.

SuperClasses
ParVarBase

Contained Elements
TimedValue

Variable

Variable inherits from ParVarBase. It is used to specifyestairiables of a simulation model. A
Variable is contained in an Entity. The history of the valsidéscribed by contained TimedValue.

SuperClasses
ParVarBase

Contained Elements
TimedValue

Entity

This is the elementary construct according to entities imaulation model. An Entity may
contain zero or more Entity, Parameter, Variable and Poirtherits from STElement.

SuperClasses

STElement
Contained Elements

Entity, Parameter, Variable, Port
Attributes

type (Table B.22)

Specifies the type of the Entity.
type: String

multiplicity: | exactly one
changeable} no

Table B.22: Database metamodel: Entity attribute type
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XML Schema for Simulation Database

This appendix includes the generic schema for the VTIS sitiari database, specified using
XML Schema. In addition, an example for the extension spepdirt is also included.

C.1 Generic Part

<?xm version="1. 0" encodi ng="UTF-8"?>

<xs:schema target Nanespace = "http://ww.| nu. de/vtis"
xmns="http://ww. | nu. de/vtis"

xm ns: xs="http://ww. w3. or g/ 2001/ XM_Scherma"

el ement For nDef aul t =" qual i fi ed" versi on="Dec, 2003" >

<xs: si npl eType nane="Si nili ne" >
<xs:restriction base="xs: doubl e"/ >
</ xs:sinpl eType>

<xs: si npl eType nane="WlI Ti me" >
<xs:restriction base="xs:string"/>
</ xs: si npl eType>

<xs: sinpl eType nane="Si nSessi onSt at eKi nd" >
<xs:restriction base="xs:token" >
<xs:enumneration value="Init"/ >
<xs:enuneration val ue="RunPl ay"/ >
<xs:enumeration val ue="RunRecord"/ >
<xs: enuneration val ue="Suspended"/ >
<Xs:enuneration val ue="St opped"/ >
</ xs:restriction>
</ xs:sinpl eType>

<xs:conpl exType nanme="STlnterval ">
<XS:sequence>
<xs:element nane="start" type="Sinli me"/ >
<xs: el ement nane="end" type="SinTinme" nillable="true"/>
</ xs: sequence>
</ xs: conpl exType>

<xs:conpl exType name="WInterval ">
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<XS: sequence>
<xs:el ement nane="start" type="WITine"/>
<xs: el ement nane="end" type="WeIl Tinme" nillable="true"/>
</ xs: sequence>
</ xs: conpl exType>

<xs: conpl exType nane="I|ndexedEntry" abstract="true" >
<xs:attribute name="i ndex" type="xs:integer" use="required"/ >
</ xs: conpl exType>

<xs:conpl exType name="STIl ndexedEntry" abstract="true" >
<xs: conpl exCont ent >
<Xs: extensi on base="I|ndexedEntry" >
<XS:sequence>
<xs: el ement nane="sTi me" type="Sini ne"/ >
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs: conpl exType nane="BTIl ndexedEntry" abstract="true" >
<xs: conpl exCont ent >
<Xs: extensi on base="I|ndexedEntry" >
<XS: sequence>
<xs: el ement nane="sTi me" type="Sinine"/>
<xs:el ement nane="wTi me" type="WITine"/>
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs: conpl exType nane="Conpl exVal uel t ent' >
<XS:sequence>
<xs: group ref="Val ueNodeContent"/ >
</ xs: sequence>
<xs:attribute name="id" type="xs:string" use="required"/>
<xs:attribute name="type" type="xs:string" use="required"/>
</ xs: conpl exType>

<xs: conpl exType name="Conpl exVal ue" >
<XS:sequence>
<xs: el ement nane="itent type="Conpl exVal ueltent
m nOccur s="0" maxQccur s="unbounded"/ >
</ xs: sequence>
</ xs: conpl exType>

<Xs: group nanme="Val ueNodeCont ent" >
<xs:choi ce>
<xs: el ement nane="si npl eVal ue"/ >
<xs: el ement nane="conpl exVal ue" type="Conpl exVal ue"/ >
</ xs: choi ce>
</ xs: group>

<xs: conpl exType name="Ti medVal ue" >
<xs: conpl exCont ent >
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<XSs:extensi on base="STI ndexedEnt ry" >
<XS: sequence>
<xs: group ref="Val ueNodeContent"/ >
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs:conpl exType nanme="Si nBessi onSt at eEnt ry" >
<xs: conpl exCont ent >
<XS: extensi on base="BTI ndexedEntry" >
<XS: sequence>
<xs: el ement nane="val ue" type="Si nSessi onSt at eKi nd"/ >
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conmpl exType>

<xs: conpl exType nane="Si nSessi onSt at e" >
<XS: sequence>
<xs:el ement nane="entry" type="Si nSessi onStateEntry"
m nCccur s="0" maxCccur s="unbounded"/ >
</ xs: sequence>
</ xs: conpl exType>

<xs: conpl exType nanme="Si nSessi onScal eEntry" >
<xs: conpl exCont ent >
<Xs: extensi on base="BTI ndexedEnt ry" >
<XS:sequence>
<xs: el ement nane="val ue" type="xs:float"/>
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs: conpl exType nane="Si nSessi onScal e" >
<XS:sequence>
<xs:el ement nane="entry" type="Si nSessi onScal eEntry"
m nOccur s="0" maxQccur s="unbounded"/ >
</ xs: sequence>
</ xs: conpl exType>

<xs: conpl exType nane="d obal El enent" abstract="true" >
<xs:attribute name="id" type="xs:string" use="required"/>
</ xs: conmpl exType>

<xs: conpl exType nane="STEl enent" abstract="true">
<xs: conpl exCont ent >
<XS:extensi on base="d obal El enent " >
<XS:sequence>
<xs: el ement nane="slife" type="STlinterval"/ >
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
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</ xs: conpl exType>

<xs:conpl exType nanme="WEl enment" abstract="true" >
<xs: conpl exCont ent >
<Xs: extensi on base="d obal El enent " >
<XS: sequence>
<xs: el ement nane="wife" type="Wlnterval "/ >
<l xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs:conpl exType nanme="BTEl enment" abstract="true" >
<xs: conpl exCont ent >
<Xs: extensi on base="d obal El ement " >
<XS: sequence>
<xs: el ement nane="slife" type="STInterval"/ >
<xs:element nane="wife" type="Wlnterval"/ >
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs: el enrent nane="DBRoot " >
<xs: conmpl exType>
<xs: conpl exCont ent >
<Xs: ext ensi on base="WEl enent" >
<XS:sequence>
<xs: el ement ref="Si nBessi on"
m nCccur s="0" maxCQccur s="unbounded"/ >
</ xs: sequence>
<xs:attribute name="dataPath" type="xs:string"/>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conmpl exType>
</ xs: el enent >

<xs: el ement nane="Si nSessi on" >
<xs:conpl exType>
<xs: conpl exCont ent >
<XS:extensi on base="WEl enent " >
<XS: sequence>
<xs: el ement nane="state" type="Si nBessi onState"/ >
<xs:el erent nane="scal e" type="Si nSessi onScal e"/ >
<xs: el erent nane="Si nl nst ance"
type="Si m nstance" m nCccurs="0"
maxQccur s="unbounded"/ >
<l xs: sequence>
</ xs: ext ensi on>
</ xs: conmpl exCont ent >
</ xs: compl exType>
</ xs: el enent >

<xs: el enent name="Si nl nst ance" >
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<xs: conpl exType>
<xs: conpl exCont ent >
<xs: ext ensi on base="BTEl ement " >
<xs: sequence mi nCccurs="0" maxQccur s="unbounded" >
<xs:group ref="EntityList"/>
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>
</ xs: el ement >

<xs: conpl exType nane="Port Conn" >
<XS:sequence>
<Xs: extensi on base="I|ndexedEntry" >
<XS:sequence>
<xs:element nane="slife" type="STlinterval"/ >
</ xs: sequence>
<xs:attribute name="inverse" type="xs:string"/>
</ xs: ext ensi on>
</ xs: sequence>
</ xs: conpl exType>

<xs: conpl exType nane="Port" >
<xs: conpl exCont ent >
<Xs:extensi on base="d obal El enent " >
<XS: sequence>
<xs: el ement nane="connection" type="PortConn"
m nCccur s="0" maxCccur s="unbounded"/ >
</ xs: sequence>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conmpl exType>

<xs: conpl exType name="Par Var Base" abstract="true" >
<xs: conpl exCont ent >
<XS:extensi on base="d obal El enent " >
<XS: sequence>
<xs: el ement nane="entry" type="Ti nedVal ue"
m nOccur s="0" maxQOccur s="unbounded"/ >
</ xs: sequence>
<xs:attribute name="type" type="xs:string"/>
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs: conpl exType nanme="Par aneter"” >
<xs: conpl exCont ent >
<Xs: extensi on base="Par Var Base" >
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<xs: conpl exType name="Vari abl e" >
<xs: conpl exCont ent >
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<Xxs: extensi on base="Par Var Base" >
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

<Xs:group name="EntityContent" >
<xs: choi ce>
<xs: el ement nane="paraneter" type="Paraneter" minCccurs="0"/>
<xs:el ement nane="vari abl e" type="Variable" mnCccurs="0"/>
<xs: el ement nane="port" type="Port" m nCccurs="0"/>
<xs:element nane="entity" type="Entity" m nCccurs="0"/>
</ xs: choi ce>
</ Xs: group>

<xs: conpl exType nane="Entity" >
<xs: conpl exCont ent >
<Xs: ext ensi on base="STEl ement " >
<xs:sequence mi nCccurs="0" maxCccurs="unbounded" >
<xs:group ref="EntityContent"/ >
</ xs: sequence>
<xs:attribute nanme="type"
type="xs:string" use="required"/ >
</ xs: ext ensi on>
</ xs: conpl exCont ent >
</ xs: conpl exType>

</ xs: schema>

C.2 Specific Part

<?xm version="1.0" encodi ng="UTF-8"?>

<xs:schema target Nanespace="http://ww. | mu. de/vtis"
xm ns: xs="http://ww. w3. or g/ 2001/ XM_Scherma"

xm ns="http://ww. | nu. de/vtis"

el enent For nDef aul t =" qual i fi ed" versi on="Dec, 2003">

<xs:include schenmalLocati on="ssdb. xsd"/ >

<Xxs:group name="EntityList">
<xs: choi ce>
<xs: el ement nane="entity" type="Entity" m nQccurs="0"/>
</ xs: choi ce>
</ xs: group>

</ xs: schema>
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XQuery Prolog for Active Rules

This appendix includes the XQuery prolog for the processirartive rules supporting the VTIS
approch.

i mport schema "sessions. xsd"

decl are nanespace xs = "http://ww. w3. org/ 2001/ XM_Schema" ;
decl are nanespace vtis = "http://ww. | nu.de/vtis"

decl are default el enent namespace "http://ww. | nu. de/vtis"

declare function vtis:sessCnd($val as xs:string)
as Xxs: bool ean ext ernal

decl are function vtis:wcltimeNow)
as xs:string external

decl are function vtis:sinmtinmNow)
as xs:string external

declare function vtis:wecltinmeDuration($st as xs:string, $et as xs:string)
as xs:string external

decl are function vtis:sintinmeDuration($st as xs:string, $et as xs:string)
as xs:string external

decl are function vtis:wcltinmeToDoubl e($val as xs:string)
as xs:doubl e external

declare function vtis:wecltineToString($val as xs:double)
as xs:string external

declare function vtis:rootNode() as el enment(vtis: DBRoot) {
doc("sessions.xm ")/ vtis: DBRoot

b
decl are function vtis:allSinSessions()
as el enent (vtis: SimSession)*{
vtis:root Node()//vtis: SinSession
b
decl are function vtis:allSimnmnstances($ss as xs:string)

as elenent(vtis:Simnstance)*{
vtis:rootNode()//vtis: SinSession[ @d=$ss]/vtis:Sinlnstance
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b
declare function vtis:wifeStart($val)

as xs:string{
$val /vtis:start/text()

b
decl are function vtis:wifeEnd($val)

as xs:string{
$val /vtis:end/ text ()
h
declare function vtis:wifeDuration($val as elenent(wife,
vtis: Winterval))
as xs:string{
let $st := vtis:wifeStart($val)
let $et := vtis:wifeEnd($val)
return vtis:weltinmeDuration($st, $et)
b
declare function vtis:wifelntersect($val as elenent(Wife, vtis:Wlnterval)?*)
as element(Wife, vtis:Wlnterval) {
let $stmax : = max(
for $i in $val
return
let $t := vtis:weltimeToDoubl e(vtis:wifeStart($i))
return $t
)
let $etmn := mn(
for $i in $val
return
let $t := vtis:wcltineToDoubl e(vtis:wifeEnd($i))
where ($t !'=-1.0)
return $t
)
let $st = (
i f($stmax <= $etmn)
then $st max
else -1.0
)
let $et := (
i f($stmax <= $etnin)
then $etnmin
else -1.0
)
return
<vtis:wife>
<vtis:start>{vtis:weltinmeToString($st)}</svtis:tart>
<vtis:end>{vtis:weltinmeToString($et) }</vtis:end>
</vtis:wife>
b
declare function vtis:inWlnterval ($t, $iv)
as xs: bool ean{
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let $ivs := vtis:weltineToDoubl e(vtis:wifeStart($iv))
let $ive := vtis:weltineToDoubl e(vtis:wifeEnd($iv))
let $td := vtis:weltimeToDoubl e($t)
return
if($td >= $ivs)
t hen
if($ive !=-1.0)
t hen
if($td <= $ive)
then "true"
el se "fal se"
el se "true"
el se "fal se"

b
declare function vtis:slifeStart($val)
as xs: doubl e{
let $i := $val/vtis:start/text()
return xs:doubl e($i)
h
decl are function vtis:slifeEnd($val)
as xs: doubl e{
let $i := $val/vtis:end/text()
return xs:doubl e($i)
b
decl are function vtis:slifeDuration($val)
as xs: doubl e{

let $st := vtis:slifeStart($val)
let $et := vtis:slifeEnd(S$val)
return

if($et eq -1)
then xs:doubl e(vtis:sinmtinmNow)) - $st
el se $et - $st
b
declare function vtis:slifeDurationl($val)
as xs:string{

let $st := $val/vtis:slifel/vtis:start/text()
let $et := $val/vtis:slifel/vtis:end/ text()
return vtis:sintineDuration($st, $et)

b
declare function vtis:slifelntersect($val as elenent(slife, vtis:STlnterval)?*)
as elenent(slife, vtis:STinterval){

et $stmax : = max(
for $i in $va
return
let $t := vtis:slifeStart($i)
return $t
)
let $etmn := mn(

for $i in $va
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return
let $t := vtis:slifeEnd($i)
where ($t '= -1.0)
return $t
)
let $st = (
i f($stmax <= $etnin)
t hen $st max
else -1.0
)
let et := (
if($stmax <= $etnin)
then $etnmin
else -1.0
)
return
vtis:buil dSTInterval ($st, $et)
¥

decl are function vtis:inSTlInterval ($td, $iv)
as xs: bool ean{
let $ivs := vtis:slifeStart($iv)
let $ive := vtis:slifeEnd(S$iv)
return
if($td >= $ivs)
t hen
if($ive !=-1.0)
t hen
if($td <= $ive)
then "true"
el se "fal se"
el se "true"
el se "fal se"
1
declare function vtis:buildSTInterval ($t1, $t2)
as elenent(slife, vtis:STInterval){
if($tl <= $t2)
t hen
<vtis:slife>
<vtis:start>$tl</vtis:start>
<vtis:end>$t2</vtis: end>
</vtis:slife>
el se
<vtis:slifex>
<vtis:start >$t2</vtis:start>
<vtis:end>$t 1</ vtis:end>
</vtis:slife>
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APl Application Programming Interface

CBN-FM Framework by Collins, Brown and Newman
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DOM Document Object Model
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LTS Learning Technology System

LTSA Learning Technology System Architecture
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TCP Transmission Control Protocol
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VIP  Virtuelles Informatik-Praktikum (project)
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VTIS Virtual Teaching Interface for e-learning Simulations
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XML Extensible Markup Language
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