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Abstract

This thesis describes the automated production of multimedia-based learning mate-
rials. Recording of real live lectures enablesa lightweight and cost-e�ective way of
creating electronic lectures. The 
exible screen grabbingtechnology can capture vir-
tually any material presented during a lecture and furthermore can be integrated
seamlesslyinto an existing teaching environment in a transparent manner, so that
the teacher is not aware of the recording process.

Throughout this thesis the designand development of a 
exible and easy-to-uselec-
turing environment on the basisof Virtual Network Computing (VNC) is explained.
The VNC infrastructure and protocol is adapted to build up an environment that of-
fers scalabletransmissionof live lectures and is capableof supplying a large number
of distance students in parallel. Furthermore, the suggestedsystem provides com-
fortable lecture recording in order to produce electronic lectures for asynchronous
replay at any time later. These electronic lectures preserve the verbal narration of
the teacher and any material or applications presented during a lecture including
additional annotations (e.g. adding freehanddrawings by useof an electronic pen).

Unlike other pixel-based recording environments, the suggestedsystem o�ers slide-
based navigation and ful l text search. This is achieved by automated post-processing
which generatesappropriate indexing structures and search basesby analyzing the
recordedlectures. Several analysing conceptsare intro duced and comparedby eval-
uating recordedlectures of di�eren t presentation styles.

Furthermore, an implementation of the suggestedconceptsand ideas{ the TeleTeach-
ingTool { is presented and usagescenarios are given in order to approvethe usability
and the advantageof the system.
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1

In tro duction

In the last decadethe availabilit y of powerful multimedia enhancedcomputer sys-
tems and broadband network connectionshas increaseddramatically, having a large
in
uence on almost all areasof human culture, not only the scienti�c and working
life but also the social behavior and everyday life. Traditional universities re
ect
this trend and the possibilities of new technologies by widening their well known
campus-basedteaching and learning scenariosto embrace new media technologies.
In recent yearsvarious new terms have beenintro duced, for instance e-learning (or
eLearning), tele teaching, virtual universities, distance learning, et cetera,with some-
times overlapping meaningsbut also addressingvery di�eren t subtopics. There are
various di�eren t e-learning scenarios,all of which have in commona computer-based
enhancement of teaching and/or learning areas,mainly in senseof more 
exibility
in time (self-studying) or space (circumventing a spatial separationof participants).
In detail there can be a vast diversity of intended meaningscontaining, for example,
video conferencing as a possibility for synchronous communication over large dis-
tances,internet discussiongroups or forums for an asynchronouscommunication in
an open communit y, computer-based training (CBT) or web-based training (WBT),
i.e. learning by executingspecial training programson a computer, or learning man-
agement systems (LMS), which provide the management and delivery of learning
content and resourcesto students. Often the di�eren t subtopics are combined, for
instance, a learning managementsystem can deliver computer-based training mod-
ules or provide accessto a forum.

Our involvement in the area of e-learning started with the project Universit•arer
LehrverbundInformatik (ULI) [ULI, 2006], a cooperative project of 18 partners lo-
cated at one Swissand 10 German universities, which was sponsoredby the Zukun-
ftsinvestitionsprogramm (Future Investment Program) of the Bundesministerium f•ur
Bildung und Forschung (BMBF, German federal department for education and re-
search). The project started in early 2001and endedin 2004.Its aim wasa (partial)
virtualisation of the computer sciencestudy for the following two reasons:

� \F or a growing number of students, a full-time attendance study is di�cult or
impossible to assist in due to family or occupation reasons.A partially virtual
curriculum with coursesthat are not dependent on time and place can enable
thesestudents to participate in an up to standard Computer Sciencestudy.
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� For students from the FernUniversit•at (distance teaching university) Hagen,this
cooperation o�ers the possibility to make useof the other universities' variety of
o�ers and take part in their courses."[ULI, 2006]

During this virtualization processthe task of most of the individual project part-
ners was to create learning materials. Generally the di�eren t universities did not
develop complex CBT/WBTs due to the high \pro duction costsfor rich-media con-
tent ... [which] range between 50,000 and 100,000EUR per weekly lecture hour"
[Lauer and Ottmann, 2002]. Typically the rather cost-e�cient recording of real live
lectures and presentations was preferred. Such lecture recording (also called presen-
tation recording) provides versatile digital learning material at negligible additional
costs and therefore is called lightweight content production [Kandzia et al., 2004].
Hence, the virtualization was acquired in a stand-alone manner but rather closely
connectedto existing teaching and learning forms, which wereextendedby computer-
aided elements.

The special challengein our sub-project of ULI was that at the Universit•at Trier we
intended to record our lectures for asynchronous replay and additionally wanted to
provide a synchronous transmission to our sub-project partners at the Universit•at
des Saarlandes, Saarbr•ucken. Furthermore, the materials that are presented in our
lectures should not be limited to slide presentations but additional material such as
visualizations or programming examplesshould also be supported. Sincewe did not
�nd a suitable pieceof software �tting theserequirements, we started the develop-
ment of our own solution, called TeleTeachingTool (TTT), which is presented in this
thesis.We rejectedother applications for various reasons:they wereeither limited to
a singleoperating systemor presentation application, did not support recording and
transmitting in parallel, did not support live transmission with a short round-trip
time (neededfor live feedback), did not properly work or wereunstable,or supported
no high-quality transmission or recording of the presentation content.

The TeleTeachingTool originally emerged from various independent applications,
which should be combined in onesinglesystem.In the beginning we usedvideo con-
ferencing techniques and applications, in particular the Robust Audio Tool (RAT)
[RAT, 2006] and the Videoconferencing Tool (VIC) [VIC, 2006], which provided syn-
chronous communication in audio and video, but with rather limited support for
transmitting a desktop presentation (for instanceby useof a network editor that en-
abled the simultaneousaccessto onedocument for multiple participants). We added
desktoptransmission, which was archived pixel-based and thus independent of the
presented content, which providesa high degree of 
exibility . At �rst, we transmitted
screenshotsof the presented desktop periodically by using system calls. Due to the
poor performanceand high bandwidth consumption of this approach, we rather soon
decided to switch to virtual network computing (VNC) [Richardson et al., 1998],
which provides remote accessto a virtual desktop via a network. Both project part-
ners, i.e. Saarbr•ucken and Trier, were connectedto the samedesktop and thus saw
the samepresentation, and furthermore were connectedby use of video conferenc-
ing applications. The TeleTeachingTool replaced these individual components and
thus provided an integrated environment. In fact, the core of the TeleTeachingTool
is a modi�ed VNC client, which is implemented in Java and thus o�ers a platform
independent basis.
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Throughout the years the TeleTeachingTool was improved and extended in close
relation to our own requirements and experiments as well as in relation to external
suggestionsand related research publications. In the beginning, we have focused
on the teacher's convenienceby developing a system which enablesrecording and
transmissionof live lecturesbut without in
uencing or limiting the teacher in her/his
choice of presentation applications and materials. Thus, we postulated as a main
designgoal that the recording and transmissionprocessshould be transparent to the
teacher. In order to respect the special needsof digital presentation recording, we
furthermore added additional annotation and whiteboard components, which enable
presented elements to be emphasizedand thus focus the attention of the audience,
and enable notes and sketches to be added on demand. Additionally , our research
addressedthe scalability of lecture transmissionsin order to support a high number
of simultaneously connectedonline students.

Recording live lectures typically produces electronic lectures of about 90 minutes
each. Typically a course consists of about 10{25 lectures resulting in about 15{
35 hours of learning material. Hence, o�ering only sequential playback of recorded
lectures is not su�cien t. In order to o�er students the possibility of locating and
accessingcertain prede�ned accesspoints (such aschapters or slides)or to search for
a particular topic, electronic lectures must rather support navigational and retrieval
features. Commonly a symbolic representation of content, which preservesdocument
structures (e.g. table of content, slides), textual content (e.g. sequencesof ASCII
characters) and images (e.g. vector graphics), is needed in order to support, for
instance, ful l text search or slide-based navigation (i.e. direct accessto each slide)
[Lauer and Ottmann, 2002]. For pixel-based recordings the navigational and retrieval
features are rather limited. On the other hand, a pixel-based presentation recording
approach o�ers a much higher degreeof 
exibility asany presentation content can be
preserved. Recording environments that preserve the symbolic representation of the
presented content are very limited in their 
exibility , becausesuch systemstypically
need accessto the sourcedocuments and support only a few document types and
often require the useof a certain presentation application. Hence,we typically havea

exible recording environment that is rather limited in its navigational and retrieval
capabilities or a systemthat producesful l-
e dged electronic lectures but restricts the
teacher while presenting.

In order to generate ful l-
e dged electronic lectures by use of a 
exible recording
environment this thesis states two main goals. The �rst one is the design and de-
velopment of a 
exible, easy-to-userecording and transmission environment, which
doesnot restrict teachers in their content production and presentation process,but
rather can be seamlesslyintegrated into existing teaching environments in a trans-
parent manner.

The secondmain goal is the automated production of electronic lectures by adding
navigational structures and retrieval features to pixel-based recordings in order to
create ful l-
e dged electronic lectures and thus extend the usability of the 
exible
recording technique. In order to keepthe bene�t of the cost-e�cien t lightweight lecture
recording approach, the production of such ful l-
e dged electronic lectures must be
automated as far as possible.
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1.1 Outline

After this intro duction, we will start in Chapter 2 with naming and describing the
terminology that is used throughout this work and will describe and compare dif-
ferent approachesof lecture recording. Furthermore, we will discussthe requirements
and features that are necessaryto reach our main goalsby building a criteria catalog
that can be usedto compareand classify lecture recording systems.

Virtual network computing (VNC) and its remoteframebu�er (RFB) protocol asthe
basisof our recording system are described in Chapter 3. Furthermore, the bene�ts
and limitations of VNC in regard to the e-learning aspects are discussed.The next
two chapters addresshow we modi�ed the VNC environment to �t our requirements,
but ensuring compability with the original VNC server components so that our sys-
tem can accessa remote VNC desktop. In particular, we will discusshow to achieve
a distance learning environment by improving the scalability in order to support
a large number of simultaneously connectedstudents (Chapter 4) and, as VNC is
originally only designedto remotely control a desktopvia a network connection,how
to record live VNC sessions(Chapter 5). While discussingthe recording aspects,we
will comparedi�eren t recording formats regarding their suitabilit y for recording and
later replay.

Chapter 6 addressesannotations, i.e. presentation related electronic note taking and
focusing the attention of the audience,as a meaningful feature of a computer-aided
lecture presentation environment and how annotation featurescanbe integrated into
our VNC recording environment.

The following two chapters consider the second main goal of this thesis. Chap-
ter 7 describes how we acquire navigational indices by automated post-processing
of pixel-based recordings that were produced by the 
exible screen recording tech-
nology. Di�eren t solutions for content analysis and prediction (e.g. slide detection )
are described, evaluated and compared in order to �nd well-suited algorithms that
enable an automated structuring of pixel-based electronic lectures as the basis for
appropriate navigational features. Furthermore, we will addresshow to present the
navigational structures and how to navigate and thusaccessthe parts of an electronic
lecture that relate to certain content. The retrievability of pixel-based recordings is
addressedin Chapter 8. At �rst we provide a applicable possibility for creating
search-bases that are suitable to perform full text searches within screen recorded
lectures. Furthermore, we extend the searchabilit y to perform cross lecture searches
and addresshow to present and accessthe search results. Additionally , the handling
of meaningful lecture related metadata is discussed.

Afterwards, the TeleTeachingTool and its components, features, usageand capabil-
ities are described in Chapter 9. We will give usagescenarios for the recording,
transmitting and post-processingof electronic lectures. Finally, a conclusion and
suggestionsfor future work will be given in Chapter 10.



2

Presentation Recording and Transmission

The scope of this thesisis a subtopic of the vast areaof e-learning, namely the record-
ing and transmitting of real live presentations in order to create electronic lectures.
Moreover, this work focuseson presentation-lik e teaching styles, which are common
not only in computer sciencebut in many other natural sciencesand economics.
A lecturer presents some information in the form of slides or by writing it up on
a blackboard, accompaniedwith verbal narration to explain the contents. In other
domains such as languagesor humanities the requirements and thus the teaching
styles can be very di�eren t.

This chapter speci�es what is consideredto be an electronic lecture here and also
states and explains other terms used throughout this thesis. A discussion about
bene�ts, requirements and restrictions of the transition from traditional to elec-
tronic teaching styles will be followed an explanation and comparison of di�eren t
approachesto lecture recording. The aim is to elaborate a suitable catalog of desir-
able features for recording and playback, allowing the comparison and evaluation
of lecture recording systemsand research approacheswithin the given context. Fi-
nally, an overview of existing systemsis given, including our own implementation,
the TeleTeachingTool, with regard to the ascertainedcriteria.

2.1 Electronic Lectures

In the senseof Brusilovsky, an electronic lecture \preserve[s]a lecture as an element
of web-basededucation replacing real lectures" [Brusilovsky, 2000]. This is a very
vague concept, so we have to take a closer look at what we consider here to be an
electronic lecture. Other terms used within this thesis are stated and explained as
well. Furthermore, this section will point out why such lectures are bene�cial for
both distanceand local students, and what requirements must be ful�lled to achieve
a transition from traditional to electronic lectures.
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2.1.1 Terms and De�nitions

[Brusilovsky and Miller, 2000] di�eren tiate hierarchically and sequentially structured
learning materials, called electr onic textb ooks and electr onic pr esentations ,
respectively.

An electr onic textb ook o�ers a hierarchically structured representation of material,
which usually consistsof text, augmented with �gures. It is commonly provided in
the form of HTML 1. The content is organized similarly to a printed textbook with
its subdivision into chapters, sectionsand subsections.The hierarchical structuring
implies special hier ar chic al navigation , which includes links to all subordinate
sections,a link to the higher level section,and a link to the beginningof the electronic
document. Furthermore, sequential navigation provides accessto the next and
previous pages.There may be a linked table of contents and an index as well.

Brusilovsky and Miller distinguish two subclassesof sequentially structured elec-
tr onic pr esentations : electr onic lectur es and guided tours . A guided tour
is a sequenceof (perhaps previously developed) content (possibly of multiple au-
thors), which is accompaniedby a narration. The narration is usually provided in
the form of text, called textual narr ation . This type of presentation is modeled
after a guided museumtour.

An electr onic lectur e is \a sequenceof slides extended with audio or au-
dio/video narration" [Brusilovsky and Miller, 2000]. In our sense the concept
of mainly static slides should be loosened to include dynamic elements .
[E�elsb erg and Geyer, 1998] request the possibility of using (and recording) media
other than text and still imagesas crucial components of modern computer-based
teaching, because\motion and interaction really make the di�erence between pa-
perbased teachware and computer-based teachware" [E�elsb erg and Geyer, 1998].
Dynamic elements can be animations, simulations or any other applications used
in addition to somepresentation software. In other words, talking about electronic
lectures we include any material and elements used during modern multimedia en-
hanced presentations. In the following discussionwe will usethe term slide not only
in the meaning of conventional static slides , but also to refer to pr esentation
content in general containing any material, media or application presented by a
teacher. Moreover, since this thesis is not concernedwith guided tours, we use the
terms electr onic lectur e and electr onic pr esentations synonymously.

[Brusilovsky, 2000] distinguishes synchronous and asynchronous (electronic) lec-
tures. Synchr onous lectur es provide accessto real lecture halls from a distance.
Live presentations are transmitted via any network or infrastructure to another
location, either as unidir ectional broadcast only or bidir ectional ly , allowing
two-sided communication o�ering distance students active participation (e.g. ask-
ing questions). Asynchr onous lectur es are intended to be viewed at any time
(later), perhaps by students, who could not attend real lectures, or to rework the
presented content. Synchronously presented lectures can also be recordedand thus
turned into asynchronous lectures.

1 Hyp er Text Markup Language (HTML)
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Common digital media typesare audio and video streams. In caseof electronic lec-
tures audio preservesthe verbal narr ation of teachers and, if required, questions
or explanations of students as well. If talking about video we think of a live video
�lmed in the lecture hall mainly showing the teacher. We do not intend to �lm
presentation content, becausesimply videotaping lectures does not lead to accept-
able quality of the �lmed blackboard or slides [Lauer and Ottmann, 2002]. Besides
audio-only and video enhancedelectronic lectures, Brusilovsky furthermore classi-
�es high-quality video, which \requires special recording equipment, preferably a
studio with a blue screenand several hours of processingtime for [...] one hour of
lectures" [Brusilovsky, 2000]. The e�orts and costs of producing such high-quality
video lectures is similar to the production of CBTs/WBTs and \... range between
50,000and 100,000EUR per weekly lecture hour" [Lauer and Ottmann, 2002].

This thesis rather focuses on so-called lightweight course pr oduction
[Kandzia et al., 2004], which is \to record a quite regular live lecture in
order to obtain versatile digital material with negligible additional cost"
[Kandzia and Maass,2001]. Nevertheless such low-c ost recor dings can be re-
worked, edited, enhancedand combined with other material and thus be the basis
for enhancedWBTs. Our aim is preserving a live presentation to achieve valuable
additional learning material, but not at the cost of the real lecture. The processof
recording is called lectur e recor ding or pr esentation recor ding . Thoseterms are
not only usedin to mean\recording to a �le for later asynchronousreplay", but also
to refer to \the act of grabbing a presentation's content (for synchronous transmis-
sion and/or for recording to a �le)", which can be called pr esentation grabbing
as well. If only the synchronous or asynchronous caseis meant, we will explicitly
note which one or use non-ambiguous terms, such as (the noun) recor ding and
�le or tr ansmission and broadcast , respectively. Furthermore, this thesis will
mainly concentrate on recording a presentation's content (in the senseof what is
displayed on the presentation computer or presented to the live audiencevia video
projector) and not on audio and video (in the senseof a camera �lming the lec-
turer), becauseaudio and video recording stays almost the same for the di�eren t
presentation recording systems.At best, presentation grabbing/recording should be
tr anspar ent [Ziewer and Seidl, 2002], which meansthat lecturers neednot even be
aware of the recording processat all. Transparency concernsnot only the presen-
tation, but also the content creation process.In other words, the recording should
not restrict or in
uence content creation and presentation, allowing lecturers to per-
form their preferred traditional teaching styles, especially including their favorite
presentation software. Suggestionsto achieve tr anspar ent recor ding are discussed
in Section 2.3.

Textual narration may be su�cien t for edited guided tours (as mentioned above)
or accordingly designed CBTs/ WBTs. For recording real live presentations we
rather assume the lecturer's verbal narration to be recorded, because \with-
out this, an essential and substantial part of the information will be missing"
[Lauer and Ottmann, 2002]. On the other hand Lauer and Ottmann state that for
recording traditional presentations \the importance of integrating live video should
... not be overestimated" [Lauer and Ottmann, 2002]. Although the video providesa
visual impression as well as a feeling of the instructor's presence,it usually conveys
comparatively little information when consideredalongside the amount of data it
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consumes(but this might be di�eren t for special purposepresentations, e.g.showing
experiments). [Sch•utz, 2003] declaresthe video to be useful to build up a personal
relationship to a lecturer, but is not looked at in detail after a while. Furthermore he
suggeststhat \b ecauseof bandwidth and useof processortime, no really important
information ought to be recorded with the video". These conclusions�t with our
own experiences.

We also agreewith Lauer and Ottmann, who requestedtightly synchr onous re-
play of any recorded media streams and data, because\simply capturing starting
times of events (such as launching an application) can result in streams drifting
apart". In other words, media streamsare not only starting synchronously, but syn-
chronization is also checked and adjusted (if needed)during playback. In order to
explain the importance of synchronization, [E�elsb erg and Geyer, 1998] suggestan
example of a teacher explaining an algorithm where data packets 
o w over a graph
representing a network. The lecturer starts with nothing but the topology of the
graph, with nodesand edges.During the explanation of the algorithm, the graph is
dynamically annotated with coloredarrows representing the packet 
o w. Hence,the
dynamics of the algorithm are explained by annotating the graph and thus, without
reproducing the dynamics of the annotations in the recording, essential information
is lost.

In order to synchronize replay [Brusilovsky, 2000] requests \video/audio streams
[...] to be divided into the smallest meaningful chunks, which usually correspond to
[...] a pieceof a slide" and \synchronization meansthat each audio or video chunk
has to be associated with a corresponding portion of the slide presentation". Re-
call that Brusilovsky considersa presentation to be a sequence of static slides, but
we additionally allow dynamic content, which acts more like a stream. We do not
recommendphysical partitioning of media �les according to determined chunks as
this would causea huge amount of I/O handling during accessingprocesses.In fact
timestamps , which are non-ambiguous due to the sequential data style, are used
to refer to certain points within data streams. Special timestamps corresponding
to (the beginning of) interesting parts of an electronic lecture are called indic es.
Indices and timestamps are essential elements of navigation within electronic lec-
tures as they, for example, enable accessto slides, which is known as slide-b ased
navigation . Another possibility for navigation is timeline navigation , which com-
monly is available via a slider representing the time scaleof an electronic lecture
from beginning to its end. If any arbitrary time within the time scale can be ac-
cessed,this is called random access. In fact suitable navigational and retrieval
features must be provided by electronic lectures, becauseit is almost impossibleto
read and navigate video like lectures [Abowd et al., 1998]. [Brusilovsky, 2000] sug-
gestssequential playback without �ne-grained \c hunking" (i.e. sub-dividing) to be
su�cien t for local students, becausea teacher is available to solve problems. Nev-
ertheless, we assumenavigational and retrieval features to be a crucial factor in
order to provide really useful learning material particularly for local students, who
have attended the live lectures and use recorded presentations to rework certain
topics. Thesestudents are mainly not interested in watching recordedpresentations
as a whole, but rather want to identify and access only those topics they have not
understood. This assumption is con�rmed by analysis of students behavior, which
showed that navigating through coursecontent is preferred over sequential playback
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[Zupancic and Horz, 2002, Sch•utz, 2003]. Manual postpr oduction is not seenas
an appropriate solution for indexing asthis would con
ict with our lightweight course
production approach. Indexing and retrieval structures rather must be automatically
retained during the recording processor achieved by automate d postpr oduction
(after the recording processhas �nished or on demand during playback).

An important feature of electronic learning materials are annotations . A com-
prehensive overview about various types of annotations is given by [Sch•utz, 2002],
who lists, for instance, textual notes, cross links (within a document or to other
documents), adding audio or movie clips, freehanddrawing (by useof an electronic
pen, emphasizing of certain elements in order to focus the attention of the audi-
ence,et cetera.Such annotation can either be placedby teachersor by students and
furthermore can be placed during a live lecture or afterwards. The most common
caseis that a teacher annotates the presented slides during the lecture by adding
aditional comments or sketchesand furthermore highlights the most important as-
pects. [Lienhard and Lauer, 2002, Lienhard and Zupancic, 2003] suggestannotation
layering in order to handle students' annotations besidesthose of a teacher.

2.1.2 Usage Scenarios and Bene�ts

Recall Brusilovsky's de�nition of an electronic lecture as \[preserving] a lecture as
an element of web-basededucation replacing real lectures" [Brusilovsky, 2000]. Cer-
tainly , for distance students electronic lectures o�er the possibility of being a sub-
stitute for traditional lectures, but we do not intend to replace real lectures under
any circumstances.There are two approachesto accesselectronic lectures: the syn-
chronous and the asynchronous one.

Synchronous electronic lectures are live transmissions of real lectures via a net-
work (mainly the internet, but other infrastructures are not excluded) from one
lecture hall to another and/or to students' homes. Distance students can partici-
pate from anywhere in the world by accessingthe corresponding streams.Generally,
such transmissionsare unidir ectional, becauseotherwisea sophisticatedaccessman-
agement system is required in order to grant speaking permissions and avoid the
confusion causedby simultaneously speaking participants. The advantage of syn-
chronous transmissions(even of unidirectional ones)is that they provide immediate
access, without any loss of time. All asynchronous electronic lectures more or less
su�er from a delay causedby postproduction and publication of the recorded lec-
tures. At least the data must be copiedto a server and a web pagehasto be updated
to enabledownloading. For perfectly automated publication processessuch a delay
might be a few minutes only, but in the majorit y of casesit takes somehours or
even days from the time of recording until the asynchronous lecture is accessiblefor
students. That can be critical for weekly exercisesand assignments.

Another synchronousscenario is a dedicatedtwo-point transmissionbetweenlecture
halls as we did during the ULI project [ULI, 2006] (seeIntro duction, page1) in col-
laboration with the Universit•at desSaarlandes.A lecture wasgiven at oneof the two
locations alternately and transmitted to the other lecture hall. A feedback channel
transmitted a live video of the distant audienceand was also usedto enablebidirec-
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tional communication (mainly to ask questions). We also extended the scenarioby
integrating unidirectional distance students (e.g. participating from the homes) as
described before.Another variation can be a network of multiple participants similar
to video conferencing scenarios.

Fig. 2.1. Electronic lecture scenarios

Preserving traditional presentations for asynchronous replay is useful for occasion-
ally missedlectures as well as for students who are not able to participate in time,
which can be the casefor part-time students in employment or those with parental
duties. Asynchronous electronic lectures allow accessto coursesanytime and any-
where. Furthermore, appropriate asynchronous electronic lectures provide meaning-
ful additional learning materials for local students as well, even if they attend(ed)
live lectures. During a live lecture important information can be misseddue to the
distracting processof note taking. While reworking a lecture, replay of the recording
o�ers the real wording of the teacher again. Appropriate retrieval and navigational
features like ful l text search or slide based navigation, respectively, can be used to
locate and recall special elements and topics in any recordedlecture.

Brusilovsky claims that \man y faculty consider electronic lectures the best sub-
stitute for classroom lectures claiming that neither textb ooks, nor handouts can
adequately replace an up-to-date lecture done by a leading researcher or profes-
sional" [Brusilovsky, 2000]. Moreover, such electronic lectures preserve the live at-
mosphereof the classroom and the teaching style of a lecturer for distancestudents.
[LaRoseet al., 1997] claim that web lectures are at least as e�cien t as regular lec-
tures. Electronic lecturescanbeutilized independent of time and place.Other advan-
tagesare \fast and e�cien t navigation through a lecture, fast retrieval of multimedia
content, and courseand lecture indexing" [Jackson et al., 2000].

Sometypical scenariosfor the useof electronic lecture are given in Figure 2.1. How-
ever, there are many other and combinations of the shown scenariosare possible,
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for instance recording and transmitting, or two (or more) bidirectionally connected
lecture halls which also supply students' homesin an unidirectional fashion.

2.1.3 From Traditional to Digital Lectures

In order to achieve valuable electronic lectures by presentation recording, all mean-
ingful elements of a livepresentations must bepreserved. [Lauer and Ottmann, 2002]
declare recording of all relevant media streams occurring in a live sessionas their
ultimate goal of presentation recording. We agreewith them that simply videotap-
ing lectures does not lead to acceptablequality of the �lmed blackboard or slides
(unless high resolution video recordings are practicable in future) and, according
to [E�elsb erg and Geyer, 1998], that document camerasare inappropriate technol-
ogy in an all-digital environment. Video taping of computer screensis also discour-
aged, becausethe technical limitations of such recording make the screencontent
very di�cult to read during playback [Ishii and Miy ake, 1991] and video compres-
sion encodings, such as MPEG-2 [Mitc hell et al., 1996], are not suitable for com-
pressing arti�cial high-contrast imagessuch as slides due to causing artifacts and
displaying blocks instead of a high-quality reproduction of the compressedcontent
[Hogrefeet al., 2003]. Rather, any content and all elements of interest must be cap-
tured and digitized in an appropriate quality. Therefore we have to identify such
elements and suggesthow to translate them into the \ digital world".

Audio and Video:

Obvious essential elements of a presentation are slides and verbal narra-
tion of a teacher. A live video showing the teacher is not mandatory
[Lauer and Ottmann, 2002, Sch•utz, 2003], but neverthelessworth recording, as it
can preserve gestures and facial expressions.Digitizing and recording audio and
video streamsare an everyday businessfor today's computers, but there should be
a well considereddecisionabout which formats to useand which codecs2 should be
applied to achieve compression(as uncompressedrecording would lead to several
Mbytes or, in the caseof video, even Gbytes of data). \The audio has to be of high
quality, becauseit has to transport a huge amount of information" [Sch•utz, 2003].
Listening to low quality audio over a period of more than a few minutes is straining
and exhausting (think of a bad mobile phone connection with 
a ws and gaps). The
most commonaudio format, MPEG-1 Audio Layer 3 well known under its abbrevi-
ation MP3, is capableof compressinga 90 minutes talk to approximately 20 Mbytes
in a suitable quality (22050Hz, 32 kbps, 16bit, mono). Other codecslike OggVorbis
or Advanced Audio Coding (AAC) achieve similar results.

The diversity of video codecsis much higher, which is not surprising as video com-
pression is more complex. MPEG4/Divx achieves very good compressionrates at
high quality, but the compressionalgorithm is time consumingeven using powerful
computers,which makesthis codecunsuitable for online and real time coding. Other

2 Codec: a COmpression/DECompression algorithm capable of performing encoding and
decoding on a digital data stream or signal
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codecs,e.g.H.261 and its successorsincluding the now widespreadH.323 or H.264,
are optimized for exactly that purposeof real time coding as they are designedfor
videoconferencing.Streaming media codecs,such as Real Video or Windows Media
Video, even ful�ll other designrequirements such as supporting di�eren t bandwidth
settings. Choosing a suitable video format and codec dependson the intended pur-
pose,which can be bidirectional synchronous transmission (requiring short delays),
streaming online content on demand or electronic presentations for asynchronous
o�ine usage.

Recall that we do not intend to �lm the presentation content (e.g. slides), due to
insu�cien t quality. Thus, no special high tech camerasare required to record video
as they will always exceedthe intended output quality. Technicians operating cam-
eras may disturb the natural 
o w of a live presentation and, due to the additional
costs,are not in accordancewith our low-cost lightweight approach. In most casesa
small �xed camerais satisfactory. Remotely controlled camerasor so-calledpan-tilt
devices, which recognizemovements and automatically adjust themselves, can be
usedas well. Either digital video input via Fir ewire interface (also known as I.Link
or IEEE 1394) or analog input o�ered by somegraphics cards or cheap grabbing
devices(e.g. commonBT848/BT878 TV cards) is adequatefor digitizing live video.
Audio recording can be seamlesslyintegrated by using already existing hardware.
Large lecture halls are equipped with at least one microphone and an adequatesys-
tem of loudspeakers anyway. In such caseit is su�cien t to connect the recording
system to the existing equipment. For smaller presentation rooms, where no voice
amplifying is required, obviously a dedicatedmicrophonemust be added. It depends
on the preferencesof the lecturer if �xed microphones, headsetsor other wireless
microphonesshould be used.

Ov erhead Slides:

As document camerasare inappropriate technology in an all-digital environment
[E�elsb erg and Geyer, 1998], we demandpresentations to be computer-bound. How-
ever, the use of computer-basedpresentation software is more and more replacing
traditional blackboards or overhead slides anyway, which is especially the casefor
computer sciencecourses.Digital slides can easily be edited and adapted and thus
o�er a higher degreeof reusability. Static computer-basedslides can be conserved
in their original format or in the form of pixel-based slide images. The way in which
content is stored has a crucial impact not only on the recording process,but also on
the playback features that can be o�ered by electronic lectures. Storing presenta-
tion content is a core element of this thesis and therefore demandsa more detailed
discussion,which is given in a separatesection (Section 2.2).

Blac kb oard and Ov erhead Notes:

Digitizing traditional blackboard-and-chalk lectures in an acceptablequality can be
achieved only if a large amount of personal and technical e�ort is invested both
during and after the lecture [Lauer and Ottmann, 2002], which does not conform
with our lightweight approach. We suggesttwo approaches(which can be combined)
of transition towardscomputer bound lectures:computer-based slidesor an electronic
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whiteboard. Teachers tend to just copy their notes from their draft to the blackboard
(or overhead). In such a casethe use of slides is appropriate. The content can be
preparedin advanceand is then only presented insteadof completelywritten during a
lecture, which results in lesstime for writing and more time for explaining. Especially
drawing complexsketchesto explain simple issuesis e�ectiv ebut ine�cien t. Think of
drawing graphs to explain graph manipulating algorithms. Small graphs consisting
of only a few nodesand edgesmay not be meaningful, but drawing pairs or sequences
of larger ones,which only di�er in somenodesor edges,is time consuming.Drawing
two graphs on a blackboard to show their di�erences is even more ine�cien t, but
can easily be achieved with digital slides. In addition, electronic slidesdo not su�er
from illegible handwriting.

The essential di�erence to handouts or books lies in the teacher's hands by means
of her/his more or less detailed explanations or the possibility of reacting to the
audience.However, chalking up step-by-step notes dynamically can be very useful
for special purposessuch asderiving mathematical proofs. Sometimesdynamics can
be achieved be so-calledoverlays, which are a seriesof slides,where each slide con-
tains a little more information than the previous one. Overlays are subsequentially
displayed until the complete slide is visible, allowing verbal explanations of parts
without showing too much in advance.For mathematical proofs or creating content
while interacting with students this approach is not applicable, becauseslide cre-
ation would be very intricate or not possible at all. In such casesthe blackboard
can be replacedby an electronic equivalent, often called an electronic whiteboard. As
everybody can easily �gure out by trying to write her/his name within somesim-
ple drawing software, the commonly usedmouseis not an appropriate input device
to replacechalk or overheadmarkers. Special hardware is rather required enabling
teachers to write and draw with pen-style input devices.Such hardware can range
from monitor-lik e sizes(e.g. tablet PCs or Wacom's Cintiq interactive pen display
series [Wacom, 2006]) to screendiagonalsof several meters (e.g. SMART Board in-
teractive whiteboards [Smartboard, 2006]). Sinceeverybody is familiar with handling
a pen, the usageof such input devicesshould be obvious and intuitiv e. Personalpref-
erencescan be served by small overhead-like or larger blackboard-like realizations.
We have to admit that the amount of noteswhich can be handled by the limited area
of such boards is restricted, but hopefully will increasein future such as is described
by the digital lecture hall approach [Muehlhaeuserand Trompler, 2002], e.g. by use
of several beamerswhich display a history of the last few slides.

The use of such note taking should not be limited to empty pages,but rather can
(and should) be applied to slide content aswell. Additional information canbe added
if necessaryduring the presentations. Prepared slidescan be annotated while giving
explanations (recall the graph 
o w algorithm examplegiven earlier in this chapter).
The focus of the audience can be attracted to essential keywords and important
details by emphasizing(e.g. highlighting or underlining) them. This is very similar to
annotating overheadslidesin the non-digital world with conventional non-permanent
pens,but without the nasty cleaningafterwards (if slidesare intended to be reused).



14 2 Presentation Recording and Transmission

Emphases:

The usageof traditional emphasizing/pointing devicessuch as laser pointers, sticks
or pens lying on overheadslides, will get lost during the digitizing process.At the
most, the live video showing the teacher may capture pointing actions. However,
we stated that the video should be an optional element and, moreover, encoding
important information in the video should be avoided [Sch•utz, 2003], as students
may get confusedabout which media to concentrate on. During a live presentation
their main focus is bound to the lecturer, led by her/him with somepointing device
and only brie
y interrupted whenever a new slide appears3. Replaying an electronic
lecture (irrespective of whether it is synchronous or asynchronous) the students'
main sourceof information is not the small live video, but the recorded computer-
basedpresentation. Thus, their attention is focusedon slidesand other presentation
content. Trying to �gure out by watching a small and/or low quality video to which
area of the slide the lecturer is pointing and then �nding the corresponding pieceof
information on the recordedhigh quality slide is obviously not reasonable(seeFigure
2.2). Particularly as the slides might be unreadable in the video and the pointer is
only a barely visible tiny red laser dot.

Fig. 2.2. Lecturer pointing to something on an illegible slide

Emphasizing content to attract students' attention should rather take place within
the presentation slides.We already suggestedunderlining by useof freehanddrawing
as a possibility for gaining focus in the previous paragraph. Advanced annotation
objects such as textmark er-style drawings or boxes can also emphasizecontent. Al-
ternativ ely, a dedicatedpointer such asa largearrow canbe used.In an early stageof
our e-learning research we have experimented with such an enlargedmousepointer
for the purposeof marking, but we experiencedthis to be not very useful. The ap-
proach works �ne as long as the teacher placesthe pointer carefully. But whenever
the lecturer moves the mouseonly as computer mousewithout being aware of the
special emphasizingfunction, she/he causesthe large pointer to refer to an arbitrary
object not intended to be emphasized.

3 Therefore it is good practice to stop verbal narration for a short moment to allow students
to survey the newly presented slide.
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Dynamic Con ten t and External Applications:

Dynamic elements in the form of animations or simulations as well as annotations
(lik e freehand notes) are very meaningful and should be preserved in a suitable
way to allow dynamic replay. However, animations and additional applications used
during a presentation have no counterpart in the traditional blackboard or overhead
teaching scenario. They are digital per se. Preserving and dynamically replaying
such content is discussedin Section 2.2.

traditional lecture digitizable analogon electronic lecture

verbal narration microphone output digital audio, e.g. MP3
lecturer's presence video camera output digital video
overhead slides computer-based slides digital slides

or pixel data
blackboard electronic whiteb oard digital annotations
or overhead notes or pixel data
stick or laser pointer computer-based pointer digital annotations

or annotations or pixel data
| dynamic elements synchronous start

(animation, simulation,
...)

or pixel data

| additional applications synchronous start
(browser, java, ...) or pixel data

Table 2.1. Elements of traditional and digital presentations

Table 2.1 sumsup the aforementioned suggestionsand shows an overview of how to
transfer elements of traditional presentations to a digitizable counterpart in order
to be preserved as part of an electronic lecture. Di�eren t recording approacheswill
be explained and compared in Section 2.2. A detailed explanation of the recording
processused in our approach is given in Chapter 5.
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2.2 Symbolic Represen tation vs Screen Recording

Section 2.1.3 showed how to transfer certain elements of traditional lectures to the
digital world, but leaving out details concerninghow to accessand preserve the pre-
sented content (such as slides, annotations, animations and external applications).
This section addressesthe recording, or more precisely the grabbing process,with
focus on presentation content. Recall that the term recording is also used in the
senseof \grabbing" (for synchronousaswell asfor asynchronouselectronic lectures).
Audio/video grabbing stays the samefor di�eren t recording approachesand has al-
ready beendiscussedin the previous sectionsas far as is necessaryfor that stageof
the thesis. Furthermore, we addresscomputer-baseddigital recording only, because
\simply videotaping lectures [...] lead[s] to unacceptablequality of the �lmed black-
board or slides" [Lauer and Ottmann, 2002]. Note that the availabilit y of increased
computing power, appropriate storagecapacities,very fast network connectionsand
high-resolution cameras,may enable the �lming of a blackboard presentation at a
suitable quality at somepoint in future, but todays technology is either not a�ord-
able or not suitable to do so.

[Lauer and Ottmann, 2002] distinguish three di�eren t alternativ es for presentation
recording software:

1. existing presentation systemswith added recording functionalit y;

2. screengrabbing / output grabbing;

3. speci�cally designedtools for presenting and recording coursecontents.

Although designing a new piece of software o�ers more possibilities for address-
ing special requirements, we do not seethe necessity of separating betweenadding
recording features to an existing presentation software or designing a new presen-
tation software supporting such features from scratch. Recording software should
rather be classi�ed by the concept of the produced output as this heavily im-
pacts the representation of content, which is also addressedas key criterion by
[Lauer and Ottmann, 2002]. Thus, we distinguish two groups of lecture recording
applications, which di�er in the way they accessand store presentations:

1. symbolic recorders preservingsymbolic information ;

2. screen recorders storing pixel-based data.

The screen grabbing class of Lauer and Ottmann stores lecture content as pixel
data and matches our classof screen recorders. Those recordersgrab and conserve
the output of a presentation independent of the underlying presentation software or
the formats of the presented documents. On the other hand, symbolic recorders are
closely connectedto (and normally integrated with) the presentation software and
therefore can preserve all the features of the original presentation by storing the
symbolic information of the presented input document plus events occurring during
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the presentation process.Regarding this, the classi�cation can also be seenas input
versusoutput grabbing.

Somepresentation software recordersstore static pictures of slides only, these pic-
tures are then pixel-based.Nevertheless,such recordersgain symbolic information
from the adherent presentation software and preserve them as part of the produced
recording. Such hybrid solutions are therefore counted as members of the class of
symbolic recorders,becausethey have accessto symbolic content during the record-
ing process.That is also reasonableasmany presentation software applications sup-
port input documents composedof sequencesof pixel imagesanyway.

Sym bolic Represen tation

Symbolic representation formats, such as PDF, store graphical content as vector
data and textual content as sequencesof characters with information about color-
ing, font style and size. In order to generate a visible (or printable) output, the
symbolic information has to be interpreted. The interpretation can be modi�ed e.g.
using di�eren t colors for visually impaired peopleor another font can be usedif the
speci�ed one is not available or not wanted. Furthermore, symbolic representation
o�ers scaling. Vector graphics can be scaled and font sizescan be adapted to �t
the resolution of the viewer's machine. Symbolic information will be interpreted not
only during live presentation, but also during any replay, which enablesindividual
scaling (and other personal interpretation options). Symbolic recordings preserve
document structures, which not only allows slidesto be distinguished but, equipped
with adequatetimestamps, alsoenablesaccessto individual slidesand thus provides
slide-based navigation. The textual content can be searched and edited, which allows
information retrieval (full text search), correction of scribal errors or insertion of
additional explanations. Furthermore, symbolically represented recordingsnormally
result in smaller �le sizes.

As the symbolic data must be accessiblein order to be preserved, the recording
processmust be closelyconnectedto the presenting process.Therefore, the recorder
functionalit y is commonly integrated into the presentation software (either asadd-on
or by design). Thus, recorderscan accesspresented documents and applied actions,
e.g. switching to another slide. During the recording process(a copy of) the source
of the presentation (the input document) is tagged with synchronization data, e.g.
timestamps referring to actions. During replay, actions can be applied to the sources
again.For instancea list of pairs, each consistingof a slidereferenceand a timestamp,
can be used to replay corresponding slides at appropriate positions in the timeline
in synchronization with the audio playback.

However, the technique of symbolic recording is rather restricted concerning the
input formats and applications to be recorded. Teachers are restricted to using
a speci�c piece of presentation software, becausethe recorder is a part of that
software and, if only one platform dependent implementation is available, is also
bound to a single operating system.As a consequence,the supported input formats
are restricted by the presentation software as well. Authoring on the Fly (AOF)
[AOF, 2006, Bacher et al., 1997] usesa proprietary format, which demands slides
to be created with special applications (AOFwb or mlb) only. Import �lters (e.g.
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for PowerPoint) improve the usability, but cannot compensatefor all incompatibil-
ities (e.g. animations). Furthermore, such recording systemsare typically designed
to record the presentation only. The parallel use of multiple software applications
(e.g. presenter and browser) during a lecture is rarely supported or not possibleat
all. AOF allows the running of external applications, but the recorderonly preserves
which application was started and when. During playback the application is started
at the appropriate time, but runs asynchronously thenceforward without further syn-
chronization. Thus, a recording doesnot really preserve what happenedduring live
presentation, but rather the playback engineonly initiates a rerun of the presented
application or, to be more precise,an application of the samenameasthe presented
application. Moreover, the application must beavailable during playback time, which
demands that any special applications are copied with the electronic presentation
and installed on students' machines.Even more severe is that the recorder doesnot
preserve the input applied by the teacher to the external application. Consider a
teacher opening a browser and manually entering an URL 4 to show a certain web
page.During replay a web browser will open, but displaying the default start page
only. Entering the appropriate web addressmust be performed by the student, who
probably will not know the address.All other input performed by the teacher such
as selecting links or entering text in form �elds will also be lost. Students would
have the reapply any clicks and any textual input the teacher has performed dur-
ing presentation. Additional problematic issuesare deleted or modi�ed web pages,
outdated links or the unavailabilit y of a network connection during replay. Similar
problems occur for any other kind of interactive applications. Thus, only inputless
stand-alone applications or self-performing documents associated to corresponding
playback applications, such asFlash animations, that can be distributed to students
(technically and legally) can be used in a meaningful way.

Dynamic elements and annotations, which are handled by the presentation software
itself, can be accessedand preserved by an integrated recorder,at least theoretically.
Advancedpresentation software, such asMS PowerPoint, o�ers a vast variety of dy-
namic elements (e.g. animations, slide crossfadingor even JavaScript5 programs),
but additionally integrated recorder plug-ins rarely support these features. Some-
times not even freehand annotations are preserved by the plug-ins. On the other
hand, especially designedsymbolic recorderswith built-in presenters mostly o�er a
built-in annotation system and provide dynamic annotation replay, but are often
limited in their capability to integrate other dynamic elements.

In summary, symbolic representation o�ers good editing, navigational and retrieval
features, which makes it very useful for postprocessingand playback demands,but
rather restricts lecturers in the content creation phaseaswell asduring the presenta-
tion process.Displaying and recording dynamic elements may not be fully supported
and a meaningful usageof external applications is almost impossibledue to the loss
of applied inputs. As a consequence,lecturers may be forcedto changetheir teaching
styles,which contravenesour transparent approach (Section2.3). Reuseof previously

4 Uniform ResourceLocator (URL): a unique addressof a document or another resource
on the World Wide Web

5 JavaScript is a scripting programming languagecompliant to the ECMAScript Language
Speci�cation [Ecma, 1999]
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createdbut now incompatible setsof slidesis impossibleor needsat least a (perhaps
manual) transformation process.

Screen Recording

On the other hand, considerscreen recorders, which store the graphical output (in the
form of pixel data) of a presentation and replay it exactly as it wasdisplayed on the
screenduring the live presentation. Screenrecording provides losslesshigh quality
accessto a presentation machine's desktop.Storing pixel data is very 
exible asit al-
lows everything happening upon a presenter's screento be preserved, independently
of the applications used. Teachers are free to run any presentation software, which
makesany input document formats accessible.There is (almost6) no limit concern-
ing the recording of additional applications. In contrast to the symbolic recording
approach, screen recording o�ers real replay of what happenedduring the presenta-
tion without demanding data transfer or the installation of software which was/is
used during presentation. Furthermore, any annotation system of any presentation
software can be recordedand all dynamic elements like animations, annotations as
well as pointer movements are retained.

Unfortunately , this 
exibilit y is also the primary drawback of this approach. Screen
recorders are independent of presentation software and annotation systems and
thereforehaveno accessto document structures, textual content or any events caused
by the presentation software. The inaccessibility of input documents and events in-
hibit comfortable navigational, post-processingand retrieval features.Conventional
screenrecordersonly o�er video-likeediting options (e.g.cutting and concatenating),
sequential playback and at best timeline navigation.

In order to conservea lecture, a screenrecorderneedsto digital ly accessthe graphical
output. One possibility is screen grabbing, which periodically grabs the complete
desktopasa bitmap (e.g.by copying the graphic card's bu�er). Storing uncompressed
bitmaps at high frame rates (bitmaps or framesper second= fps) obviously creates
hugeamounts of data. Grabbing a screenof 1024� 768pixels at 32bit color depth and
20fps leadsto 3600Mbyte per minute. Standard picture compressingalgorithms may
not besu�cien t to reducethe data to a manageableamount. Rather, screenrecorders
demandcompressionalgorithms designedfor motion pictures. Standard video codecs
provide much higher compressionrates by allowing lossy compression.However,
to provide high quality multimedia-based learning materials, not only the quality
of the contents and its visual representation in respect of pedagogical issuesare
crucial, but alsoits visual representation regarding imagequality. A low quality video
transmission of the speaking teacher is no problem. We recognizewho is talking,
his/her gesturesand movements even if some details are missing. Applying lossy
compressionto the content of slide, on the other hand, can result in illegible text or
indistinct sketches and tables as demonstrated by Figure 2.3, where the lossy area
wasachievedby applying JPEG compressionwith very low quality settings,or Figure
2.2, which shows a video screenshot of a �lmed presentation. Even if the degreeof
lossis not that bad and the slidesare only blurred instead of being unreadable,it is
at least hard to follow the lectures, becausereading low quality slidesover a period

6 Full screenmovie replay during representation generally exceedsrecording capacities
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of 90 minutes is awkward and tiring (even if the lecture is interesting). As standard
video compressionalgorithms are designedto encode real world videos, they are
adequate and unproblematic for live videos, movies, video conferencing,etc., but
\do esin most casesneither lead to acceptablequality nor to a reasonablesizeof the
compressed�le" [Lauer and Ottmann, 2002] if applied to the contents of a graphical
desktop.

Fig. 2.3. Lossy vs losslesscompression

During ordinary slide presentations the screencontent is rarely altered. Changes
occur only whenever the teacher switches slides, except for maybe a clock or the
mousepointer, which causessmall parts of the screento changefrequently . Hence,
two bitmaps representing two sequential frames will rarely di�er very much from
each other, which o�ers large potential for compressionby storing frame di�erences
only. The TechSmith Screen Capture Codec [TSCC, 2006] used by the commercial
screenrecorder Camtasia Studio [Camtasia, 2006] is especially designedfor lossless
and e�cien t compressionof screencontent. Unfortunately , it is only available for
MS Windows systemsand still results in huge �les if a high frame rate is applied,
as is necessaryto enable smooth playback. Lowering the frame rate reduces the
memory consumption, but also reducesthe quality. Instead of a smooth playback,
pointer movements and animations look jerky. Dynamics are (partly) lost. This is the
samefor all other codecsthat support �xed frame rates only. Dynamically adapting
frame rates, which allow the usageof many frames whenever necessaryto preserve
dynamics but reduced frame rates elsewhere,would be preferable but are rarely
supported. Most compressionalgorithms support di�eren t, but �xed, frame rates,
selectablein advanceof recording only.

Another approach for conserving the graphical output can be output grabbing in a
more general sense.Instead of recording bitmaps it is also possible to store trans-
mission protocol information, as is done by VNC sessionrecorders (seeChapter 5)
or in the University of Mannheim's Interactive Media on Demand (IMoD) system
[Hilt et al., 2001] basedon their Real Time Protocol for Distributed Interactive Media
(RTP/I) [Mauve et al., 2001]. Protocol information is tagged with synchronization
data and replayed similarly to the symbolic representation approach. However, de-
pending on the recorded protocol, no document content and structures are stored,
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but rather messagesdescribing screencontent. Such event-based recording is not
constrainedby a predetermined �xed frame rate, but rather storesdata on demand,
which o�ers more 
exibilit y concerning the trade-o� between preserving dynamics
and achieving small �le sizes.

Symbolic Representation Screen Recor ding

Presen tation
Soft ware

dedicated presentation software
with integrated recorder

any

Input
Formats

restricted by presentation
software

any

External
Applications

limited or not supported any

Annotations built-in annotation system of
presentation software

any (recorder built-in and
presentation software)

Dynamic
Elemen ts

dynamic annotations; others are
rarely supported

any (limited by frame rate)

Retriev al searchable (full text search) |
Na vigation slide-based timeline only
Editing content editable video-like editing only

(cut and concat)
Scalabilit y scalable fonts and vector

graphics
|

Table 2.2. Symbolic Representation vs ScreenRecording

Table 2.2 presents an overview of the comparison between the two recording ap-
proaches.In summary, wehave
exible recording, i.e. a 
exible environment that sup-
ports the recording of arbitrary content and applications, versusstructured record-
ings, i.e. asynchronous electronic lectures in the form of structured �les, which en-
able enhancedpost-processingand playback features.However, the optimal solution
should enableboth a 
exible and transparent easy-to-userecording processproduc-
ing electronic lectures with e�ectiv e navigational and retrieval options.

One attempt to circumvent this dilemma is o�ered by Lecturnity [Lecturnit y, 2006],
a commercialdescendant of AOF [AOF, 2006]. This recorderstoressymbolical data,
but o�ers an integrated screengrabbing utilit y to capture external applications on
demand. In fact there are two recorders integrated in one environment. Unfortu-
nately, whenever teachers leave the slide presentation (recorded by the symbolic
recorder), then they haveto explicitly initiate the screengrabbing processby starting
the screenrecording component and selectingwhich application has to be recorded.
It is certainly much easierto use the coupled screenrecorder than two stand-alone
solutions. However, as the usageof other applications is possiblewithout recording
them, teachers tend to forget to start the recording process.In such casesonly the
verbal narration, but no application, is recorded.Furthermore, this approach hasstill
limited navigational and retrieval options for screenrecordedparts and is meant for
teachers who rarely useadditional applications.

Another approach is given by tele-TASK [Schillings and Meinel, 2002,
teleTASK, 2006]. This screen recorder delivers a special plug-in for MS Pow-
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erPoint, which is connectedto the recorder. Thus, the recorder can preserve events
from the presentation software, such as switching to another slide, and hence,
enrichesthe produced electronic lecture with slide-basednavigation. Unfortunately ,
this approach reduces 
exibilit y as it demands presentation software dependent
plug-ins (currently only PowerPoint is supported. Furthermore, transparency is
reduced, becausethe teacher must install and remember to start the plug-in prior
to recording.

Our research followedan alternativ eapproach. Starting with a 
exible screenrecord-
ing system, the produced electronic lectures are enriched with structure to provide
navigation functionalit y (Chapter 7) and integrate retrieval options (Chapter 8) by
automated post-production independent of the presentation (or any other) software
which was used.
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2.3 Ligh tweight Pro duction and Transparen t Recording

While discussingelectronic lectures (Section 2.1) we have stated that lightweight
course production, which is \to record a quite regular live lecture in order to obtain
versatiledigital material with negligibleadditional cost" [Kandzia and Maass,2001],
is a preferable solution for producing digital learning material in a cost-e�ective
way. High quality studio productions demand a lot of preparation to selectand cre-
ate teaching contents. Special technical equipment and many manual resourcesare
neededduring production and post-production. \Exp eriencegained in several large-
scaleprojects in Europe has shown that production costs for rich-media content in
the range between 50,000and 100,000EUR per weekly lecture hour are no excep-
tions" [Lauer and Ottmann, 2002]. This is mostly not a�ordable, especially recalling
that University teaching should stay up-to-date with research, but updating content
is not easyto achieve in such a high quality production process.Lightweight record-
ing of regular live lectures in order to createelectronic lectures tremendously reduces
production costs,but still o�ers meaningful digital learning material. Furthermore,
lightweight recording enableslarge archivesof electronic lectures to be built up in a
short time and thus delivers a basis for virtualizing teaching processes.

As lightweight courseproduction is kind of an add-on, it must not negatively in
uence
live lectures.The recording functionalit y should rather be seamlesslyintegrated into
the existing lecturing environment. At best, presentation grabbing/recording should
be transparent to lecturers [Ziewer and Seidl, 2002]. In other words teachersare not
aware of the recording processat all, but are free to perform their preferred tradi-
tional teaching styles. Thus, the presenting processstays the same,no matter if a
lecture is recordedor not. A transparent recording techniquenot only doesnot disturb
teachers willing to apply modern teaching approaches,but also will reach a larger
group of teachers becauserecording is not dominated by laborious preparation and
complexoperation. The familiar act of presenting is entirely su�cien t to achieveelec-
tronic lectures. Such an approach conforms to [Muehlhaeuserand Trompler, 2002],
who advocate a smooth transition from traditional to digital teaching in order not
to create powerful teaching environments for small elites and leaving behind the
big massof averageteachers. This approach also corresponds to [Sch•utz, 2003] who
said that \the main goal ... is not to produce the best e-learning content, but to
produceit very easily". Certainly, somerequirements and restrictions are inevitable.
In order to achieve valuable electronic lectures only computer-based presentations
can be recorded.Therefore the elements of traditional teaching must be transferred
to digital analogons as described in Section 2.1.3. Now we will discusspossibilities
of seamlesslyintegrating recording techniques and equipment into live lectures, in
order to achieve a transparent recording environment. Nevertheless,it is not our in-
tention to give a solution �tting all possiblecircumstancebut rather to o�er hints,
becauselocal conditions, available hardware and applied recording techniques can
di�er considerably from one another in numerousaspects.

Audio

Audio recording can be seamlesslyintegrated by using pre-existing hardware. Large
lecture halls are commonly equipped with at least one microphoneand an adequate
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system of loudspeakers. In this caseit is su�cien t to connect the recording system
to the existing equipment. Technically this can be done by the use of a simple
Y-splitter cable or better by connecting the recording system to a line-out of an
ampli�er or an interposedmixer. If wirelessmicrophonesare used,the recorder can
be connectedto a secondreceiver, which is adjusted to the samefrequency as the
static equipment of the lecture hall and thus receives the sameinput. The wireless
scenariois even easierto integrate as it doesnot matter where the static equipment
and the recording devicesare located. Somelecture halls provide a special room for
technical equipment in the back, others have the ampli�ers installed at the front
desk or maybe even integrated within the speaker devices.Additionally , recording
approaches di�er in their requirements and possibilities. Some recording systems
are integrated within the presentation software and recording takes place at the
presentation machine. Other scenariosconsist of several machines, which can be
locally distributed.

For smaller presentation rooms, where no voice amplifying is required, a dedicated
microphone must be added, obviously. It dependson the preferencesof the lecturer
if �xed microphones,headsetsor other wirelessmicrophonesshould be applied. A
static microphone requires the teacher to stay within its reach. Wireless devices
o�er more 
exibilit y, but must be attached to the lecturer. Hand-held microphones
or microphoneswhich are attached to the teacher by a wire, are discouragedas they
heavily in
uence a lecture becausethey restrict teachers in their movements.

A simple solution with one microphone is su�cien t for recording the teacher's talk.
Questions from students are a little problematic. Highly equipped lecture rooms
with integrated microphonesfor each student are only available in rare research sce-
narios. Therefore, questions as well as any other verbal output from students are
not captured by microphonesand thus get lost during the recording process.As a
consequence,the teacher's answer can be meaningless.However, this problem also
occurs for any lectures taking place in large lecture halls even without recording
them. An unampli�ed voice is hardly audible in a lecture hall with a capacity of
several hundred students. Handing a microphone to a student prior to asking ques-
tions is cumbersomeand will often limit the number of questionsasked. If a question
is important for the entire audience,the teacher should rather repeat it or at least
phrasethe answers in a way so that it will make sensewithout exactly knowing the
question.

Video

The video equipment provided by most lecture rooms is limited to visual presenta-
tion (video projector, overheadprojector or diascope) not o�ering video recording.
However, no special high tech camerasare required as they will always exceedthe
intended output quality. Rather, any standard video camerasare su�cien t, often
even small internet cameras.

More signi�can t is the placing of the cameraso that it doesnot disturb the lecturer.
A large camera placed on a trip od just in front of the teacher and a technician
working behind the trip od panning the camera according to any small movements
of the teacher will obviously be a disruptiv e factor. A technician also does not �t
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into our low-cost lightweight production approach, which claims to limit manual
resources.In most casesa small �xed camera is satisfactory as it is not intended
to produce high quality video material. Remotely controlled camerasor so-called
pan-tilt devices,which recognizemovements and adjust themselves automatically,
may be usedif camerapanning is required.

Sometimesadditional video devicessuch as VHS7 players are usedduring a lecture.
In order to achieve higher quality in the recording, the playersshould rather be con-
nected to the video input of the recording machine if possible,instead of projecting
and �lming them via video camera.In oneof our settings, we usea (hardware) video
mixer which makesit possibleto switch the input of the lecture recorder.

Presen tation Con ten t

Transparent recording in the senseof presentation content grabbing must accessand
preserve whatever is presented to a local audiencein a real lecture hall. Computer-
based presentation systems commonly consist of a computer, typically a laptop,
connectedto a video projector. The output projected to the wall exactly matches
the output visible on screen.Furthermore, the usageof someslide-basedpresentation
software in fullscreen mode is common practice. To achieve absolute transparency
this should stay the same. Integrating the recording processinto a presentation
environment can be handled by di�eren t approaches di�ering in their placement
relative to the presenting computer (i.e. the computer that is locally present in the
lecture hall and is connectedto the video projector):

I. Output Recording: In order to preserve what is projected onto the wall, it would
be straightforward to �lm the wall and thus the output of the video projector. But
such videotaping is discourageddue to the loss of quality as already mentioned in
the previous sections. In our digital setting, we rather would record the output of
the presentation computer as this is the input for the video projector. Such output
recording can be achieved by useof special digitizing hardware, such as AdderLink
IP8 [AdderLink, 2006], which is connected to the graphical VGA9 output of the
presentation machine in the sameway asthe video projector is. Due to the hardware
costs it might not be the cheapest solution, but it is the most 
exible one because
it allows the output of any computer to be captured without installing any pieceof
software or drivers.

Software recording generally results in lower costs. A software solution for screen
recording accessesthe displayed screencontent on the presenting computer via the
operating systemor graphicscard. As output recording is independent of the under-
lying presentation software, it can store pixel data only. The received pixels must be
compressedand stored in a suitable way (seeChapter 2.2).

II. Parallel Recording: Presentation software with integrated recording functionalit y
also o�ers software solutions for lecture recording. While displaying presentation

7 VHS abbr. for Vertical Helical Scanbut commonly usedasabbr. for Video Home System:
a recording and playing standard for video cassetterecorders

8 AdderLink IP is a VNC compatible KVM-via-IP solution
9 Video Graphics Arra y (V GA): an analog computer display standard
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content on screen(and thus via video projector to a local audience),the presentation
software will also store the content plus additional media streams (audio and/or
video) for later replay. Such background recordingdoesnot in
uence the presentation
processas long asthe recording processdoesnot consumetoo much processingtime,
which possibly could slow down the presentation. As discussedin Chapter 2.2, such
presentation software recorderscan accessand store the symbolic representation of
input documents and thereby preserve structuring as well as textual content.

III. Input Recording: Another approach is available for distributed infrastructures,
such as a videoconferencingenvironment or a set-up where the presenting machine
accessesthe presented content locatedon another computer via a network. A recorder
accessesthe data transfer betweenthe content providing and the presenting machines
(e.g. interposedasproxy). The data transfer can be loggedand replayed later in the
sameway. Moreover, it can be interpreted in the sameway a presentation software
would do and then handled as in the parallel solution (just without presenting the
content). Note that those di�eren t tasks are not necessarilydistributed to di�eren t
computers. The recording software can be a processrunning on either the recording
or the content providing computer. Even those two tasks (and therefore all three)
can be performed on a single computer in today's multitasking systems.

Other distributed scenariosdo not transmit presentation content to the present-
ing computer, but redirect the output of a presentation to the presenting machine.
This means,the presenting machine located in the lecture hall and operated by the
teacher is not performing the presentation. In fact, it works as a client accessinga
server which runs the presentation software. Thus, the output of the presentation
is transferred from the server to the computer in the lecture hall, which presents it
to the teacher and the local audience.The input of the presenting computer is the
output of the machine that performs the presentation. Recording such data trans-
mission obviously doesnot o�er accessto input documents or events causedby the
presentation software. Hence,only pixel data is stored.

Con trolling

In somecircumstancesa looseningof the transparent concept is inevitable. This is
the casewhenever the integration of additional features demandssomecontrolling
possibilities. Obviously someuser interface for interacting with the systemhasto be
integrated into the recording or presenting software, respectively. However, the pre-
sentation system should stay as transparent as possibleand the ease-of-useof new
features should have �rst priorit y in order not to disrupt the natural 
o w of a live
presentation. Therefore, simple but e�ectiv e user interfacesmust be developed and
integrated only. Too many separatewindows or di�eren t user interfacesfor slightly
di�eren t scenariosconfusesteachers and students [E�elsb erg and Geyer, 1998]. Re-
specting the smooth transition approach, no lecturer should be forced to use addi-
tional features, but should freely decide if and when to do so. Individual con�gura-
tion of a common adequatestandard user interface can provide more 
exibilit y by
allowing controlling elements to be added or removed.

Examples of additional features are controlling the recording process,which obvi-
ously is not neededin presentation-only environments, or annotation systems,which
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can be meaningful for the local live presentation as well (recall the graph 
o w al-
gorithm example from Section 2.1.1). If recording is not controlled by a technician
in the background, but rather teachers themselves initiate and stop the recording
process,at leastonestart/stop button or keyboard shortcut must beavailable. Omit-
ting buttons and using shortcuts only has the bene�t of not disturbing the visual
representation of slides, but starting and stopping the recording processcan easily
be forgotten. If somegraphical user interface is present anyway (e.g. for annotations
or slide control), an additional button does not matter. If the recording processis
performedby useof dedicatedhardware, buttons are probably provided in hardware
instead.

Fig. 2.4. MS PowerPoint 2003's annotation controls (closed)

For annotation systemsthere must bean option to chooseand placeannotations, and
usually one can select an annotation mode and maybe the coloring. At best, inter-
actions should be accessiblevia a singleclick. The menu style annotation controls of
MS PowerPoint hasalmost no a�ect upon the visual presentation itself (Figure 2.4),
but unfortunately always requires two clicks to switch betweenpaint modes(one to
open the controls and one to selectthe mode) and the color selectiondemandseven
a secondlevel menu (Figure 2.5).

Fig. 2.5. MS PowerPoint 2003's annotation controls (opened)

We rather suggestthat annotation tools shouldbe accessiblein a comfortable way, at
bestby a singleuserinteraction. A toolbar with the most frequently usefunctions will
suitable. A hardware solution is o�ered by SMART Technologies. Their whiteboards
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are supplied with several electronic pens and the teacher can use di�eren t pens in
order to chosedi�eren t colors [Smartboard, 2006].

Navigational and retrieval features are certainly crucial usagecriteria of electronic
lectures,but must not demandadditional work to be doneduring a live presentation
by the lecturer. [Li et al., 2000a] suggestto selectany headlinesduring a presentation
in order to produce navigational marks which can be accessedduring later replay.
However, this might irritate the teacher and also the students. The teachers' tasks
and thus the user interface should rather be limited to whatever is required for
presenting and recording purposesonly.

In fact the controlling user interface is meaningful to the teacher and within the
recording context only, but unfortunately will also be presented to the local au-
dience. Special hardware, so-calledscan converters, or even many of todays video
projectors allow clipping of video output in order to display a selectedsectiononly. If
the graphical user interface of the presentation/recording software is located at the
border of the presentation area (which is advisable in order not to overlap and hide
something), they can be clipped out. This is obviously not possibleusing electronic
whiteboard hardware (e.g. Smartboard), where teachers and students must seethe
same,becausethe board is used as the input device. The electronic lectures which
are produceddo not su�er from unwanted graphical user interfaces,becauseonly the
presentation content will be recorded(except for hardware output recording, which
will receive the samedata via the graphics card as a local video projector).
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2.4 Criteria and Features

In the previous sections we have regarded three criteria, lightweight content pro-
duction, transparent lecture recording and smooth transition (from traditional to
e-teaching), giving guidelinesto produce electronic lectures in a fast, easyand com-
fortable (for the teacher) way. As thoseare no true-or-false criteria , the term strate-
gies might be more appropriate. To summarize, those strategiesand guidelinesare:

I. Ligh tweigh t Pro duction

Producing electronic lectures should be fast and inexpensive, i.e.:

a) producing electronic lectures by recording real live lectures,

b) reducing manual and technical resources,

c) utilizing highest possibledegreeof automation.

I I. Transparency

The recording process should not (negatively) in
uence the natural 
o w of
recorded live lectures, rather teachers should be unaware of the recording pro-
cess.This can be achieved by:

a) supporting the teacher's choice of presentation software and documents,

b) recording in the background,

c) seamlesshardware integration (concerning type and placement),

d) if additional user interfacesare inevitable, keepthem concise.

I I I. Smo oth Transition

The recording environment should aid teachers by o�ering bene�cial features,
but not force their appliance:

a) ease-of-use(at best in a familiar style),

b) enabling quick-start for untrained (with regard to lecture recording) teachers
without additional preparation,

c) step-by-step integration of additional features at teacher's pace.

In addition to these basestrategies giving ideas and hints for how to achieve cost-
saving and teacher friendly content production processes,a detailed criteria and
feature catalog for both production and replay of electronic lectures is needed.The
aim is to compareexisting environments and approachesexposing 
a ws and restric-
tions of today's lecture recording technology. In the following chapters we will then
o�er theoretical ideas and practicable implementations to loosen restrictions and
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eliminate 
a ws and, consequently , suggestsolutions to achieve more suitable and
convenient electronic lectures.

There are essential features, which are indispensableto achieve meaningful replay,
and desirable features o�ering very useful aspects to enrich the value of an electronic
lecture. Rating the features depends on user preferencesand somefeatures might
con
ict with others. Hence,we cannot design a 1 to 10 scalewhich could be used
to create the perfect 10 electronic lecture recording and playback environment, but
rather achieve hints and suggestionsfor some classi�cation. Hardware aspects are
left out here,becausethey arealmost the samefor any kind of presentation recording
environment.

Obvious essential features for slide-based electronic lectures (stated by
[Lauer and Ottmann, 2002, Brusilovsky, 2000]) are:

LO1 Verbal narration:

audio recording of the teacher's voice

LO2 Static slides:

storing slidesdisplayed during presentation and slide replay synchronized to the
verbal narration

Recording slides without verbal narration delivers no more than a simple script
(maybe with additional annotations) and therefore we will not call it an electronic
lecture. Audiobooks intended for listening purposesonly or referring exactly to cer-
tain textual learning material, e.g. by referencingby pageand section numbers, are
meaningful without recorded slides. In the caseof recording live lectures, a verbal
narration without interlinkageto visual content is impossible(or at least very hard)
to follow, becauseit is not intended to be usedin such a way.

Beyond this elementary functionalit y, [Lauer and Ottmann, 2002] list nine criteria
for the evaluation and comparisonof presentation recording systems:

LO3 Represen tation of conten ts:

preserving symbolic information of the original content wherever possible, be-
causeit o�ers:

a) information retrieval (e.g. full text search)

b) scalability

c) later manipulation of content

d) reducedamount of data comparedto video formats

LO4 Dynamic capture and repla y of annotations:

a) preserving the dynamics of teacher's handwriting and other graphical anno-
tations
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b) associate annotations with slides(so that annotations disappear when a slide
is changedand made visible again when returning to that slide later during
presentation)

LO5 Structured overview of recordings:

a) automatically created overview (e.g. via thumbnails) or table of content
showing the structure of the presentation

b) o�ering comfortable navigation by accessingstructured elements

LO6 Visible scrolling during repla y:

a) browsing through an electronic lecture by dragging a slider along a scrollbar
with instant update of the display during dragging(and not afterwards,when
the knob is released)

b) real-time random accesswithout noticeable delay (required to achieve fast
visible scrolling)

LO7 File format and size of recorded do cumen ts:

a) small �le sizesappropriate for downloading

b) platform-independent format

c) standard web-basedformat

d) streaming abilit y

e) losslesscompressionof slidesand presentation content (to achieve su�cien t
quality)

LO8 Formats of material whic h can be captured:

a) recording any given �le format

b) or application used

LO9 Capture and in tegration of liv e video:

video picture of the teacher

LO10 Post-editing facilities:

although opposingthe lightweight strategy someediting featuresmight be useful

a) cut and join parts

b) manipulating slide content (can best be achieved if represented symbolically)



32 2 Presentation Recording and Transmission

LO11 Turning records in to CD-Rom or web-based course:

easyand automated way of combining recordings with other materials as part
of integrated e-learning modules to organize a course in a web-basedlearning
management system or on distributable storagemedia

[Lauer and Ottmann, 2002] addressedasynchronous electronic lectures only, but
[Kandzia et al., 2004] recall and summarize those criteria and add:

LO12 Synchronous transmission:

Transmitting live lectures either to other lecture halls and/or to online students

Although we agreewith most of the suggestedaspects, we will rework and extend
them. Extending the list is needed to add further synchronous aspects. Rework
mainly concernsthe intert wining of symbolically represented content and features,
such asscalability, structuring and retrieval. The representation of content certainly
has a crucial impact on somefeatures, but the features are what we demand in the
�rst place. Enabling any of those features without using symbolically represented
content is su�cien t aswell. Therefore our criteria catalog should rather list informa-
tion retrieval LO3a and scalability LO3b as individual features independent of the
content representation aspect. The same holds for structured recordings (already
listed separately), manipulation of content (listed twice LO3c and LO10b) and data
amount (also listed twice LO3d and LO7a).

In addition to dynamic annotations, the aspect of dynamics should be extended to
capturing and replaying any dynamic elements including pointer movements, ani-
mations and interactions with arbitrary software (covered indirectly by LO8).

Real-time random accessLO6b is a condition precedent to enable visible scrolling
LO6a, but is bene�cial for any kind of navigation (e.g. accessingslides) and hencea
desirable feature of its own.

[Mertens and Rolf, 2003] suggest the following features of an ideal recording tool
(partly derived from [Lauer and Ottmann, 2002, Brusilovsky, 2000]):

MR1 Adv anced navigation

such as structured overview (LO5) and visible scrolling (LO6)

MR2 Animations

reproduction of animation (e�ects) as part of a slide presentation

MR2 represents animations, which are provided aspart of a slide presentation within
a presentation software. These could be simple fade-in/fade-out e�ects applied for
slide changing, but also any other sophisticatedanimations usednot only for the ef-
fect, but rather for educational issues.Mertens and Rolf include reproduction of such
animations (or animation e�ects), becausesystemslike Lecturnit y [Lecturnit y, 2006]
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convert slidesto proprietary formats, which may not support all kinds of animations
and features of the original document. Mertens and Rolf suggestdecomposing an
animated slide into a sequenceof several (sub)slides to reproduce such animations.
However, this is also a conversion of slides, which may support more e�ects, but
again may be incomplete. The drawback of converting slides is that the conversion
algorithm is most probably outdated for any new releaseof the original slide format.
Nevertheless,reproducing animated slides instead of supporting static slidesonly is
a desirable feature for a lecture recording environment.

MR3 Capture of hand-written annotations

MR4 Full text search

Annotations (MR3) and full text search (MR4) are analogousto LO4a and LO3a,
respectively.

MR5 Line based addressabilit y

accessinglines rather then slides (as in [Brusilovsky, 2000])

MR6 Line based synchronization

synchronize audio and video streamsaccording to accessedlines

Navigational features (MR1) are covered more precisely by Lauer and Ottmann
(LO5 and LO6), but line-based navigation (MR5 and MR6) (also suggestedby
[Brusilovsky, 2000]) delivers an additional aspect, which is hardly ful�lled by any
of today's recording systems.Line-basedaddressability and synchronization can be
mergedto a singlefeature becauseoneis uselesswithout the other. In fact, line-based
navigation and slide-basednavigation are subtopics of a structured overview/access
(LO5).

MR7 Metadata

incorporation of metadata in the recordeddocument (e.g. keywords, coursede-
scription, languageof course)to make recordeddocuments accessiblefor content
management

MR8 Post-editabilit y

in the meaning of LO10

MR9 Screen recording

whenever a lecturer switchesto another program

Demanding a screenrecording feature mixes representation of content and the in-
tended feature of an abilit y to record additional applications other than the presen-
tation software (analogousto LO8b). Admittedly pixel-based recording is the best
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suited and maybe the only full featured solution to achieve this criterion. If screen
recording is also applied to the presentation software, the animation feature (MR2)
is covered per se.

MR10 Searchabilit y by conventional search-engines

generateelectronic lectures, which are indexable by web-search-engines

The searchabilit y by conventional search engines o�ers an additional and mean-
ingful retrieval aspect not addressed by Lauer and Ottmann. Additionally ,
[Jackson et al., 2000] state searchabilit y over all types of media, i.e., text, graph-
ics, audio and video, as a desirable retrieval feature, although it is not quite clear
what to search for in a video, which mainly shows a speaking teacher. Furthermore,
they suggestsearchabilit y not for a single electronic lecture only, but for an entire
library of coursesas well, which, for sure, is a meaningful aspect. Such search func-
tionalit y is somehow a looseningof MR10, becauseretrieval is enabledfor large data
bases,but not necessarilyby useof conventional search engines.

MR11 Supplemen tal deliv ery of annotations, links and references at any time

enable adding and altering of additional information and learning material re-
lated to certain parts of an electronic lecture by teachers and students (e.g.
wiki-lik e)

The integration of metadata (MR7) and supplemental elements (MR11) are not listed
by Lauer and Ottmann. However, the group of Prof. Ottmann (the developers of
the Authoring On The Fly (AOF) system [AOF, 2006]) discussesthe integration of
student notes [Lienhard and Lauer, 2002, Lienhard and Zupancic, 2003], which can
also be seenas supplemental elements.

Brusilovsky, who has suggested the integration of supplemental elements
[Brusilovsky, 2000], also states retrievabilit y of those elements, e.g. searching key-
words, comments or links to additional resources(which he calls annotations dif-
ferent from our term). A very similar idea is o�ered by [Jackson et al., 2000], who
suggesta supplementaryinformation window with extra readingsor links. Another
feature suggestionby [Jackson et al., 2000] is to o�er students the possibility of in-
teracting with their learning environment. They suggestelectronicnote-taking in the
form of text and graphical annotations, post-its (to tag information) as well as cap-
tioning short audio or video clips, all of which can be �led under the vaguefeature of
o�ering supplemental elements (MR11). A �ne-grained classi�cation of supplemental
elements cannot be achieved10 due to unequal requirements and very diverseappli-
ance of such additional elements throughout di�eren t e-learning systems. In fact,
psychological studies and evaluations concerning acceptanceby students/teachers
and learning bene�ts are neededto provide a classi�cation.

10 Unless split into well-de�ned subtopics, but such discussion is not required throughout
this thesis
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2.4.1 Criteria Catalog

Merging the di�eren t aspects and feature lists with our own experiencesgained
throughout the last few years,we suggestthe following catalog of criteria for evalu-
ation and comparisonof presentation recording systems:

C1 Verbal Narration

recording the teacher's voice in high quality is mandatory

C2 Liv e Video

a small, low quality video is su�cien t if showing the teacher only; high quality
video is demandedfor instanceto preserve experiments �lmed via camera;video
may be omitted to reducebandwidth usageor �le size

C3 Presen tation Con ten t

concerningdegreeof ful l-featured support and preserved dynamics

a) Format of presentation documents

handling presentation formats (e.g. html, pdf, PowerPoint incl. dynamic el-
ements), static slide images (e.g. BMP, JPEG, GIF) or at best, any input
documents

b) Supported presentation software

dedicated presentation software (familiar to teacher), recorder built-in pre-
sentation feature (unknown to teacher) or ideally any presentation software

c) Supported additional applications

abilit y to preserve arbitrary applications (e.g. browser) in addition to a slide
presentation (incl. menus and pointer movements)

The distinction between supported document formats and presentation software is
recommended,becausesupporting certain input formats regardsthe processof cre-
ating teaching material, but the secondaspect addressesthe act of presenting itself.
Although a presentation recorder supports a certain document format, it does not
necessarilysupport the teacher's choiceof presentation software. Consider a teacher
who producesteaching material with the often used MS PowerPoint, but usesthe
recording software Lecturnit y [Lecturnit y, 2006]. The teacher propably is familiar
with PowerPoint not only for creating but also for presenting slides, but must use
Lecturnit y's integrated presenting functionalit y. This may annoy someteachers and
thus possibly prevent them recording their lectures. On the other hand, support-
ing the teacher's choice of presentation software o�ers transparency and ease-of-use
during recording as the teacher is familiar with the handling. Of coursesupporting
the teacher's commonly usedpresentation software implies that her/his presentation
documents are supported as well (unless the teacher made someterrible wrong de-
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cisions). Furthermore, a recording environment may support a certain input format
not directly, but demand someconversion of the original input documents.

C4 Annotations

a) Type of annotations

such as freehand notes, graphical objects, textual and audible annotations,
referencesand other supplemental elements

b) Dynamic capture and replay of annotations

preserving the dynamics of handwritten and other graphical annotations
(used for emphasizingor note-taking by teachers during live lecture)

c) Annotations associated with slides (or other elements)

so that annotations disappear when a slide is changedand are made visible
again when returning to that slide later during presentation

d) Student note-taking

supporting student notes and annotations live or during replay regarding
kind of annotations (e.g. references,textual, graphical, audible), maybe dis-
tributed among students (and teachers)

C5 Metadata

incorporation of metadata in the recordeddocument (e.g. keywords, languageof
course,coursedescription) to make recorded documents accessiblefor content
management, also regarding the format of metadata

C6 Post-pro cessing

a) Video-like editing

cutting and concatenating

b) Content editing

editable slide content and/or annotations

c) Creation of distributable media

production of lecture archives,web-basedcoursesor distributable media (e.g.
CD/D VD)

Criteria C1-C6 regard content and production mainly. At least, sequential replay
must be possibleto make useof the createdelectronic lectures,but this alonewould
not be su�cien t for a top-qualit y learning environment. Rather advancednavigation
and retrieval aspects must be addressed:
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C7 Na vigation

a) Structured electronic lectures

regarding granularit y (e.g. slide-, line-, element-based navigation) and rep-
resentation (e.g. thumbnail overview, table of contents) of identi�able and
accessableelements

b) Random Access

possibility to accessany position (e.g. time-line navigation) regarding access
time (real-time random access without noticeable delay)

c) Visible Scrolling

browsing through an electronic lecture by dragging a slider along a scrollbar
with instant update of the display during dragging(and not afterwards,when
the knob is released)

Real-time random accessis demanded to achieve meaningful visible scrolling and
is suitable for other navigation features such as slide-basednavigation. However,
accessing(the beginningof) slidescanbeachievedwithout supporting random access
(e.g. storing separate�les for each slide).

C8 Information Retriev al

a) Searchable content

which content/elements is/are searchable (for instance full text search of
slides,keywords, annotations, audio or video search)

b) Rangeof searchabilit y

supporting retrieval within single electronic lectures, databasesof archived
lectures or via conventional web-search engines

Also more technical issuesof electronic lectures are a sourceof classi�cation:

C9 Format of Pro duced Electronic Lectures

a) Losslessreproduction

replay content without loss in quality

b) Scalability

scaling content without loss in quality to �t to di�eren t screenresolutions

c) Streamability

d) Format
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standard formats are preferable to proprietary ones

e) File sizeand bandwidth

supported bandwidths for streaming; �le size for downloading

C10 Platform Indep endency

platform independent recording, post-production and replay

Many issuesa�ect synchronous and asynchronous electronic lectures in the same
way. Navigational and retrieval features concernasynchronous aspects. In addition,
special requirements of synchronous lectures are handled in the last item of our
criteria catalog:

C11 Synchronous Electronic Lectures

a) Addressedparticipants

uni- or bidirectional (audio/video feedback channel) live transmissionto dis-
tant lecture halls or online students (at their homes)

b) Scalability

number of participants that can be handled

c) Late join

providing late-comerswith a consistent state

d) Error tolerance

e) Synchronization

regarding delay (real-time or bu�ering) and support of multi user inputs
(e.g. distributed whiteboards)

We do not claim our list to be completein all aspectsor to be suitable for all kinds of
(maybespecialized)evaluations, but rather it o�ers a good overviewmost readerscan
probably agreewith. The suggestedcriteria catalog is derived from the recommenda-
tions of various other research results [Lauer and Ottmann, 2002, Brusilovsky, 2000,
Kandzia et al., 2004, Mertens and Rolf, 2003, Jackson et al., 2000], which havebeen
mergedwith our own experiencesfrom recent years.Most items are congruent with
features listed by other researchers, but somehave beenreformulated, combined or
segmented to be, in our opinion, more appropriate. In particular we tried to abstract
the required feature (which wewant to reach in the �rst place) from a certain way (of
possibly many) to achieve that feature. Consequently this catalog reveals the most
important features and criteria useful to evaluate and compare lecture recording
systemsin di�eren t aspects.

Note, that the importance of the criteria may be di�eren t according to the intendet
e-learning scenario.For example, retrievabilit y is very important to locate certain



2.4 Criteria and Features 39

topics in a huge databaseof asynchronous electronic lecture, but is typically rather
unimportant for any synchronous scenarios.
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VNC: Virtual Net work Computing

Virtual Network Computing (VNC) [Richardson et al., 1998] is a remote desktopen-
vironment providing accessfrom a client machine to a desktop on a server machine.
VNC was developed at the Olivetti & Oracle Research Lab (ORL), which was ac-
quired by AT&T in 1999and since then called AT&T Laboratories Cambridge. As
part of AT&T's global restructuring of research, the industrially funded part of the
Cambridge Laboratory was closedin 2002.However, the original inventors of VNC,
the team around Andy Hopper, professorof Computer Technology at the Univer-
sity of Cambridge, continued to develop and maintain VNC under a newly founded
company called RealVNC [RealVNC, 2006]. BesidesRealVNC there are other full-
featured VNC implementations, for instance TightVNC [TightVNC, 2006], Ultra-
VNC [UltraVNC, 2006] or OSXvnc [OSXvnc, 2006], which o�er various enhance-
ments like e�cien t compressionalgorithms, encryption or �le transfer. There are
also numerousVNC client implementations or special purposeservers (e.g. export-
ing a single application or a graphical user interface only). Except for somespecial
featured versionsof RealVNC, all these implementations are freely available, both
as executablesand sources.

3.1 The VNC Environmen t

In the VNC environment a server machine, called VNC server, supplies an entire
desktop environment that can be accessedvia network from any machine using a
thin software client, called VNC viewer. The technology underlying the VNC system
is a simple protocol for remote accessto a graphical user interface. It is called Re-
mote Framebu�er (RFB) protocol [Richardson, 2005]. Unlike other remote display
protocolssuch as the X Window system,the RFB protocol is totally independent of
operating systems,windowing systemsand applications. Thus, it allows crossplat-
form usagebetweenarbitrary operating systems,e.g.accessinga Microsoft Windows
desktop from a Linux machine or an Apple Macintosh from Sun Solaris.Besidesvar-
ious VNC implementations for several operation systems,a client implemented as
a Java applet o�ers accessto any VNC Server from within any Java capable web
browser. While remote desktop accessis the main usageof VNC, other scenarios
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accessingonly a single application, e.g. the controls of an audio player application,
are possible.

3.2 Remote Framebu�er Proto col (RFB)

The Remote Framebu�er (RFB) protocol is currently available in its version 3.8
[Richardson, 2005], which is backwards compatible to the only previously published
versions 3.3 and 3.7. It is a simple protocol for remote accessto a graphical user
interface. The protocol works, as the name suggests,at the framebu�er level and
is basedon a single graphics primitiv e: Put a rectangle of pixel data at a given x,y
position. A framebu�er update represents a changefrom one valid framebu�er state
to another. The protocol is demand-driven by the client. That is, an update is only
sent by a server in responseto an explicit update requestfrom a client, assuringthat
pixel data is transferred only if the client is ready to process.This demand-driven
communication in conjunction with the client's properties concerning color depth
and encoding schemes,gives the protocol an adaptive quality. A slow client and/or
network results in fewer framebu�ers. Furthermore, the RFB protocol is a thin client
protocol that makesvery few requirements of the client. In particular, the protocol
makesclients stateless. A client can disconnectat any time and reconnecteven from
another machine and will �nd the graphical user interface in the samestate as left.

The protocol consistsof two stages:an initial handshakingphaseto establishthe con-
nection followed by the normal protocol interaction. During the handshakingphase
the two participants agreeon a protocol version, handle the authorization and ne-
gotiate the format and encoding with which the pixel data will be sent. There are
various pixel formats and encoding schemesto compressthe pixel data, giving a
large degree of 
exibilit y to trade-o� various parameters such as network band-
width, client drawing speed,and server processingspeed.A server must respect the
client's properties concerningpixel format, color depth, and encodings.

In the second phase, the normal protocol interaction, the two participants com-
municate by exchanging messages.The protocol de�nes several client-to-server and
server-to-client messages, mainly to notify each other about input events and frame-
bu�er changes,respectively. If the RFB protocol is set upon a stream-oriented data
transfer, such as TCP/IP 1 (as is the casefor VNC), skipping messagesor reading
messageswithout parsing them is impossible. This is the casebecausemessages
(even of the sametype) have variable lengths, but neither length tags nor message
delimiters are provided by the RFB protocol. Hence, messagesare intended to be
read sequentially and in total.

The input side of the RFB protocol is based on a standard workstation model of
a keyboard and a multi-button pointing device like a mouse.A client sendsinput
events to its server whenever a user pressesa key or pointer button or moves a
pointing device.Soall input events generatedby a client are passedon to the server
and thus to applications running at server side. The server's task is to determine

1 Transmission Control Proto col [Postel, 1981b] / Internet Proto col [Postel, 1981a]
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pixel changeswithin the framebu�er (representing the applications). Whenever a
client requeststo update a rectangular areaof the framebu�er, the server transforms
and encodes pixels of the speci�ed area according to the client's properties and
returns the resulting framebu�er update. A framebu�er update consistsof a sequence
of rectanglesof pixel data, which the client should copy into its framebu�er. The
rectanglesin an update are usually disjoint but this is not necessarilythe case.The
server usually responds to a requestby sendinga framebu�er update. Note however
that there may be an inde�nite period between a request and an update and that
a single framebu�er update may be sent in reply to several requests,combining the
requestedareas.

Update requests can be incremental or non-incremental. In the case of a non-
incremental update request any pixel within the speci�ed rectangle must be up-
dated. Otherwise the server may send only subregionscovering those parts of the
framebu�er that contain modi�ed pixels. The server can either sendexactly the re-
questedarea (same as non-incremental), the area speci�ed by the outer bounds of
all modi�ed pixels within the requestedrectangle, or a set of adequaterectangular
subregions.

Fig. 3.1. Incremental and non-incremental framebu�er updates

Figure 3.1 shows an example of a framebu�er with somemodi�ed pixels (top left).
The area requestedby the client is marked by a rectangle.The non-incremental up-
date (left) contains many pixels that have not beenmodi�ed (since the last update).
For the incremental request, the server has chosentwo rectangular areas(bottom),
which contain all modi�ed and only a few unnecessarypixels. It would have been
valid to transfer modi�ed pixels only, but that would have demandedat least seven
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rectanglesand thuspossiblyresulted in an overheadcausedby rectangleheaders.The
granularit y of partitioning is a trade-o� between processingtime and the achieved
compressionratio and varies among several server implementations.

3.2.1 Common VNC work
o w

The RFB protocol speci�cation [Richardson, 2005] does not exactly designatehow
to use messages.It demands that the communication must start with the initial
handshaking phaseand proceedto the normal interaction stageafterwards. At this
stage,the client can theoretically sendwhichever messagesit wants, and may receive
messagesfrom the server asa result. Practically the commonVNC client and server
implementations follow a certain work
o w (see Figure 3.2). At �rst, the client

Fig. 3.2. Work
o w of common VNC implementations

overrides the server's pixel format settings and speci�es which encodings are ac-
cepted by sendinga SetPixelFormat and a SetEncodings message,respectively. This
is done before any other messageis sent, and in particular before any framebu�er
update request.Setting properties beforeany pixel data is interchangedassuresthat
the client receivesonly pixel data it can decode, which is crucial becausemessages
that cannot be parsed or messagesof unknown types cannot be skipped due to
missing messagedelimiters. As the next step in the work
o w, the client requests
a non-incremental update of the complete framebu�er by sending an appropriate
Framebu�erUpdateRequest. The server responds by encoding all pixel values of its
framebu�er and transferring the resulting Framebu�erUpdate messageto the client,
which allows the client to initialize its copy of the framebu�er. Now the client's and
server's framebu�ers are synchronized. This can be seenas secondor intermediate
initialization following the protocol's compulsory initial handshaking phase.
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Afterwards the work
o w enters an in�nite loop of client's requestsand according
updates from the server. Again the client requeststhe complete framebu�er to be
updated, but now in an incremental way. Thus the server has the option to send
smaller rectangular parts only, which are su�cien t to keep the client's copy of the
framebu�er up to date. If no pixel values have been altered since the last update,
the responseis delayed until a modi�cation of the server's framebu�er occurs.After
the client has received, decoded and displayed a framebu�er update, the next itera-
tion of the loop is executed,starting with another incremental update requestof the
complete framebu�er. So to speak, the common implementations make use of full
areaupdate requestsonly, one initial non-incremental requestand always incremen-
tal onesthereafter. During the loop, input events (KeyEvent and PointerEvent ) are
sent whenever they occur.

3.2.2 RFB Message T yp es

The RFB protocol distinguishes client to server and server to client messages.All
messagesbegin with a message-type byte, followed by any message-speci�c data.

Clien t-to-serv er messages

The protocol speci�es six client to server messagetypes:

t yp e message name
0 SetPixelFormat
2 SetEncodings
3 Framebu�erUp dateRequest
4 KeyEvent
5 PointerEvent
6 ClientCutT ext

A client can set its properties by sendingmessagesof the type SetPixelFormat and
SetEncodings, which specify color depth and other format issuesand a list of accepted
encodings, respectively. As those mainly occur immediately after the handshaking
phase,they can be seenas part of the initialization.

Framebu�erUpdateRequests can be incremental or non-incremental and specify the
bounds (coordinates, width and height) of a rectangular area of the framebu�er,
which is supposedto be updated by the server.

KeyEvent and PointerEvent forward user input events to the server. A KeyEvent
consists of a key symbol and a 
ag which speci�es whether a key was pressedor
released.A PointerEvent delivers the actual coordinates of the pointer and a mask
representing which buttons are currently pressed.Such events are used for both
pointer movements and button presses.A movement results in events with di�eren t
coordinates, but without any change of the button mask. A button press and re-
leaseis indicated by two consecutive events with the corresponding 
ag of the mask
once set and once not. If the pointing device has not been moved in between, the



46 3 VNC: Virtual Network Computing

coordinates stay unchanged, otherwise the two messagesindicate the button press
and the movement. For instance, the two consecutive events PointerEvent[(100,50)
with button 1 pressed]and PointerEvent[(102,55)with button 1 released]indicate that
the button 1 was pressedand releasedbut the mouse was also moved from the
coordinates (100,50) to (102,55), which could either be counted as drag-and-drop
(commonly drag-and-drop results in more position changes in between) or just a
little inaccuracy while pressingthe button.

Finally, there are ClientCutText messages,which transfer text from the client's clip-
board to the server.

Serv er-to-clien t messages

In the opposite direction four server to client messagetypesare available:

t yp e message name
0 Framebu�erUp date
1 SetColourMapEntries
2 Bell
3 ServerCutText

The ServerCutText messagetype is the counterpart of ClientCutText and is usedto
transfer the server's clipboard contents to the client. The Bell messagetype is very
simple without any content other than the type byte and is sent to ring the system
bell asusernoti�cation. A SetColourMapEntriesmessagecontains a sequenceof color
values to specify the color mapping to be applied to pixel values(not supported by
someVNC implementations).

Fig. 3.3. Format of the Framebu�erUpdate messagetype (including rectangles)

The most frequently used and most important messagetype is the Framebu�er-
Update (Figure 3.3). An update messagesis sent in responseto a Framebu�erUp-
dateRequest from a client. Each update consists of a number, which speci�es how
many rectanglesare included, and a sequenceof that many rectangles,all of which
contain encoded pixel data supposedto be copied into the client's framebu�er. The
common part of all rectangles speci�es the (x; y)-position where the pixel data is
to be placed, its width and height, and the applied encoding scheme. It is followed
by pixel data encoded by the given scheme.As there are no delimiters provided by
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the protocol, rectanglescannot be accessedindividually , but only sequentially (by
parsing all previous rectangles).

3.2.3 Pixel Format

A pixel format describeshow pixel valuesrepresent individual colors. For true color
formats bit-�elds within the pixel value translate directly to red, green and blue
intensities. Alternativ ely, a color map can be used, where an arbitrary mapping is
applied to translate betweenpixel valuesand red, greenand blue intensities. Further
format parametersare byteorder (little or big endian), color depthand bits-per-pixel.
The distinction betweencolor depth and bits-per-pixel may not be evident. In most
casesthey are equal, however it is common to store 24-bit color valueswithin 32-bit
�elds to respect 4-byte borders.

3.2.4 Enco ding Schemes

An encoding schemespeci�es the compressionalgorithm that is applied to encode
pixel data. The selectedschemein
uences various parameterssuch asnetwork band-
width, client drawing speed and server processingspeed. The Raw encoding, that
simply consistsof width � height pixel values in left-to-righ t scanline order, can be
processedvery fast by both server and client, but obviously results in heavy band-
width usagedue to the lack of compression.This makes raw encoding suitable for
local connections to the samemachine with practically unlimited bandwidth, but
unusable for slow modem connections. Advanced encoding schemeslike tight2 or
ZRLE3 o�er good compressionrates, but demand more processingpower, which
might be unsuitable for a VNC viewer running on a slow PDA. Except for the
JPEG option of the tight encoding, all encodings usedby the RFB protocol provide
losslesscompression of pixel valuesand therefore o�er optimal image quality.

Several RFB encoding schemesuse a two-dimensional extension of run-length en-
coding (RLE), called rise-and-run-length (RRE). The run-length encoding storesse-
quencesof the samedata value as a single data value and a count giving the length
of that sequence.In its two-dimensional counterpart the count is substituted by a
rectangle specifying a subregion of the data array to be �lled with the given data
value. Such an encoding is most e�ectiv e for data that contains many regions �lled
with the same value, which is the casefor most graphical user interfaces as they
are mainly assembled by simple graphic images.The basic idea behind RRE is the
partitioning of a rectangle of pixel data into rectangular subregions(subrectangles)
each of which consistsof pixels of a single value and the union of which comprises
the original rectangular region. The CoRRE4, Hextile and ZRLE encoding schemes
are variations of RLE or RRE.

2 special encoding used by the Tigh tVNC implementation [Tigh tVNC, 2006]
3 ZRLE = Zlib Run-Length Encoding
4 CoRRE = Compact Rise-and-Run-length Encoding
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3.2.5 Hextile Enco ding

The Hextile encoding is a variation of the RRE encoding and is of special interest for
this work. A rectangle to be encoded is split into smaller subrectangles,called tiles.
Limiting tiles to 16� 16 pixels allows the dimensions of each subrectangle within
a tile to be speci�ed by 4 bits per value, 16 bits in total ((x; y)-position, width
and height). Partitioning a rectangle into tiles is done in a predetermined way and
therefore no position or sizeof each tile has to be explicitly speci�ed. The encoded
contents of the tiles simply follow one another starting at the top left going in left-
to-right, top-to-b ottom order. If the width of the entire rectangle is not an exact
multiple of 16, then the width of the last tile in each row will be correspondingly
smaller. Similarly, if the height of the entire rectangle is not an exact multiple of
16, then the height of each tile in the �nal row will also be smaller. An example of
hextile ordering and sizesis shown in Figure 3.4. A framebu�er update of 93� 68
pixel values is partitioned to 30 hextiles. The hextiles of the last column and the
last row are smaller than 16� 16 pixels.

Fig. 3.4. Hextile partitioning and ordering of a rectangle of 93 � 68 pixels

Each tile begins with a subencoding type mask and is either encoded as raw pixel
data or asa variation of RRE. If the raw 
ag is set, all other 
ags are irrelevant and
pixel valuesfollow in left-to-righ t scanlineorder. Otherwise each tile will | depend-
ing on the given 
ags | specify a background pixel value and/or a foreground pixel
value for the entire tile. If any value is not explicitly speci�ed for a given tile, the
appropriate value of the previous tile is carried over. Tiles without any subrectangles
are just solid background color. Otherwise a sequenceof subrectanglesis attached,
which all are individually coloredor �lled with the foreground of the tile. Figure 3.5
shows a single hextile. As this hextile is two-colored, it is su�cien t to specify one
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foregroundcolor for all subrectangles.The contained pixels can be encoded by speci-
fying four subrectangles(given asf (x; y) ; width; heighg): f (1; 1) ; 6; 2g, f (3; 3) ; 2; 8g,
f (8; 3) ; 2; 10g and f (10; 11); 4; 2g.

Predeterminedtile ordering, 4 bit dimensionvaluesand carrying over previouscolors
result in a very compact compression.

Fig. 3.5. Hextile with subrectlangles

3.2.6 Limitations

Accessinga desktopon the framebu�er level is not only independent of the operating
and windowing system but furthermore is independent of the applications running
on the accesseddesktop. Hence,any application and thus also any documents can
be presented regardlessof the document format. Due to the losslesscompression a
perfect reproduction of the presented material is ascertained.However, losslesscom-
pressioncannot achieveasgood compressionratios aslossyencodings. Nevertheless,
rather good compression ratios can be achieved, especially for slide presentation.
However, there are a few suggestionsregarding how to improve the compression
rates or more precisely, what should be avoided (if possible) in a VNC session.In
particular, elements that should be avoided are:

� color cycling (as shown in Figure 3.6, left);

� �ne grained patterns (same�gure, right);

� high colored high resolution images;

� large movies (e.g. scaledto fullscreen).
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Fig. 3.6. Color cycling and �ne grained patters

Note that it is unproblematic if small areasof the screencontain any of those ele-
ments, but the usershould avoid to placea high resolution imageaswallpaper of the
desktop, presenting slideswith a slide background that makesuseof color cycling or
presenting movies scaledto fullscreen. Solid coloring should be preferred whenever
possible.

3.3 Distance Learning based up on VNC

In the �nal section of this chapter, we evaluate the suitabilit y of the Virtual Net-
work Computing system and the Remote Framebu�er Protocol as basis for creating
a distance learning environment. We compareVNC's features with our criteria cat-
alog (Section 2.4.1) and expose
a ws and drawbacks, which must be eliminated or
circumvented in order to produce synchronous and/or asynchronous electronic lec-
tures.

Flexibilit y

VNC o�ers remote accessto a graphical desktop and thus the desktop's content.
Sincedesktopgrabbing is doneon a framebu�er basis,VNC is very 
exible regarding
presentation content. There is no restriction in the choiceof applications that can be
used, which are for educational issuesthe teacher's favorite presentation software,
webbrowsers, additional visualization tools or whatever software is needed for a
course.Furthermore, any dynamics of applications are preserved as well as pointer
movements. Any application dependent annotations, which are visible on screen
during lecture, are also preserved dynamically.

Displa y Qualit y

Most image and video compressionmethods are lossy to achieve smaller �le sizesor
lower bandwidth, thus making them unsuitable to compressthe visual appearance
of graphical desktops. In contrast, the encoding schemesof the RFB protocol are
particularly designedto compressdesktop data, which makesVNC a perfect choice
regarding image quality. Providing the same color depth for server and client, all
encodings (except tight ) are lossless.The loss caused by downscaling to a lower
color depth, e.g. from 24 to 16, is almost negligible, as in most casesit does not
in
uence details in the displayed text, �gures or sketches.Color cycling will appear
less smooth using lower bit rates, but is mainly used as a background e�ect and
not for pedagogicalreasons.Due to resulting in lesse�cien t compressionratios, the
usageof color cycling e�ects is discouragedanyway. The sameholds for high colored
imagesusedfor the background of slidesor as desktop wallpaper.
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Recording and Repla y

Although the RFB protocol is not originally intended for recording, it can eas-
ily be extended for that purpose. [Li and Hopper, 1998b] intro duced a VNC ses-
sion recorder, which is seamlesslyintegrated as proxy between a VNC server and
a VNC viewer. The proxy logs RFB messagesplus additional timestamps specify-
ing the delay since the beginning of the recording. Afterwards the messagescan be
sequentially replayed at the samerate aswhen they were recorded.Further publica-
tions of the VNC development team addressindexing [Li et al., 2000a] and retrieval
[Li et al., 1999b], but by no meansful�lling today's requirements. Advanced play-
back features like slide basednavigation or full text search remain unconsidered.

Synchronous Scenarios

VNC is designedfor remote desktopaccessin a scenariowherea singleuser interacts
with applications running on a server via a network. However, a seconduser (a
student), whose client is connected to the same VNC server, is able to observe
any work done by the �rst one (the teacher). The student can survey any pointer
movement, any button press,any menu selectionand watch how the graphical user
interface responds to the interactions made by the teacher. If allowed, the student
himself/herself caneven interact with applications under the guidanceof the teacher.
Providing an audio channel between those two participants, a one-on-onedistance
teaching environment is set-up.

While a VNC server can supply several clients with a copy of its framebu�er, it is not
a very scalableinfrastructure. In order to respect di�eren t properties and process-
ing speeds,each client must be fed separatelywith an individually transformed and
encoded copy of the sameframebu�er. This is not a severe restriction regarding the
intention of VNC to provide remote desktop access,becausemany usersinteracting
with the same desktop at the same time is not very reasonable.However, in the
context of distance learning a scalableinfrastructure is demanded.Extend the sce-
nario described above to a virtual classroom, where the teacher's desktop should be
visible via network for many students. Controlling accessis available to the teacher
exclusively and students participate on a courseby using view-only clients connected
to the teacher's desktop. A VNC server might be able to handle up to 20 clients, but
is unable to supply hundreds of students, becausethis would causeheavy network
tra�c and a high processingload to encode and transfer all pixel data.

Transparen t In tegration

The VNC technology can be seamlesslyintegrated into a computer basedpresenta-
tion scenarioby starting a VNC server, which exports the presentation computers'
graphical desktop. Every RFB compatible client is able to accessthe graphical out-
put now, either for recording asynchronous electronic lectures or transmitting syn-
chronous ones.The teaching processstays unin
uenced by the VNC server running
in the background. VNC implementations for operating systemsthat support more
than one graphical desktop may not export the standard desktop, but rather run
an additional one. Such a background desktop can be accessedvia a VNC client
locally or remotely. The appearanceof the VNC client can be optimized by setting
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it to fullscreenmode. Thus, no additional borders createa distraction and the VNC
desktop can be accessedlike a standard desktop.

Due to the variety of VNC implementations available for all common operating
systems,the described scenarioscan be integrated in a cross-platform manner into
existing heterogeneousinfrastructures (common not only in the technical depart-
ments of third level education) and thus even respecting low budgets, as VNC is
freely available.

3.3.1 Summary

Regarding the suitabilit y of VNC as a basis for setting up a synchronous and asyn-
chronous e-learning scenario, this technique o�ers a 
exible high quality accessto
any remote desktop on a framebu�er basis, allowing a teacher to use any applica-
tions (including any presentation software) running on arbitrary operating systems
during lectures or other courses.Thus, VNC is very 
exible regarding presentation
content (Criterion C3) and dynamic annotations (C4b). The RFB protocol (C9d)
o�ers lossless(C9a) and e�cien t (C9e) compressionof a graphical desktop. Due to
the availabilit y of free VNC implementations and the cross-platform design, VNC
is applicable in a platform independent and crossplatform manner (C10). The sce-
nario can be integrated into any heterogeneousinfrastructure and this even in a
cost-e�ective and seamlessway, obeying the Lightweight and Transparency strate-
gies.

However, any support for handling audio and/or video streams is missing (Crite-
ria C1 and C2). At least audio is essential, whether to record and playback the
teacher's voice, to allow a one-way live transmission or to establish a communica-
tion betweenmultiple participants. [Li and Hopper, 1998a] suggestedthe useof an
additional telephoneline. Furthermore, video conferencingsoftware, such as the Ro-
bust Audio Tool (RAT) [RAT, 2006], could transmit the verbal narration. However,
an integrated solution is rather preferable, becausetoo many separateapplications
may confuseusers[E�elsb erg and Geyer, 1998].

As numerousprotocolsand encodingshavebeendesignedto recordor transmit audio
and videodata it shouldbepossibleto �nd suitable ones,which canbecombined with
or integrated into VNC to ful�ll the givenrequirements. Sinceaccessing,transmitting
and recording a VNC desktop is not a�ected by a particular way of integrating audio
and video streams,we will discussthis topic later (while addressingimplementation
issues)in Section 9.6.

A more severe restriction to building up a distributed virtual classroom scenario
is the very limited number of simultaneous users that a VNC server can handle.
Chapter 4 describeshow the VNC environment and its RFB protocol canbemodi�ed
and extendedto widen its scalability in a way that ful�lls the requirements of setting
up a virtual classroom environment (C11).

Furthermore we have to addressVNC's recording facilities. Logging messagesand
the time of their occurrencesallows VNC sessionsto be recorded. Unfortunately ,



3.3 Distance Learning basedupon VNC 53

playback is rather limited to sequential replay of these logs. Instead, we are in-
terested in advanced navigational (C7) and retrieval (C8) features. How to achieve
such features for pixel-basedVNC recordings is discussedin Chapters 7 and 8. As
advancedplayback can bene�t from suitable recording formats, we will describe in
Chapter 5 how VNC sessionrecording can be improved.





4

Scalable VNC

The Virtual Network Computing (VNC) architecture [Richardson et al., 1998] is de-
signed and commonly used to accessa remote desktop, which is provided by the
VNC server, from a single distant VNC client. However, several clients can be con-
nected to the same server. In this case,the desktop is shared among the clients,
which meansthat each client will display and, unlessset to the view-onlymode, also
accessthe sameremote desktop. A client can request to be connectedin the shared
mode and, if granted by the server, all other clients that are connectedin parallel
stay connectedaswell. If a client requestsexclusive accessto the desktop, the server
can either disconnect all other clients or reject the request and thus the incoming
connection. As the client's properties are often set to request exclusive accessby
default, although this may not be explicitly demandedby its user, it may be advis-
able to set the server's always shared option (o�ered by most implementations). If
this option is enabled,all incoming connectionswill be treated as shared,and thus
not disconnectany existing connections,regardlessof whether the connecting VNC
client requestsa shared or an exclusive access.It is a critical issuehow to handle
incoming connections in our intention of providing electronic lectures. Consider a
VNC sessionrecorder implemented asVNC client connectedto a VNC server whose
always shared option is disabled. The recording processwill be terminated whenever
another client connects,but its user has forgotten to set the shared option.

Furthermore, the latest VNC server implementations support two kinds of con-
nections, one for view-only clients and one for full access.This is useful for dis-
tributed classroom scenarios.As clients are distinguished by di�eren t passwords,
the view-only password can be handed to students without o�ering them accessto
the teacher's desktop. Hence,a VNC desktop presentation can be easily distributed
to the world wide web, if combined with verbal narration, for instanceby useof video
conferencingsoftware (such asRobustAudio Tool (RAT) [RAT, 2006] and Videocon-
ferencing Tool (VIC) [VIC, 2006]). However, we rather prefer an integrated software
solution instead of starting one application that displays a remote desktop and one
to receive audio and maybe an additional one to processa video.

Although the VNC architecture allows multiple clients to share the samedesktop,
it is not very scalable,becauseall clients are served individually and therefore only
a limited number of clients can be supplied. This is for two reasons:
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1. Poin t-to-P oin t Comm unication: Existing VNC implementations are based
on connection-oriented communication, which only allows one-to-onetransmis-
sions. In order to supply 100 clients with an update of 100 kbytes the server's
outgoing tra�c will increaseto 10.000kbytes. For a distance learning environ-
ment supplying a large number of students, a more suitable one-to-many or
many-to-many communication is preferable.Furthermore, the number of simul-
taneousconnectionsof the server machine may be limited by systemproperties.

2. Individual Clien t Prop erties: During initialization, each client speci�es its
pixel format and the set of encodings it can handle. The server must trans-
form and encode each framebu�er update for each connection according to the
properties of the respective client. Obviously, if many clients are connectedsi-
multaneously, individually supplying each client requireshuge server processing
power due to many parallel transforming and encoding tasks.

In order to circumvent the high processingneedsa network could be designed,where
clients do not directly connect to the teacher's VNC server, but rather commu-
nicate with proxies [Li and Hopper, 1998a, Li et al., 1999b, Li et al., 2000b]. One
could create a scenariowhere the main VNC server suppliesa manageablenumber
of proxies, which are connectedas VNC clients. Theseproxies act as (intermediate)
VNC serversand distribute (a copy of) the framebu�er to the students' clients. Par-
allel proxies could handle more clients and a multi-staged cascadeof such proxies
could be establishedif necessary, but would causea little extra delay for each level.
The processingpower necessaryto individually serve all clients could be distributed
among the proxies. In order to use existing software components instead of newly
implementing the proxy, a VNC viewer running on a VNC server could be used.
However, besidesthe hugeamount of hardware neededand the complicated process
to build-up such a network, the bene�ts regarding the bandwidth consumption are
limited to the data exchange between two points on such a network. Nevertheless,
a bandwidth problem will occur when all proxies are located within the samenet-
work segment, where all outgoing connectionsare handled by a single router, which
therefore becomesthe bottleneck.

[Li et al., 2000b] intro duced a one-to-many communication for the VNC environ-
ment by seamlesslyplacing a proxy between the server and the clients to intercept
and manipulate the messagestreams.The proxy mergesand transmits the messages
of all clients to the server. Unfortunately , clients' requestsare mergedin a way that
the proxy waits until it receivesonerequestfrom each client beforeforwarding a sin-
gle (merged) requestto the server. This ensuresthe rate of requeststo be that of the
slowestclient, but unfortunately delays the communications for all other clients. Fur-
thermore, that proxy forwards all framebu�er updates received by the VNC server
to all clients. From the VNC server's point of view, there is only one single client,
which is the proxy.

[Li et al., 2000b] experimented with four VNC clients that were connected via a
proxy to one VNC server. The proxy forwarded server messagesto multiple clients
via multiple point-to-p oint connections.They measuredthe averagedata transmis-
sion rate for each client while performing certain tasks. During the tests one to
four clients were connectedsimultaneously. This exposeda drop of the averagedata
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transmission rate of up to 50%when four clients wereconnectedinstead of one.Fur-
thermore, they noticed that the completion time of the task which causedthe most
framebu�er updates, increasedfrom about 90 to 140 secondsdue to \an unneces-
sary overload on somesegments of the network that have to carry multiple identical

o ws [... and because...] more clients usually causemore congestion and delay"
[Li et al., 2000b]. One has to admit that the bad performancewas not only caused
by the number of clients, but alsocausedby the unnecessarilyhigh bandwidth usage
due to sendinguncompressedframebu�er updates (Raw encoding) and the process
of merging requests,which waits for the slowest client. Nevertheless,their solution
does not ful�ll our demands of scalability in order to support a large number of
students. In fact, a better scaling infrastructure is neededin order to supply many
clients with synchronous electronic lectures.

However, the idea of extending the VNC architecture by placing a proxy between
existing VNC server and client implementations or implementing a new client (in
fact a proxy is a client from the server's point of view) is preferable in comparison
to modifying or re-implementing a VNC server. Due to the thin client ideology of
the VNC architecture, it is much easierto implement a client (perhapsin a platform
independent programming language). Furthermore, the dependenciesof the server
towards the windowing and operating system are unlike higher than the dependen-
ciesof the thin client. Hence,modifying the server's functionalit y while providing a
platform independent solution requires to adapt all the implementations of several
operating systemsand do so, not only once,but for each future release.Implement-
ing a platform independent thin client or modifying one of the open sourceclients
preservingcompatibility with original VNC implementations allows our components
to be integrated into standard VNC environments. In fact, the development of the
TeleTeachingTool was originally started by adapting and extending a platform in-
dependent Java implementation of a VNC client.

In order to improve the scalability of the VNC architecture to supply many students
with synchronouselectronic lectures,�rst wediscusshow to limit individual handling
of clients and merge the communication of parallel connections with the aim to
reducethe processingload of the server. Secondly, we exposethe requirements and
restrictions of a switch from the originally used one-to-oneto a more suitable one-
to-many communication and explain how to adapt the VNC environment and its
RFB protocol to work in a scalableone-to-many fashion.

4.1 Limiting Individual Prop erties

One obstacle preventing scalability is that, although all clients are displaying a
(transformed) copy of the sameframebu�er, all updates must be individually trans-
formed, encoded and sent for each existing client according to its individual proper-
ties regarding the requestedpixel format and which encodings are supported. Such
individual handling of clients obviously requires huge server processingpower due
to many parallel transforming and encoding tasks if many clients are connected
simultaneously. Considering that most VNC viewer implementations are very sim-
ilar (or userseven use the sameimplementation), the diversity of parameters used
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practically is not as high as o�ered by the Remote Framebu�er (RFB) protocol
[Richardson, 2005].

Recall the work
o w of common VNC implementations (Figure 3.2) with its ini-
tial handshaking, secondaryinitialization and the in�nite interaction loop of non-
incremental update requestsand responding framebu�er updates.Omitting the pos-
sibilit y of setting individual client's properties and presuming that all clients have
similar preconditions regarding their processingpower, displaying capabilities and
network connections,nearly identical framebu�er updates are sent almost simulta-
neously. Having equal clients, which usethe samepixel format and consumeserver
messagesat almost identical rates, a framebu�er update computed as a responseto
an update request from any client can be re-usedfor other clients, which presum-
ably will send an identical request shortly after. This is especially the caseas each
client will always set the same update request during the interaction loop, which
is in particular the request to update the complete framebu�er in an incremental
fashion. Moreover, even all other clients will set the samerequestduring their inter-
action loop. However, the high quantit y of di�eren t pixel formats provided by the
RFB protocol may prevent the useof such sharedframebu�er updates, maybe only
becausetwo pixel formats di�er in just one little parameter, which is most probably
even insigni�can t.

4.1.1 Reducing Pixel Formats

The RFB protocol o�ers several parametersin order to individually adjust the pixel
format. Besidessetting the byte order (big-endian or little-endian), the RFB protocol
allows not only the useof several color depths, but also the speci�cation of how to
extract red, green and blue intensities from a pixel value by giving the number of
bits usedfor each color. This is doneby a max value = 2n � 1 wheren is the number
of bits usedfor the color and a shif t value, which is the number of shifts neededto
get the appropriate intensity in a pixel to the least signi�can t bit. For 16 bit pixel
values and without concerning the byte order, this already results in
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�
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di�eren t pixel formats1. Altogether for the common 8, 16 and 24 bit color depths
and regardingboth byte orders,the RFB protocol o�ers
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di�eren t pixel formats2.

Not all pixel formats are necessarily reasonable.The commonly used RGB color
model3 provides no more than 8 bits per color, 24 bits in total. Hence,it is useless
to specify more than 8 bits per color, becausethe �ner nuancesare not displayable.
Moreover, imbalancedpixel formats are not very meaningful. Consider, for instance,
the format for 8 bit pixel values, which speci�es 7 bits for the red intensities, but
only a single bit for green and even no bit for blue values. This format allows the
brightnessof red to be speci�ed in 27 = 128 di�eren t stepsand also supports bright
greenand yellow tones, but no blue, brown, pink, violet, orangeor turquoise colors,

1 number of 3 partions of 16 bits - 16 white balls as bits and 2 black onesas markers
2 byte order is irrelevant for 8 bit values
3 the RGB color model is an additiv e model, which combines its primary colors Red, Green

and Blue to reproduce colors
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as displayed in Figures 4.1 and 4.2. In fact, reasonableformats will provide almost
uniformly distributed numbers of bits for the red, greenand blue color intensities.

Fig. 4.1. All colors of the 7-1-0-bit RGB format

Fig. 4.2. True color vs. 7-1-0-bit RGB format

In consequence,applying onepredetermined byte order and (almost) uniformly dis-
tributed color bits, no more than three di�eren t pixel formats are needed,one for
each of the three standard color depths (seeFigure 4.3).

Fig. 4.3. RGB formats with uniformly distributed bits
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4.1.2 Enco ding Agreemen t

Besidessharing a single pixel format, obviously all clients must support the same
encodings as well. However, the number of possibleencodings is considerably lower
than the number of pixel formats. The RFB protocol speci�cation in its version 3.8
[Richardson, 2005] speci�es six encodings for framebu�er updates (Raw, CopyRect,
RRE, CoRRE, Hextile and ZRLE ), even including a deprecatedone (CoRRE), and
two so-calledpseudo-encodings (Cursor and DesktopSize), which encode the mouse
cursor or switches to another desktop resolution. Theseare the encodings speci�ed
by the RealVNC team, which o�cially releasesthe RFB protocol speci�cations.
Furthermore, three additional encodings (zlib, tight and zlibhex) and several pseudo-
encodings are registered(created by developers of other VNC implementations).

In the original VNC work
o w each client speci�es which encodings it supports. In
order to supply all clients with the sameupdate messages,we must either statically
ensure that all clients support the same set of encodings or the framework must
dynamically agreeon the least common subset during communication. A dynamic
agreement can be achieved by seamlesslyplacing a proxy between the VNC server
and its clients. The proxy suggestedby [Li et al., 2000b] �lters all SetEncodings
messagesand thus implicitly agreeson the Raw encoding, which must be supported
by all clients regarding the protocol speci�cation. Although not explicitly mentioned,
obviously their clients must also agreeto a single pixel format as we have suggested
in the previous section.

Unfortunately , agreeingto the Raw encoding is very ine�cien t becauseit provides
no compressionof the pixel data. Rather the proxy should coalesceall incoming
SetEncodings messagesand sendan appropriate SetEncodings messageto the VNC
server whenever a client connectswhich doesnot support all of the currently speci�ed
encodings. Such a dynamic agreement will serve �ne unless the intersection of the
encodings that are supported by individual clients is empty, which should rarely
occur if using the sameor similar VNC implementations with default settings.

Recalling our intention to create an e-learning environment with integrated verbal
narration, we probably have to provide our students with a special purposeclient
implementation in order to support audio streams. Hence,we can additionally re-
quire this client implementation to support certain encoding schemasand thus the
static agreement �ts �ne.

4.1.3 Com bining Framebu�er Up date Requests

The proxy provided by [Li et al., 2000b] mergesthe update requestsof all clients to
a single one. Unfortunately , the faster clients have to wait for the slower ones.This
causesa lower rate of requestsand thus fewer updates and a less smooth replay.
Furthermore, if a single client freezes,the entire communication betweenthe server
and all other clients will be blocked due to missing a single request.

If the suggestedproxy would forward all requestsof all clients to the server, the higher
number of requestscould possiblycausea deadlock if the server implementation relies
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on the commonwork
o w of alternating requestsand responses.But this shouldrarely
be the case,sincethe protocol speci�cation states that a single update may be sent
in reply to several requests.However, the higher number of requestswould increase
the rate at which the server createsframebu�er updates. If ten clients request their
framebu�er to be updated and all ten requestsare forwarded to the VNC server, the
server will read and answer the �rst request. As the other requestsare bu�ered the
server is free to immediately sendnine further updates instead of waiting until the
clients have received, decoded and displayed the �rst framebu�er update message.

One could alsoimagine a sceneriowherethe proxy generatesa requestafter each for-
warded framebu�er update message,or a scenarioof a VNC server sendingupdates
whenever its framebu�er is modi�ed without waiting for a request. We have tested
the �rst scenarioand spotted that updatesweresent faster than a real VNC client is
able to consumeand display them. This was the casewhenever many large updates
occurred within a short time span. For instance, we dragged a window for several
secondsin circles over the desktop. The client received, decoded and displayed all
framebu�er updates, but at a lower rate than they were generatedby the server.
In consequence,the surveyed window movement was much slower on the desktop
that was displayed by the client. Then we stopped the dragging of the window and
applied actions that causedfewer modi�cations to the framebu�er, for instance just
moving the pointer or entering sometext in a shell. As the client still was occupied
with the decoding of the previously sent messagescausedby dragging the window,
the later updates were also delayed. As soon as the client had processedall updates
causedby the dragging, it started displaying the later updates.However, asprocess-
ing those smaller framebu�er updates was lessCPU intensive, they where displayed
at a faster rate than they actually occurred, which looked unexpectedly strange.
The appearancewas similar to dragging an elastic band. Pulling causesthe band
to 
ex and therefore pulling becomesslower the wider the band is stretched, but if
the band tears, the movement will be suddenly and surprisingly fast. Therefore, it
is advisable to set requeststhat are generatedby a real VNC client, which meansa
client that really decodesand displays all framebu�er updates.

Neither forwarding all requests,sendingupdates without requests,nor merging re-
quests of all clients (by waiting for one request per client) is a satisfying solution.
Presuming that all clients are served with (copiesof) the sameframebu�er update
messages,it is su�cien t if only one client, in our classroom scenariosupposedly the
teacher's client, generatesrequestsand the responsewill immediately be delivered
to all other clients as well. Even if a client doesnot processthe incoming data im-
mediately for somereason,for example temporary network dropouts or being busy
running other tasks, it will be in sync shortly after, becausenaturally the com-
munication shows a lot of idle time, which enablesthe clients to processbu�ered
messages.Note that this will not lead to the \elastic band" e�ect described above,
becausethe frame rate will never decreasedue to too much framebu�er updates. It
rather gives to impression that the computer has stuck, which is (sadly) common
to most users.The faster replay of bu�ered messagesis relieving since it o�ers the
impression the the blockade is now removed and the computer is working again.

Regarding the given facts, we suggestthe requestsare generatedby a single client,
which really displays the framebu�er updates,preferably the teacher's client, and the
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resulting update messagesare forwarded to all other clients. Alternativ ely, the proxy
can ignore the requestsof all clients and create framebu�er update requestson its
own, but must respect the time neededby clients to decode and display framebu�er
updates in order not to increasethe rate of updates. Such a scenariocan be useful
considering a proxy that records the current VNC sessionwithout any connected
client.

To summarize,in order to increasethe degreeof scalability by reducing transforming
and encoding tasks and supplying all (or at least many) clients with (a copy of)
the same framebu�er update, the clients must support predetermined properties
instead of individual ones. This can be achieved limiting the unnecessarily large
number of possiblepixel formats to an unitary standard or at least to three or four
standardized formats (e.g. for di�eren t color depths). Furthermore, all clients must
agree on a collective set of encodings, which has to be supported by each client.
The agreement can be achieved either dynamically or statically. Besidesomitting
individual properties, individual requesting is eliminated aswell. A singleprivileged
(teacher) client or an appropriate proxy will generatethe framebu�er update requests
instead.

4.2 One-T o-Man y Comm unication

Current VNC implementations are basedon a connection-oriented communication
protocol that only o�ers one-to-onedata transfer and therefore causesheavy band-
width usage if supplying many clients in parallel. The experiments described by
[Li et al., 2000b] revealed a drop in the average data transmission rate of up to
50% when four clients were connectedinstead of one. This is mainly causeddue to
serving multiple clients with uncompressedpixel data via multiple point-to-p oint
connections.In order to achieve a higher degreeof scalability, more suitable one-to-
many transmission schemasare needed.

4.2.1 Routing Schemes

In computer networking the term routing refers to selecting paths in a computer
network along which to send data. The most common routing scheme is unicast,
where a source sendspackets separately to each recipient, which is similar to an
ordinary mail delivery or, for two-sidedconnection-oriented protocols, a phone call.
In order to sendthe samedata to multiple recipients, the sourcemust sendmultiple
copiesand each copy must traversethe network separately between the sourceand
destination, which obviously is very ine�cien t.

The opposite is broadcast where one senderreachesmany recipients analogousto a
television or radio transmission. For computer networks, broadcastsare highly inef-
�cien t, becausethe entire network is 
o oded with data packets reaching all possible
destinations, regardlessof whether anyoneis interestedor not. Therefore,broadcasts
are generally �ltered (ignored) by routers and hencewill work in the subnet of the
senderonly.
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An optimized variation of broadcast is multicast, where data is send from one or
more sendersto a set of registered recipients. Unlike unicast, multicast does not
send multiple copies. In fact the data traversesthe network on a path towards all
recipients as long as possible and only if the path must be split up to reach all
clients, one copy of the data is routed along each new fragment. This assuresthat
every (sub-)path will never transmit two copiesof the samedata.

Fig. 4.4. Multiple point-to-p oint connections vs multicast connection

4.2.2 Comm unication Proto cols

Although the RFB protocol de�nes distinct messages,the commonVNC implemen-
tations are basedon streaming data transfer. Client and server communicate via two
reliable streams,one transfers the client-to-server messages,while the other handles
the opposite direction. The streamsbu�er incoming messagesuntil they are read by
the corresponding consumer.The senderfeedsthe stream and the receiver consumes
byte after byte while reading and parsing the incoming messages.A VNC server
can start writing a framebu�er update messagewhile encoding is still in progress
and the receiving VNC client already starts displaying the update while decoding it,
although it has not received the full message(maybe the server is still encoding!).

The Transmission Control Protocol (TCP) [Postel, 1981b] usedby VNC implemen-
tations is a connection-oriented protocol o�ering the bene�ts of reliable and in order
delivery of senderto receiver data for stream oriented services,but is relatively com-
plex causing additional processing(e.g. for error detection and retransmission of
lost packets). Unfortunately it only supports one-to-many data transfer. Also each
client connectionis establishedduring initialization and then is held during the com-
plete session,which might be a problem if the number of feasiblesimultaneousTCP
connectionsof the server is limited.

For time-sensitive applications (such as video conferencing)TCP might not be ap-
propriate as,due to in order packet delivery, the recipient cannot accessthe packets
coming after a lost packet until the retransmitted copy of the lost packet is received.
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For real-time applications it is more useful to get most of the data in a timely fash-
ion than it is to get all of the data in order. Missing data may reducethe quality of
the reproduced voice or motion picture, but delaying the replay while waiting for a
single pieceof data to arrive is unacceptable.Consider someshort gapsin an audio
transmission, which lead to a slightly distorted, but still understandable speaker.
On the other hand, delays causedby ensuring in order packet delivery will probably
result in a stumbling voice, which is hard to follow for the audience.

The User Datagram Protocol (UDP) [Postel, 1980] is a connectionlesstransport-layer
protocol that doesnot provide the reliabilit y and ordering guaranteesthat TCP does.
Instead of building a stream, UDP transmits data by sending packets called data-
gram, which are sent in a best e�ort manner. Datagrams may arrive out of order or
can be lost without notice. Without the overheadof checking if every packet actually
arrived, UDP is faster and more e�cien t for many lightweight or time-sensitive pur-
posessuch as transmitting audio and video streams.UDP is not only more suitable
for real time applications, but also supports the multicast routing schemeand thus
the one-to-many and even many-to-many communication postulated for distance
learning environments in order to enlargescalability [E�elsb erg and Geyer, 1998].

In order to enablemulticast transmissionsfor VNC, a shift from TCP basedreliable
in order streamingcommunication towardsunreliable packet oriented UDP transmis-
sion is inescapable.Therefore RFB messagesmust be packed into UDP datagrams
instead of being delivered via streams.In consequence,we must respect the allowed
maximum sizeof datagrams and regard the impacts of packet lossand out of order
delivery

4.2.3 Size Limitations and Message Dep endencies

The size of UDP datagrams is limited. The supported datagram size depends on
system properties and therefore varies between di�eren t platforms. Our testings
discoveredan apparently \non deterministic" behavior regardingUDP packets larger
than the platform's maximum size. Somesystemsdropped such packets as invalid,
others just truncated them without any noti�cation, but all systemssupported at
least packets up to 64 kbytes.

Just splitting the original messagestream at arbitrary positions, for instance at 64
kbyte borders,to �ll UDP packetswill fail assoon asonepacket is lost or receivedout
of order, which canoccur asUDP is a beste�ort and not a reliable protocol. Consider
four RFB messagessplit into six datagramsasshown in Figure 4.5. A recipient that

Fig. 4.5. Splitting messagesto datagrams of 64 kbytes
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has parsed datagram no. 1 and then receives no. 3 cannot �nish messageno. 1.
Assuming that the datagram provides consecutive data of messageno. 1, further
parsing will fail in all probabilit y. Numbering the datagrams by adding increasing
sequencenumbers allows the detection of packet loss.However, as it is impossibleto
determine the beginning of another messagedue to missing messagedelimiters, the
recipient is even incapableof parsingmessageno. 2 although it is completely included
in datagram no. 3. Datagram no. 6 is valid on its own as it exactly contains a single
message.However, if the previous messageis lost, it is almost impossibleto detect
whether the datagram beginswith a messageor not. Again the parser assumesthe
received data to be part of the un�nished previous message.The splitting of RFB
messagesto UDP datagramswill always be doomedwhenever a datagram is lost due
to missing messagedelimiters and size tags. In fact, each datagram must provide
some information about which part of which messageit contains. Regarding the
possibility of packet loss it is even better if each datagram contains only complete
messages,which are valid on their own, becausethis reducesdatagram dependencies.

In order to ensurethat UDP datagramscontain completemessages,it is necessaryto
determine the beginning and the end of each message.Messagesof a �xed length, for
instancethe KeyEvent, PointerEvent or Bell messages,can be read in total oncethe
messagetype is determined be reading the messagetag. Detecting messageborders
of other than �xed sizemessagesdemandsthesemessagesto be completely parsed,
becausethe RFB protocol neither explicitly speci�es the length of the following data,
nor doesit o�er delimiters to separatemessagesfrom each other. Unfortunately , this
prevents the handling of completemessagesand alsoskipping of unknown messages,
which would enablea better extensibility of the RFB protocol. In the designedVNC
context, lengths or delimiters are not neededasall messagesare read and consumed
in order. However, a proxy that only forwards messagesmust parse and bu�er all
messagesto extract them from the incoming stream in order to pack messagesinto
datagrams.

Packing RFB messagesinto UDP datagrams demandsnot only that messagesare
distinguished from each other, but alsothat the length of a messagedoesnot exceed
the maximum datagram size,which we have limited to 64 kbytes assupported by all
operating systemswe have tested. The �v e �xed sizemessagetypeshave lengths of
1 to 20 bytes (seeTable 4.1) and henceare unproblematic. A SetEncodings message

message t yp e max. size (in bytes)
SetPixelFormat 20
Framebu�erUp dateRequest 10
KeyEvent 8
PointerEv ent 6
Bell 1
ClientCutT ext 8 + 232 , � 64k if truncated
ServerCutT ext 8 + 232 , � 64k if truncated
SetEncodings 4 + 4 � 216 , � 1064 for registered encodings
SetColourMapEntries 6 + 216 , rarely used (for many colors)
Framebu�erUp date > 64k

Table 4.1. Maxim um lengths of messages
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can theoretically be 4+ 4� number of encodings = 4+ 4� 216 bytes long. However,
regarding that the speci�cation lists nine registeredencoding types and 256 values
for pseudo-encodings, a maximum of 265 values and thus a maximum length of
4+ 4� 265= 1064bytes is practically relevant. Generally, a client will set only a few
encodings and maybe somepseudo-encodings, which specify additional parameters
for the encodings. ClientCutText and ServerCutText messagesare used to transfer
ISO 8859-1(Latin-1) encoded ASCII text from a client's clipboard (or cut bu�er) to
that of the server or vice versa. The messagelength depends on the length of the
text. As the protocol allows the length to be speci�ed by 4 bytes, the theoretical
length of text can be 232 characters and therefore the length of a messagecan
reach 8 + 232 bytes. However, transferring that many text is not very meaningful
and clipboardswill rarely support such sizes.Limiting the length to 64 kbytes allows
65528charactersof text to be transferred, which should be su�cien t. Hence,the text
of a Client- or ServerCutText messagewill be truncated prior to packing them into
an UDP datagram and the �eld that speci�es the length of the following text must be
adjusted accordingly. The SetColourMapEntries messagetype is rarely used. Most
VNC server implementations do not support this messagetypeat all. The theoretical
maximum length is 6 + 6 � number of colors = 6 + 6 � 216. However, de�ning that
much colors is not very meaningful. An appropriate pixel format is able to cover (at
least most of) the speci�ed colors as well and should be used instead. Hence,most
of the RFB messages�t into one UDP packet easily. However, framebu�er update
messagesmay and most probably will exceedthe maximum sizeof a datagram.

4.2.4 Splitting Framebu�er Up dates

Framebu�er updatesmay be too largeand will result in truncated messagesif packed
into UDP. The sizerestriction can be resolvedby splitting thoseupdatesinto smaller
ones. In order to avoid dependencies,each of these piecesof the original update
must be a valid RFB messageof its own. All updates are built up of one or more
rectangles. If an update messagecontains multiple rectangles it can be split into
several updates containing only a subsetof these rectangles.If a single rectangle is
still too large to �t into an UDP packet as a whole, it must be split into smaller
rectangles.Certainly it is always possibleto decode the framebu�er update to raw
pixel data and then (re-)encode smaller rectangles. Besidesproducing additional
processingtasks, it is not straight forward to gain a suitable subdivision of the
unencoded framebu�er. Rectanglesof pixel data must be determined that will �t
into datagramsafter being encoded. Choosingvery small rectangleswill increasethe
overheadfor messageheaders.A coarse-grainedpartitioning may result in messages
that exceedthe given maximum sizeagain and therefore must be split again, which
producesfurther processingloads.

Additionally it must be taken into account, that some framebu�er encodings de-
pend on data earlier sent. So is the case for the ZRLE encoding, which stands
for Zlib Run-Length Encoding and, as the name suggests,applies zlib compression
[Deutsch and Gailly, 1996] to the pixel data. During one connection, all ZRLE en-
codedmessagesare compressedby useof a singlezlib stream, which achievesa better
compressionratio but unfortunately demandsall ZRLE encoded data to be encoded
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and decoded strictly in order [Richardson, 2005]. Decompressionmay require previ-
ously sent data and thereforemay fail if any part of the zlib stream is missing,which
may occur due to packet loss. The same is the casefor the zlib, tight and zlibhex
encodings. Therefore, encodings that apply zlib compressionto data of sequential
messagesare unsuitable for unreliable UDP transmission.

Another encoding type that relieson previous data is the CopyRect encoding, which
only speci�es a rectangular areaof the framebu�er to be copied to another position.
Unlikeencodingswhich arebasedon zlib streams,the CopyRect encoding will not fail
if previousmessagesare lost. However, copying other than the expectedcontent may
lead to (even more) incorrect framebu�er content. In contrast, Raw, RRE, CoRRE
and Hextile encoded framebu�er updates do not depend on previous messagesor
the current state of the framebu�er and thus are valid on their own.

Instead of decoding, subdividing and re-encoding large framebu�er updates, they
can be split and repacked regarding their encoding scheme.A new messageheader
must be generated for each part, but the data of the messagecan be reused by
applying little adaption. The Hextile encoding is a suitable candidate.

4.2.5 Splitting Hextile Enco ded Rectangles

Hextile encoded rectanglesare subdivided into tiles of 16� 16 pixels, which are en-
coded in left-to-righ t top-to-b ottom order (see Section 3.2.5). As many rows of a
height of 16 pixels are gathered as �t into one UDP datagram. Taking complete
rows only ensuresthe result to be in a rectangular shape. The maximum sizeof each
tile is limited by the sizeof a raw encoded tile, which consistsof a one byte header
followed by a sequenceof pixel values for the 16� 16 pixels: 1 + 16� 16� bpp(bytes
per pixel). Assuming a color depth of 16 bit this are 513 bytes per tile resulting in
a maximum of 127 tiles per 64 kbytes. This corresponds to a desktop width of 2032
pixels, which should be su�cien t for commondesktops.Even the width of 1008pix-
els for 32 bit valuesshould rarely causeproblems, as the probabilit y of reaching the
maximum size for all tiles is very low. However, a single row of tiles can be further
partitioned into a lower number of tiles until �tting into one UDP packet.

Hence,Hextile encoded framebu�er updates can be split as follows:

1 buffer rectangle header;
2 set marker on buffer;
3 for each tile {
4 read and buffer tile;
5 if tile exceeds datagram limit {
6 if marker points to beginning of buffer {
7 /* splitting single row */
8 create new framebuffer update message
9 of all buffered tiles omitting last one;

10 } else {
11 /* split after complete row */
12 create new framebuffer update message
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13 of all buffered tiles up to marker;
14 }
15 send new message;
16 remove sent tiles from buffer;
17 }
18 if end of tile line is reached {
19 if current line of tiles was split {
20 /* next line will start at different x-position */
21 create new framebuffer update message
22 of all buffered tiles;
23 send new message;
24 remove sent tiles from buffer;
25 }
26 if end of tile line is reached {
27 set marker on buffer;
28 }
29 }
30 }

Appropriate headersfor messagesand rectanglesmust be set for the newly created
framebu�er update messages.The messageheader consists of the messagetype,
which is the Framebu�erUpdate type, and the number of following rectangles,which
is one due to encoding single rectangles only. The rectangle header speci�es the
x,y-position as well as the width and the height of the encoded rectangle. Due to
the predetermined tile numbering and ordering (see Figure 3.4), these values can
be easily computed regarding the number of previously sent and the number of
contained tiles. Splitting the rectanglewith givencoordinates and dimensionsto four
parts asshown Figure 4.6, will result in the four rectangleswith given positions and

Fig. 4.6. Hextile encoded rectangle to be split

dimensions as displayed by Figure 4.7. The position and width of rectangle no. 1
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are the sameas those of the original rectangle, becauseit contains the �rst tile and
complete rows of tiles. The third row of tiles is divided into two rectangles.Even
if rectangle no. 3 could contain more tiles without exceedingthe maximum size, it
must be split as given, becauseadding the next tile in the sequence(the �rst tile of
the next row) would break the mandatory rectangular shape.

Fig. 4.7. Coordinates and dimensions after splitting

Furthermore, someadaption of the �rst tile of each new partition is needed.That is
becausecolor tags arenot speci�ed for each tile. In a sequenceof tiles, the foreground
and background color is speci�ed onceand valid for all following tiles until reassigned.
If an existing update messageis split, it can only be assuredthat the �rst of the
newly createdupdate messages,which contain the �rst part of the original message,
hasvalid fore- and background colorsassigned.Therefore the color valueshave to be
acquired and added to the �rst tile of each new rectangle. Color information can be
easilydetermined and bu�ered during messageparsing. Figure 4.7 displays the color
tags that have been added to the �rst tile of each rectangle. Rectangle no. 1 does
not need new color tags, becauseit contains the �rst tile of the original rectangle.
The �rst tile of rectangle no. 4 already speci�es a foreground color and thus only
the background color must be assignedadditionally . Note that the background color
that is speci�ed by the third tile of the third row stays valid for the rest of the
original rectangle and thus for the newly created rectangle no. 3 and no. 4.

4.2.6 Parsing and Bu�ering

In order to switch from connection-oriented to packet-oriented transmission, indi-
vidual messagesmust be distinguished. Due to missing delimiters or information
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regarding the length of each message,the incoming stream must be parsed and
bu�ered until the end of a messageis detected. Unfortunately , such bu�ering can
result in delayed transmission. Testing with a Java basedVNC proxy showed, that
bu�ering of large framebu�er updates can take up to two seconds.For view-only
clients such a delay is almost not noticeable, but for the teachers interacting with
the VNC server the responsetime should be no longer than a few hundred millisec-
onds. However, large messagesmust be split anyway, as they exceedthe maximum
size for datagrams. But splitting can be done without reading a messagein total.
Hextile encoded messagescan be split after each line of tiles, which are 16 rows
of pixel data. Decoding framebu�er updates of other encoding schemas also pro-
duces pixel data in left-to-righ t top-to-b ottom order. Hence, framebu�er updates
can be split and forwarded partially without parsing and bu�ering them completely
in advance.

Another solution is to serve the teacher's client by forwarding the stream receivedby
the VNC server as displayed in Figure 4.8, which causesalmost no additional delay.
Obviously, such forwarding can only be achieved by use of stream-oriented data
transmission. However, connection-oriented TCP communication o�ers the bene�t
of being reliable and serving the teacher's client by point-to-p oint communication is
unproblematic, becausescaling is not neededas the number of connectedteachers
should be rather low.

Fig. 4.8. Supplying teacher clients without parsing and bu�ering

4.2.7 Format of Datagram Con ten t

Applying the zlib compressionto the stream of messagesand framebu�er updates,
as is the casefor someencodings (e.g. ZRLE and tight ), is discouraged,becauseof
the resulting messagedependenciesand the potential for failure due to packet loss.

Nevertheless,zlib compressionis useful in order to reducethe network load, but must
be applied to each single datagram. Hence,we must use an individual zlib stream
for each datagram instead of using one zlib stream for the entire communication.
As the compressionratio is rather low if applied to short sequencesof data, only
large datagrams should be compressed.Hence, each datagram must be labeled if
compressedor not, which can be achieved by setting a 
ag. Instead of adding an
additional byte, the compression
ag can be integrated into the sequencenumber
and thus will consumea singlebit only. Regardingthe fact that datagrams,which are
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missing for sometime, will rarely reappear and, even if they do, they are probably
outdated anyway, it is su�cien t to distinguish a few datagrams only. Therefore, we
suggestlimiting the rangeof sequencenumbers to 128and thus a headerof onebyte
is su�cien t as given in Figure 4.9a. Note that this is the header of the contained
data and doesnot in
uence the datagram headerat network level.

Fig. 4.9. Datagram with header and size tags

Considering the format of the datagram content, this one byte header is su�cien t
regardlessof whether each datagram contains a single RFB messageor a sequence
of messages.However, we suggestadding a size tag precedingeach message,which
speci�es the length of the following data as given in Figure 4.9b. This enablesfaster
messagehandling at client side becauseit allows entire messagesto be read without
parsing them.

4.2.8 Unreliable Transmission: Packet Loss

The UDP protocol provides best e�ort transmission. UDP datagrams can be lost
or delivered in the wrong order. Out of order delivery can be detected by adding
a sequencenumber to each datagram. Whenever a datagram is received without
having received the previous one, a packet loss may have occurred or the missing
datagram may be delivered later. The loss of client to server messagesof the type
KeyEvent and PointerEvent are not crucial, but annoying becausethey a�ect a
teacher's interaction with the desktop. The loss of such events result in an unre-
sponsive desktop and actions must be applied again. The clipboard feature is rarely
usedand therefore a lossof ClientCutText messageswill most probably stay unno-
ticed. Losing a SetEncodings messageis alsonon-critical, becausetransmissionstays
unchanged. In contrast, the loss of a SetPixelFormat messagea�ects the commu-
nication badly becausethe client expects all subsequent pixel data to be encoded
by the speci�ed pixel format but the server will still use the previous encoding. At
best, the displaying of framebu�er updates is messedup due to applying a wrong
color mapping. If the new format has changed the color depth or speci�ed another
number of bits per pixel, the communication will fail soon after in all probabilit y.
If Framebu�erUpdateRequests are lost, the communication will freeze,becausethe
server will assumethat the client is not ready to processmessagesand therefore will
not sendany more updatesand the client keepswaiting for updates,which will never
arrive. However, this problem can be solved by resendingthe requestafter a certain
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period. Nevertheless,client-to-server communication su�ers badly from unreliable
datagram delivery. Hence,unreliable delivery of client-to-server messagesis not very
practicable. However, when designing a new client implementation regarding the
previously suggestedagreement on the pixel format and encodings, the SetPixelFor-
mat and SetEncodings messagetypescan be eliminated. If the proxy generatesthe
Framebu�erUpdateRequests (in an appropriate manner) even the freezing problem
is circumvented, but the lost event messageswill still be annoying.

Considering the scenario of a single teacher (or maybe even a few teachers) that
interacts with the desktopand the vast majorit y of clients (of students) connectedin
a view-only fashion,it will havealmost no e�ect on the scalability of our environment,
if the teacher's client will be connected to the server (or proxy) via the reliable
connection-oriented TCP protocol as is the casein the original VNC design.

In the opposite direction the loss of messagesof the types Bell and ServerCut-
Text are unproblematic. Loosing a SetColourMapEntries messagewill result in a
wrongly colored representation of the framebu�er updates, but unlike lost SetPix-
elFormat messageswill not causea failure while parsing subsequent messages.As
the SetColourMapEntries type is rarely supported and may be disabled at server
side, messagesof this type can be eliminated. The last and most important server-
to-client messagetype is Framebu�erUpdate. Losing updates will result in outdated
framebu�ers on the client side.The outdated areacould be requestedagain in a non-
incremental fashion (as the server assumesthat the client's data equalsits own), but
this demandsthe lossof an update to be noticed �rst. Due to the sequencenumbers,
the loss of some messageis exposed,but not the type of the lost message.Hence,
the client can only assumea framebu�er update to be missing,but without any clue
regarding which area is outdated. As the previously sent requestwas the request to
incrementally update the complete framebu�er (regarding the work
o w of the VNC
architecture as described in Section 3.2.1), the only way to ensure its framebu�er
will be updated is to request a complete non-incremental update, which may be an
overreaction for somelost data of maybe a few bytes only.

In order to compensatefor lost datagrams, we rather suggestsomekind of redun-
dancy of transmitted pixel data in analogy to video transmissions.The architecture
should ensurethe entire framebu�er content to be transmitted redundant within a
certain period. A full non-incremental update would ful�ll this requirement, but as
such updates are generally large, redundancy should rather be distributed in time
to reduce bandwidth peaks.This can be achieved by transmitting smaller parts of
the framebu�er, which can be initiated by a proxy that requestscertain parts of
the framebu�er to be updated after certain periods. The sizeof theseparts and the
frequencyof their transmissiondeterminesthe time within which all imagedata can
be received as additional non-incremental updates. For example, partitioning the
framebu�er into 24 disjoint horizontal strip es, each containing 1/24 of the frame-
bu�er as displayed by Figure 4.10, and sending single strip es successively every 5
secondsensuresa redundant copy of the framebu�er content to be sent every 2
minutes. This doesnot ensurethat after this delay clients have updated all image
data, becausenon-incremental updates are also transmitted via UDP and therefore
can be lost as well. But it increasesthe chance of viewing a completely up-to-date
framebu�er. If the rate of lost packets is very high this method is obviously not
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Fig. 4.10. Strip e partitioning for redundant transmission

practicable, but audio and video transmission will also su�er from packet loss and
therefore will result in very low quality as well. In this casea useful synchronous
lecture transmission is not possibleanyway.

Note that a client or proxy, which full�ls the task of a sessionrecorder, should not
be served via unreliable communication, becausethis may produce asynchronous
electronic lectures of lower quality.

4.2.9 Unreliable Transmission: Out of order Deliv ery

The UDP protocol is not only unreliable regarding data transfer as datagrams may
be lost without notice. Datagrams may also arrive in the wrong order. The se-
quencenumbers, suggestedpreviously, enable the client to detect that datagrams
are missing. However, missing datagrams may be received anytime later. Lost up-
date messagescauseoutdated framebu�er content at the client side. Messagesthat
are received too late contain the missing data and henceshould be used to update
the content. However, just decoding and copying the included pixel data will not
necessarilyresult in up-to-date framebu�er content. Consider framebu�er updates
with positions, dimensionsand sequencenumbers as given in Figure 4.11. The up-
dates no. 1 and no. 5 can be applied later without causingany faults, becausethey
are distinct from all other rectangles.Even update no. 6 can be applied later, but
copying the pixel data of update no. 2 after applying all other updates, would result
in overwriting update no. 6 and parts of no. 4. Due to the higher sequencenumbers,
the content of update no. 4 and no. 6 is more up-to-date and thus must not be
erased.Update no. 4 can be applied after no. 5, but not after no. 6.
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Fig. 4.11. Ordering of framebu�er updates

Therefore, we must ensurethat framebu�er updates,which are received too late, are
only applied in a way that they will not overwrite (more) up-to-date pixel data. This
can be achieved by re-applying the newer updates after processingthe late comer,
but demandscomplete framebu�er updates or at least the contained rectanglesof
pixel valuesto be bu�ered by the client.

Another solutions is to copy only those pixels of the out of order delievered update
message,which are not coveredby updates with higher sequencenumbers. This can
be achieved by computing rectangle intersections to determine the a�ected areas.
For this approach it is su�cien t to bu�er rectangleheadersonly instead of bu�ering
entire framebu�er updates,becausethe headerscontain the positionsand dimensions
of the reactangles.Hence,the secondapproach causeslessmemory usagefor bu�ering
and less messagedecoding, becauseeach messageis only applied (maybe partly)
once.

Out of order delivery of datagrams will generally not cause(update) messagesto
be received much later than supposed, and if this does occur then the contained
rectanglesare probably no longer of interest becauselater updatesmay have already
overwritten the area. Hence,we can limit the bu�er size to contain a few updates
only, so that the number of intersectionsto be computed or updates, which possibly
must be re-applied, is manageable.Furthermore, the necessarycomputations can be
delayed to idle phasesin order not to in
uence the decoding of incoming up-to-date
messages.Especially as the out of order delivered update may no longer be useful if
overwritten by theseincoming messages.

4.2.10 Additional Unicast Supp ort

Currently not all networks support UDP multicasting (e.g. the Deutsche Telekom
doesnot), but this hopefully will changewith the spreadingof the new version 6 of
the internet protocol (IPv6) [Deering and Hinden, 1998]. Until then, it is advisable
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to supply a limited amount of unicast clients in addition to multicast support. These
clients receive the samedata (packed in UDP datagrams) as the multicast clients,
but instead of being part of a multicast group each datagram is sent individually to
each client's IP address.In order to limit the network tra�c produced by sending
each packet several times, the number of clients should be restricted by the server
according to the available bandwidth. Due to the connectionlesscommunication,
there must be a possibility to detect if unicast clients are still interested in receiving
packets. In the caseof UDP multicast communication this is done automatically by
the network, but unicast delivery is donewithout knowledgeof the presenceof a re-
ceiver or not. Hence,a server may senddatagramsvia unicast even if the client is no
longer running. Therefore, we demanddisconnectingclients to senda short acknowl-
edgement to the server beforeterminating. A short UDP datagram is su�cien t. This
is su�cien t unlessthe acknowledgement is lost or not sent due to abnormal program
termination, system shutdown or network trouble. Thus, it is advisable that each
unicast client periodically sendsan acknowledgement | an alive message| that it
is still receiving data. The server administers a list of unicast clients, where clients
are inserted when they connectand removed when a disconnectacknowledgement is
received or alive messagesare no longer received. In order not to disconnectclients
due to packet loss, one or two missing alive messagesshould be tolerated by the
server. Hence, the client must timestamp the received acknowledgements and dis-
connectclients after a timeout of three times the period betweenacknowledgements.
This procedure guarantees that (most of the time) unicast tra�c is produced only
if consumedby a client.

4.2.11 Clien t Initialization

Regarding the conceptual design of a proxy placed betweena VNC server and our
newly designedclients, the proxy acts as VNC client and thus must connect and
initialize according to the RFB protocol. The initialization of clients, which connect
to the proxy, may di�er.

The initialization speci�ed by the RFB protocol speci�cation [Richardson, 2005] con-
sistsof a client authentication, setting the connectionto be sharedor not, specifying
the framebu�er resolution and an agreement concerning the pixel format and ap-
plied encodings. Even without requestingauthentication and if all clients are shared
by default and predetermined pixel format and encodings are applied, at least the
resolution must be speci�ed unlessall teachersare forced to usethe sameresolution
for all time, which is discouragedasit contradicts our transparent approach. In order
to allow more 
exibilit y it is advisable to keepthe speci�cation of pixel format and
encodings during initialization.

During initialization a teacher's client must be distinguished from the students'
ones in order to provide full accessto the desktop or not. Furthermore, multicast
and unicast clients must be distinguished as they are servered in di�eren t ways.
Requestingauthentication for students' view-only clients or not dependson whether
the courseis open to the public or not.
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Thus the initialization processspeci�ed by the RFB protocol must be extended by
requestinga certain kind of connection: ful l-access, view-only multicast or view-only
unicast. The concept of a full-accessand a view-onlypassword may be applied. At
least, the teacher's connectionshould require a correct authentication. If distinguish-
ablepasswordsareprovided for each of the three connectiontypesthe explicit request
can be omitted. Furthermore, the initialization may omit the setting of the shared
option (as all connectionsare forced to be sharedanyway). The initialization of pixel
data and encodings can be carried over from the RFB protocol, but later resetting
of theseoptions by a client is abolished. In order to provide meaningful synchronous
electronic lectures, the integration of audio is mandatory. Hence, the initialization
will probably require some information concerning the transmission of audio and
video streams,such as data type, addressesand ports usedfor transmission.

In order to ensure a reliable initialization, a TCP connection will be used during
handshaking.For the student clients the connectionwill be closedafter all properties
are arranged.Further data transmission,which is unidirectional server to client only,
is handledby scalableUDP communication. Only teacher clients (generally there will
be only one) stay connectedvia reliable and bidirectional TCP.

Unidirectional Initialization

The initialization betweenthe VNC server and the VNC clients aswell asthe initial-
ization betweenour proxy and the new clients is handled via bidirectional commu-
nication as both participants interact with each other. In order to serve clients via
unidirectional transmission, which can be useful for satellite connectionsnot o�er-
ing an up-link for clients, a solution to support unidirectional initialization of clients
must be achieved. As the complete handshakingphaseconsistsof a few dozenbytes
only and clients haveto acceptthe server's propertiesanyway, initialization messages
can be interspersed into the datagrams delivered to clients. Any client can survey
the incoming messagesof a given UDP multicast addressuntil such an initialization
messageis received and attend the lecture transmission thenceforth. Obviously, no
client authentication can be established,but messagescould be encrypted using a
key only known by authorized clients. The secondrestriction of unidirectional initial-
ization is the missing possibility of additional unicast support, becausethis requires
dedicated messageforwarding for each client and thus knowledgeof the clients exis-
tence. Furthermore, no input events can be sent, i.e. unidirectionally served clients
are always view-only multicast clients.

4.2.12 Framebu�er Initialization and Late Join

In the original VNC set-up, each client placesindividual requestsand, hence,is free
to request a non-incremental update of the complete desktop to initialize its copy
of the framebu�er. That is only practicable as long as only a few clients participate
in a synchronous electronic lecture. As soon as the number of participants increases,
they cannot be supplied with individual initial updatesanymore, becausethis would
possibly causeheavy server load and more network tra�c and, thus, lessscalability.
This is particularly the casebecausecommonly most students connectduring a short
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time slot at the beginning of the transmission. Therefore initial framebu�er requests
should be gathered and answered with a little delay, which is no problem as audio
and video streamshave a little start-up delay aswell. Moreover, a dedicatedrequest
to achieve an initial framebu�er update is not necessaryas it always follows the
initialization. By logging the time of connection, the proxy can periodically check if
someclients have connectedrecently and sent a non-incremental update request on
demand.

Without any initial framebu�er, newly connectedclients will display only the incre-
mental updates the server sendslater. Due to the non-incremental update strip es
used to diminish the e�ect of packet loss, each client should receive a valid frame-
bu�er oncewithin a certain period (of two minutes for the examplegiven by Figure
4.10). Obviously, this is the only possibleframebu�er initialization for unidirection-
ally initialized clients.

Instead of requesting updates for newly connectedclients, the proxy can reusethe
update strip esand in this will reducesthe server load. Bu�ering the messagescon-
taining thesestrip es,allowsnewclients to besuppliedwith alreadyencodedmessages
instead of requestinga complete framebu�er update. As all clients receive the same
data, we have to take into account that the updates might be outdated. Outdated
updates are better than no updates (for new connections), but must not have any
impact on establishedclients. Therefore such updates must be marked, e.g. with a

ag, and only be displayed by newly connectedclients within a short period after
their initialization. It is advisableto notify the userthat the displayed content might
be outdated, becauseotherwisea student may wonder why the teachersnarration is
not related to the displayed content. This can easily be achieved by displaying the
marked updates in grayscalesinstead of colored.

Note that the period until a client can display an up-to-date framebu�er is not
necessarilythe period in which all non-incremental strip esare requestedonce.Any
modi�cations of the server's framebu�er that occur after the client has connected,
will be propagatedin the form of framebu�er update messages.Especially, whenever
the teacher switches to another slide, most of the framebu�er will be updated for
all clients. Hence,after joining late, students will be able to view at least the next
slide.

Commonly the term late join addressesthe handling of clients that connect to an
already running session.In our scenario,the solutions suggestedabove will serve any
client in the sameway, regardlessof whether they connect in time beforethe lecture
starts or, for instance,20minutes later. This is becausea certain point in time, which
describeswhen the lecture starts, is meaninglesson the protocol layer. For the RFB
protocol the sessionbegins when the VNC client connects to the VNC server. In
the caseof individual TCP connectionsthere cannot be a late joining client. In our
environment, which suppliesall clients with the samedata, the beginning of a session
is the establishment of the connectionbetweenthe proxy and the VNC server. Hence,
all clients (that connectto the proxy) join too late and no special late join handling is
needed.However, for synchronouslecture transmission, the proxy can requesta non-
incremental framebu�er update at the time the lecture starts, e.g.by a special start
button. This will ensure that all clients that are connected beforehand, but may
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not have received an initial update yet, will be supplied with a valid framebu�er
for the beginning of the lecture. Note that starting the proxy exactly at the time
the lecture is supposed to start is discouraged,becausestudents should have the
possibility to connect slightly earlier to be ensuredthat their connection is properly
working. Otherwise they may panic a little bit.

4.3 Summary

In its original design the VNC framework and the RFB protocol is not as scalable
as required to provide a distance learning scenariowith a large number of students,
which is mainly causedby the lack of support for the one-to-many routing scheme.
However, two stepsare neededto handle many students simultaneously. At �rst we
must ensurethat all clients can be supplied with exactly the samedata, which could
be achieved by reducing the vast, but unneeded,diversity of pixel formats o�ered by
the RFB protocol and enforcing the useof the sameencodings for all clients. This is
possibleas long as clients can be assumedto be (almost) equal regarding processing
power and network connections, which is the casein our e-learning environment.
Even slightly outdated computers are more than fast enoughto decode and display
RFB framebu�er updates and, since we will combine VNC with audio (and video)
streams, a faster connection than just a dial-up internet connection is required.
Otherwise two or three categoriesof clients could be intro duced and supplied with
di�eren t one-to-many transmissionsusing di�eren t color depths (and also di�eren t
settings for the audio and video streams if required, or even with video omitted).

The secondstep to support one-to-many messagedelivery is the switch from reliable,
stream-oriented TCP to unreliable, packet basedUDP data transfer. Although the
RFB protocol lacks messagedelimiters or length-of-messagetags, streams of RFB
messagescannot only be distinguished by parsing and bu�ering them, but also can
be split-up to �t into single UDP datagrams respecting UDP's size restriction. For
stable network connectionspacket lossshould rarely occur. However, somemethods
to compensate lost datagrams have been suggested.Moreover, client initialization
wasdiscussedincluding unidirectional initialization of receive-only clients to provide
satellite transmission of synchronous electronic lectures.

The suggestedmodi�cations of the VNC architecture should improveVNC regarding
our Criterion C11:SynchronousElectronicLectures. By switching from point-to-p oint
towards one-to-many communication, the scalability (Criterion C11b) is extended
tremendously from a few to possibly hundreds of clients. Certainly this will work
only as far as the network supports UDP multicasting. Otherwise clients must be
servedvia multiple point-to-p oint connections,which limits scalability by the number
of possibleparallel connectionsnot exceedingthe bandwidth of the network. Even
if UDP multicasting is supported by the network, it is advisablenot to leave behind
students with unsuitable network connections. Hence, the system should support
at least some clients via unicast. Supplying unicast clients is only limited by the
bandwidth. Unlike the original VNC architecture, multiple clients do not in
uence
the processingload of the server, becauseno individual transformation and encoding
of pixel data must be processed.
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The bene�t of scalability is achieved at the cost of small modi�cations to the RFB
protocol and a variation regarding data transmission. Hence,Criterion C9d, which
prefers standard formats instead of proprietary ones, is a little loosened.However,
the bene�ts are much higher and the VNC architecture with its RFB protocol are
not that widespread as, for instance, the use of RealMedia [RealMedia, 2006] or
WindowsMedia [Windows Media, 2006] formats .

Further aspectsof providing synchronouselectronic lectures,namely late join (C11c)
and error tolerance (C11d) havebeendiscusedand (partially) solved.Criterion C11e:
Synchronizationregarding real-time delivery is given by the VNC conceptper seand
the delay causedby placing a proxy within the communication line is negligible.
Synchronization regarding multi user inputs is given by supporting parallel teacher
clients, but could be extendedfurther, for instance to support collaborative sessions
for students. As teacher clients are supported via reliable, but unscalable, TCP
connections, this may be a restriction of C11b: Scalability. However, it is hard to
think of a scenerioof a meaningful and productive collaboration of several hundred
clients actively interacting with a single desktop. Nevertheless, it may be useful
to allow single students to interact with the desktop, which can be achieved be
forwarding the client's Key- and PointerEvent messagesto the VNC server. The
proxy can �lter the events of unauthorized clients. In order to avoid packet loss,
a reliable TCP connection can be established between the authorized clients and
the proxy. Somemechanism of hand-raising and dynamic authorization should be
provided during the lecture.

Implicitly , we have already consideredCriterion C11a:AddressedParticipants, which
are one (or maybe a few) teacher(s) and a large number of view-only students. This
scenario�ts to our lecturing concept.However, extending to environment in order to
support other setupssuch asconnecting lecture halls or collaborative sessionswould
beuseful.In fact, wealready haveconnectedtwo lecture halls by useof a bidirectional
communication channel asdescribed in Section2.1.2 (page9). This wasachieved by
integrating additional audio and video streamsbut only on desktop stream. In order
to support Computer Supported Cooperative Work (CSCW) [Li and Hopper, 1998a]
and [Li et al., 1999a] suggesta proxy that provides 
o or control and userawareness.

To summarize, we have extended the scalability of the VNC architecture and thus
strengthenedVNC's suitabilit y as a basis for an e-learning environment.
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VNC Session Recording

One aim of this thesis is to provide a 
exible and valuable environment to create
asynchronouselectronic lecturesby recordingcomputer-basedlivepresentations. The
Virtual Network Computing (VNC) architecture [Richardson et al., 1998] and the
RemoteFramebu�er (RFB) protocol [Richardson, 2005] provide accessto a desktop,
but are not speci�cally designedfor the purposeof recording.

However, as the RFB protocol works on pixel basis, it can be usedto serve a screen
recording process.The screenrecording technology consistsof two stages:grabbing
and encoding. Grabbing pixel data is solved by the VNC architecture by providing
a framebu�er of pixel data, which can be used as the input for further encoding
and storing (Figure 5.1). Due to using the framebu�er as the interface betweenthe
grabbing and the encoding process,both phasesare independent of each other. Nev-
ertheless,the incoming stream of RFB messagesdelivers bene�cial meta data for
the encoding process,becauseit speci�es which areas of the framebu�er are up-
dated and when. Such triggered processingprobably achievesa better encoding and
compressionratio than grabbing and encoding at a �xed frame rate (as commonly
is the casefor screenrecording).

Fig. 5.1. Framebu�er as interface between grabbing and encoding processes

As the encoding phaseis independent of the grabbing phase,any kind of encoding
can be applied. However, common encodings designedto compressmotion pictures
are lossy (contradicting our Criterion C9a: LosslessReproduction) and not suitable
for screencontent [Lauer and Ottmann, 2002]. The TechSmith Screen Capture Codec
[TSCC, 2006] is especially designedfor losslesscompressionof screencaptured data,
but is available for a single platform only and thus not platform independent as
required by Criterion C10:Platform Independency. As the encodings speci�ed by the
RFB Protocol Speci�cation [Richardson, 2005] are especially designedto compress
screencontent, it is natural to apply them not only for transmission but also for
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recording purposes.Moreover, it is not necessaryto encode the framebu�er of the
client in order to record the pixel content. In fact, the framebu�er update messages
received by the VNC server already contain encoded pixel data and therefore the
decoding and re-encoding can be avoided.

5.1 File Formats

The concept of VNC SessionRecording was intro duced by [Li and Hopper, 1998a]
and oftentimes reapplied throughout their later work [Li and Hopper, 1998b,
Li et al., 1999b, Li et al., 1999a, Li et al., 2000a, Li et al., 2000b]. Sessionrecording
is achievedby seamlesslyplacing a proxy betweenthe VNC server and the client com-
ponent, analogousto the synchronousscenariosdescribed in the previouschapter. In
fact, the proxy, which mergesclients' events and forwards framebu�er updates, can
alsohandle the sessionrecording. The recording proxy writes all framebu�er update
messageswith an additional timestamp to a log �le (Figure 5.2). The timestamp
speci�es the delay sincethe beginning of the session.

Fig. 5.2. Logging messageswith timestamps

Logging the stream received by the VNC server can be achieved by storing byte after
byte without any knowledgeof the contained data. In contrast, adding a timestamp
to each messagedemandsthat messagesare distinguished from each other. As the
RFB protocol doesnot specify messagedelimiters or provide the lengthsof messages,
the proxy must parseand partly 1 decode messages.

Replaying or reviewing2 is achieved by reading, decoding and displaying the logged
sequenceof messagesin the sameway as is the caseduring synchronous playback,
except that the input is read from a �le instead of being received via network. The
messagesare sequentially replayed at the samerate as when they were recorded.

The architecture design described in [Li and Hopper, 1998b] consists of a Review
Server, which supplies a distant Reviewer with messages(analogous to the clien-
t/serv er design of VNC). The task of the Review Server is to read messagesfrom
a log �le and send them according to their timestamps. Li and Hopper measured
the duration of replaying recordedsessionsin fast forward mode, which meanspro-
cessingand displaying as fast as possible, ignoring timestamps. This demonstrates
the fast forward mode to be no better than four times faster compared to ordinary
playback, which would be over 20 minutes for a 90 minute lecture. One reasonfor
the bad performance of their architecture probably is the format of their log �le,
which neither provides messagedelimiters nor sizes,as is the casefor the original
RFB protocol. The ReviewServer doesnot needto accessany messagecontent, but

1 sequencesof pixel data can be skipped without decoding if the length is known
2 following the naming of VNC clients, which are often called VNC Viewer
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must parseeach messagein order to accessthe subsequent timestamp. The distant
reviewer must parsethe messageoncemore in order to display the recordedsession.

Hence, we suggestextending the format by adding an additional tag before each
messagethat speci�es the size of the following data in bytes (Figure 5.3). The size
can easily be determined during recording by bu�ering each messagebeforewriting
it to the log �le, which we already stated as mandatory to archive scalability via
UDP multicast (Section 4.2.3). The sizetags enablebetter messagehandling during
replay. Messagescan be read in total without parsing and thus processedfaster.
Sizetags allow messagesto be skipped on demand, which can be bene�cial for fast
forwarding or random access.Additionally , this provides a better extensibility in
future by enabling skipping of unknown messagetypes.

Fig. 5.3. Logging messageswith timestamps and size tags

Instead of logging the sizeof each message,[Li and Hopper, 1998b] suggestextending
the format of the log �les by adding �le pointers referencing the previous message
(seeFigure 5.4). However, as this format still demands�les to be read sequentially
and the �le pointers can be easily achieved by caching the positions while reading
(and parsing) the log �le, the bene�t of storing the �le pointers within the log �le is
rather limited. In order to improve performance,someor all messagesmay be kept
in memory anyway.

Fig. 5.4. Logging messageswith timestamps and back references

5.1.1 Delta Pixel Values

VNC's framebu�er updates contain absolute pixel values, which are su�cien t for
sequential replay but insu�cien t for rewinding. Old pixel valuesof the framebu�er
are replacedby new onesand cannot be recoveredunlesstracing back to the nearest
past update that contains the relevant pixels. Therefore, [Li and Hopper, 1998b]
suggeststoring (relativ e) delta pixel values instead of absolute ones.The conversion
is doneduring recording by applying the XOR (ExclusiveOR) operator to the pixels
of the framebu�er updates and the corresponding pixels of the previous framebu�er
(Figure 5.5).

Storing delta valuesallows the Reviewer application to processearlier recordedses-
sionsin both directions. This is very useful asthe usercan rewind the sessiona little
bit whenever she/he did not grasp something immediately and thus wants to replay
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Fig. 5.5. Logging delta framebu�er updates

that part of the sessiononcemore. Skimming through a recordedsessionby visible
scrolling (Criterion C7c: Visible Scrolling) also demandsfast processingof recorded
content in both directions. Storing delta pixel valuesenablessequential playback in
either direction, but still doesnot support randomaccessasis requestedby Criterion
C7b: RandomAccess.

Unfortunately , this operation may require decoding and re-encoding of pixel data
as shown in Figure 5.5 and moreover, the usageof two framebu�ers, one for the
current pixel valuesand one for those of the newly received framebu�er update. As
[Li and Hopper, 1998b] make use of Raw encoded and thus uncompressedframe-
bu�er updates, the XOR operator can be applied byte after byte. However, we
discouragethe usageof Raw encoded values due to resulting in large �le sizesand
high bandwidth consumption.

Rewinding absolute pixels demandsto processat least all framebu�er updates that
have any contribution to the framebu�er state at the demandedplayback point. In
the worst case,this requires parsing of all previous messagesif the �le format does
not provide accessto messageheaders,as is the casefor the formats in Figure 5.2
and 5.4, and to rectangle headers,as is the casefor all formats discussedso far.

5.1.2 Recording Distinct Rectangles

Handling messagesbecomeseasierdue to storing the length of each messagewithin
the log �le, which prevents many parsing processes.However often update messages
do not needto be accessedas a whole, but rather the rectanglesthey contain must
be accessed.Sometimesit is even su�cien t to accessrectangle headers.Recall the
idea of rewinding or the computing of rectangle intersections to re-apply messages
if delivered in the wrong order (Section 4.2.9). Unfortunately , accessingrectangles
requires messageparsing, becauseeach framebu�er update may contain a sequence
of rectangles without delimiters or knowledge of a rectangle's length. Therefore,
each rectanglemay be precededby a sizetag asgiven in Figure 5.6 analogousto the
extendedmessagelogging (Figure 5.3).

Fig. 5.6. Logging messageswith size tags for rectangles
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Instead of adding a tag beforeeach rectangle,each framebu�er update that contains
a sequenceof rectangles can be transformed to a sequenceof framebu�er update
messages,all of which contain a single rectangle only (Figure 5.7).

Fig. 5.7. Transforming sequencesof rectangles to a sequenceof messages

After the transformation, the previously suggestedformat of logging lengths of mes-
sagesis su�cien t to accessrectangles individually without messageor rectangle
parsing3 (Figure 5.8).

Fig. 5.8. Storing updates with single rectangles

If logging no other messagesthan framebu�er update messagesand ensuring that
update messagescontain single rectanglesonly, the messageheaderscan be omitted,
becausethey will always consist of the same four bytes, which is the type byte
(always 0 = Framebu�erUpdate), a padding byte (of irrelevant content) and two
bytes for the number of rectangles (in this casealways one). Hence, the recorder
stores timestamped rectanglesrather than messagesas given in Figure 5.9.

Fig. 5.9. Storing rectangles (omitting messageheaders)

Preservingonly rectanglesis su�cien t in order to replay a VNC session.As the aim
of this thesis is to provide more features than sequential replay, we should regard
some kind of extensibility of the format to enable integration of additional data,
for instance annotations. This could be done by withdra wing the idea of storing
rectanglesand keepstoring framebu�er update messagesthat contain single rectan-
gles. However, as framebu�er updates will constitute the most part of the session,
we suggestanother solution. The rectangle headerscontain a �eld for the encoding
type of the following pixel data. By ensuring that additionally intro duced message
types will not collide with the potentially occurring encoding types, we can reuse
the encoding type �eld for the purpose of marking other data as well. Thus, the
rectangle's encoding type �eld becomesour messagetype �eld .

3 except for the �xed sized messageheader
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Recall the format of the rectangleheadersas given in Figure 3.3. The RFB protocol
speci�es the encoding type to be after the values, which set the rectangle position
and dimension.However, these�elds arepossiblymeaninglessfor most other message
types. Even someof the RFB protocol's own pseudo-encodings (e.g. DesktopSize)
do not require (all of) the dimension and size �elds, but must contain them due to
the de�ned ordering. In order to circumvent this problem, we suggestadapting the
headerby moving the type �eld to the beginning (in combination with removing the
original messageheader) as given in Figure 5.10. The other parameters must only
be included if required by the given encoding type (which is also our messagetype
now).

Fig. 5.10. Storing rectangles (omitting messageheaders)

Note that in the �rst public releaseof the RFB protocol, which was Version 3.3, all
de�ned encoding types required all parameters of the rectangle header and there-
fore any arbitrary ordering was equally meaningful. The above mentioned pseudo-
encodings were intro duced later.

5.1.3 Ev ent Logging

Besideslogging framebu�er update messages,[Li et al., 1999a] also log user events,
such as KeyEvent, PointerEvent and ClientCutText messages.Theseevents are not
neededfor replaying a session,but may deliver meta data for indexing and retrieval
purposes.Li et al. suggestthe useof two log �les, onefor the updatesand onefor the
events. Framebu�er updates are loggedwith timestamps and back referencesin the
form of �le pointers as given in Figure 5.4. The secondlog �le records user events,
but also stores the timestamps of the update messages,which allows user events to
by synchronized with framebu�er updates later (Figure 5.11).

Logging client-to-server and server-to-client in the same �le will fail becausethe
valuesthat represent certain messagetypesare not distinct (seeSection 3.2.2). The
value 0 corresponds either to the server's Framebu�erUpdate type or to the client's
SetPixelFormat type. However, logging only the typesKeyEvent, PointerEvent and
ClientCutText as user events, will not collide with any server messagetype.

Note that logging KeyEvent messageswill preserve any keystroke of the teacher and
hencethe log will contain any password entered during a sessionalthough it wasnot
visible on screen.For security reasons,we discouragelogging of key events.
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Fig. 5.11. Synchronization of logged user events and framebu�er updates

5.1.4 Log File Header

Framebu�er update messagescanonly by parsedif the number of bytes usedper pixel
value is known, becausereading, for example,10 pixel valuesfrom a RFB stream or
log �le meansreading 10, 20 or 40 bytes for data sizesof 8, 16 or 32 bit, respectively.
Decoding of framebu�er updates requiresa framebu�er to be initialized to the same
sizeas the server's framebu�er, and translating pixel valuesto color valuesdemands
knowledgeof the applied pixel format.

The original (synchronous) VNC client is provided with this data during initializa-
tion. This is also the casefor the environment of [Li and Hopper, 1998b], where a
ReviewClient connectsto a ReviewServer, which suppliesthe client with messages
read from a log �le. As Li and Hopper's log �le format doesnot enable the reading
of complete messagesdue to missing size tags, the Review Server must also parse
messageafter messageand therefore must, at least, know the number of bytes per
pixel. Even if the log �le provides the suggestedsize tags, the Review Server must
know the parameters in order to initialize the client. If distributing recorded VNC
sessionsvia download or storagemedia (e.g. CD and DVD), the (asynchronous) re-
view application must also be provided with those parameters. Hence, for each log
�le we must store someinitialization parameters, either as a separate�le or, as we
prefer in order to reducethe number of �les, as the header of the log �le. Note that
the sizetags are still useful, becausethey enablemessagesto be read and forwarded
without being parsed.

Recall the initial handshakingas speci�ed by the RFB protocol [Richardson, 2005].
The communication starts with agreeingon a protocol version. Such an agreement
is not neededto replay a log �le, but the protocol version or a �le format version
is meaningful to distinguish di�eren t �le formats (considering future extensibility).
The authentication of the RFB protocol can be omitted unless the �le should be
encrypted to be readablefor authorized students only. The server initialization pro-
vides the parameters of the framebu�er (resultion, pixel format and color depth),
which are required to decode framebu�er updates. Furthermore, the server initial-
ization delivers a name for the session,which commonly is the name of the server,
but in our e-learning scenario,storing the name of the teacher and the title course
is more suitable (if available).

In closerelation to the initial handshakingphaseof the RFB protocol, we suggest
a log �le header (Figure 5.12) that contains the protocol/�le version as well as the
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server initialization , including the framebu�er's resolution, the applied pixel format
and the name string, as speci�ed by the RFB protocol. As the server's pixel format
may be overruled by SetPixelFormat messagesof the (synchronous) client, either
these messagesmust also be logged so that the (asynchronous) replay client can
adjust messagedecoding correspondingly whenever required, or we must ensurethat
the speci�ed format stays valid for the entire log �le. Regarding the common VNC
work
o w (Section3.2.1) and our intention to supply several synchronousclients with
identical messages(Chapter 4), we can assumethat the sessionrecorder (e.g. a VNC
proxy) will setan appropriate pixel format immediately after the initial handshaking,
which will not be changedafterwards. In consequence,the sessionrecorder will not
write a log �le header that contains the pixel format it initial ly received from the
VNC server, but a headerwith the currently valid pixel format.

Fig. 5.12. Log �le with header

Note that the other approach of logging SetPixelFormat messageswill fail unless
the client to server messagesare distinguished from the server to client messages,
becausethe original RFB protocol de�nes \0" to be the messagetype value for
both the Framebu�erUpdate and the SetPixelFormat messagetype. Furthermore,
note that for the purposeof replaying log �les, it is meaninglessto specify a set of
encodings, becausethe loggedframebu�er updates are already encoded.

For a detailed TTT �le format speci�c ation refer to Section 9.7 (page 210).

5.2 File Sizes

In order to distribute asynchronous electronic lectures via download or storageme-
dia such as CD or DVD, the �le size is rather important. [Li and Hopper, 1998b]
have compared the sizesof their log �les with the sizesof equivalent MPEG video
recordings of the desktop and state that even uncompressed(Raw encoded) VNC
sessionsare 8% to 85% smaller than the corresponding MPEG video. However, due
to the demand-driven design of the RFB protocol, the rate in which framebu�er
updates occur varies depending on the network connections between the server,
proxy and client components. A higher bandwidth provides a smoother display of
the remote desktop but also causeslarger �le sizes.The size of the MPEG video
will probably stay the same(or just increaseslightly) due to its �xed frame rate.
As [Li and Hopper, 1998b] results wereacquired in 1998,repeating the experiments
today will propably exposelarger VNC sessionrecordingsdue to improved network
bandwidth and computing power.
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On the other hand, the Raw encoding they applied during their experiments is very
ine�cien t asit providesno compressionof pixel data. But if the sizeof uncompressed
recordingsalready falls below that of MPEG videos, compressedVNC sessionswill
perform much better. [Li et al., 1999a] alsocomparethe sizesof uncompressed(Raw
encoded) and compressedsessionrecordings.Their results reveal that other encod-
ings reducethe �le sizesby 40% to 92%. Note that [Li et al., 1999a] do not mention
which of the RFB encodings wereapplied but typically Hextile is preferred as it was
the best performing encoding that was speci�ed by the RFB protocol in 1998.

The number and the sizesof framebu�er updates (and thus the �le sizes) highly
depend on the tasks performed during a session.Recording a static desktop without
any user interaction will produce only one or a few framebu�er update messages,
which supply the client with an initial copy of the framebu�er's content. Showing a
movie scaledto fullscreen mode will rather produce a tremendous amount of mes-
sages.Commonly, \most of the time [...] only a small area of the screenis a�ected"
[Li et al., 1999a] and hence,the encodings will achieve suitable compressionratios.
The experiments described in [Li and Hopper, 1998b] reveal consumptions of 0.59
to 2.78 Mbytes per minute for a framebu�er with a resolution of 796� 576 pixel
and Raw encoded updates (color depth is not stated). Regarding the better com-
pression ratios of other encodings this would result in approximately 0.04 to 1.67
Mbytes4 per minute. However, we experiencedthat rarely more than 0.3 Mbyte/min
will be consumedif recording real live lectures at a resolution of 1024� 768 pixel, 8
bit color depth and applying Hextile encoding. Commonly 120{200 kbytes/min are
achieved, which results in approximately 10{15 Mbyte for a typical lecture of 80{90
min. These values were acquired by analyzing several dozen recorded live lectures
from the courses\ Informatik I " (Seidl, 2001/02), \ TechnischeGrundlagendesElek-
tronischen Publizierens im WWW " (Meinel, 2001/02; only about 80 kbyte/min),
\ Abstract Machines" (Seidl, 2002) and \ MedienwissenschaftI " (Bucher, 2002). All
thesecourseswere recordedduring 2001and 2002at the Universit•at Trier with the
�rst protot ype of the TeleTeachingTool, which stored timestamped RFB messages
with sizetags. Table 5.1 lists the �le sizesand the averageper minute consumption
for one course(not regarding the sizesof additional audio and video streams). The
other results are available in Appendix A.1.

5.2.1 File Compression

The sizesof the recordingscan be further reducedby approximately half by applying
�le compression beforedistributing the recordedsessions.The 10{20 Mbyte �le of a
single lecture of about 80{90 minutes typically can be compressedto 3 to 8 Mbyte
(only regarding the desktop recording and omitting audio and video �les). Hence,
it is advisable to apply somekind of compressionto the �le in order to reduce �le
sizes(regarding Criterion C9e:File Sizeand Bandwith). Instead of compressingthe
log �le for distribution only, we rather suggesta compressed �le format, i.e. applying
zlib de
ate compressionto the body of the �le (i.e. the messagesas shown Figure
5.12). A compressed�le format will permanently reduce �le sizes,but downloading
compressed�les requires that the recordings are extracted (to their original size)

4 improvements of 40{92%: min. 0:59 � 0:08 = 0:0472 to max. 2:78 � 0:6 = 1:668
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Course: \ A bstr act Machines " (Seidl/Wilhelm, 2002):

name duration size density
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- -
abstrakt_2002_04_16_tr.vnc 92 min 9.3 Mbytes 103 kbytes/min
abstrakt_2002_04_23_tr.vnc 85 min 10.0 Mbytes 121 kbytes/min
abstrakt_2002_04_30_tr.vnc 91 min 11.5 Mbytes 130 kbytes/min
abstrakt_2002_05_07_tr.vnc 97 min 13.9 Mbytes 147 kbytes/min
abstrakt_2002_05_14_sb.vnc 65 min 12.4 Mbytes 195 kbytes/min
abstrakt_2002_05_28_sb.vnc 71 min 33.5 Mbytes 483 kbytes/min
abstrakt_2002_06_04_sb.vnc 47 min 21.3 Mbytes 465 kbytes/min
abstrakt_2002_06_11_tr.vnc 86 min 11.3 Mbytes 134 kbytes/min
abstrakt_2002_06_18_tr.vnc 86 min 12.1 Mbytes 144 kbytes/min
abstrakt_2002_06_25_tr.vnc 84 min 10.3 Mbytes 125 kbytes/min
abstrakt_2002_07_02_tr.vnc 90 min 10.3 Mbytes 118 kbytes/min
abstrakt_2002_07_09_tr.vnc 17 min 3.4 Mbytes 207 kbytes/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- -

average: 197 kbytes/min

Table 5.1. Files sizesof recorded VNC sessions(8 bit)

before replaying them. If �le compressionshould be optional, the header must be
extendedwith a 
ag that indicates whether the body of the �le is compressedor not.
Note that such compressioncan also be usedto encrypt a �le so that it is readable
for authorized students only.

Since winter 2002/03 the TeleTeachingTool applies zlib de
ate compressionto the
body of the recordings.Furthermore, VNC sessionsare recordedat 16 bit per pixel
(instead of 8 bit/pixel) to provide better quality due to more detailed coloring. The
resulting �les typically achieve rates of 20{60 kbytes per minute for slide presen-
tations that are sometimesenriched with dynamic content such as animations or
programming examples(as shown in Figure 5.13). This is about a quarter of the un-
compressed8 bit recordings.Table 5.2 shows the �les sizesof the course\ Abstrakte
Maschinen" of Prof. Dr. Helmut Seidl, recordedduring summer 2003.The valuesof
further coursesare listed in Appendix A.2.

Fig. 5.13. Presented slides (left) and simulations (righ t) 5

Besidesthe �le sizesin bytes, we have also measuredthe numbers of updated pixels,
which are listed asaverageper minute pixel density and potentially reveal the degree
of the dynamics of a recording. However, this is a rather vague measureas a high
pixel density possibly refers to many slides and/or much dynamic content such as
animations but also may be causedby movements of the mousepointer or annota-

5 Presented in lecture 2004/05/19 of \ Abstrakte Maschinen" (Seidl, 2004)
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Course: \ A bstr akte Maschinen " (Seidl, 2003):

name duration size density pixel density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----
abstrakt_2003_04_29.ttt 91 min 2.3 Mbytes 26 kbytes/min 1255 kpixel/min
abstrakt_2003_05_06.ttt 105 min 2.8 Mbytes 28 kbytes/min 2069 kpixel/min
abstrakt_2003_05_13.ttt 77 min 1.7 Mbytes 23 kbytes/min 1173 kpixel/min
abstrakt_2003_05_20.ttt 95 min 2.3 Mbytes 25 kbytes/min 1407 kpixel/min
abstrakt_2003_05_27.ttt 88 min 2.3 Mbytes 27 kbytes/min 1826 kpixel/min
abstrakt_2003_06_03.ttt 91 min 2.3 Mbytes 27 kbytes/min 2087 kpixel/min
abstrakt_2003_06_17.ttt 92 min 2.9 Mbytes 32 kbytes/min 2743 kpixel/min
abstrakt_2003_06_24.ttt 65 min 2.8 Mbytes 44 kbytes/min 2846 kpixel/min
abstrakt_2003_06_25.ttt 92 min 5.9 Mbytes 65 kbytes/min 7028 kpixel/min
abstrakt_2003_07_08.ttt 91 min 2.5 Mbytes 28 kbytes/min 1785 kpixel/min
abstrakt_2003_07_15.ttt 89 min 2.6 Mbytes 30 kbytes/min 1096 kpixel/min
abstrakt_2003_07_16.ttt 61 min 1.9 Mbytes 31 kbytes/min 1061 kpixel/min
abstrakt_2003_07_29.ttt 81 min 2.8 Mbytes 35 kbytes/min 2211 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----

average: 32 kbytes/min 2199 kpixel/min

Table 5.2. Files sizesof recorded VNC sessions(16 bit) with additional �le compression

tions made within the presentation software, which are recordedpixel-based (unless
handledseparatelyby the RFB protocol's cursor encodings or aresymbolically repre-
sented). However, the amount of updated pixels in relation to the �le sizesreveal the
achieved (inverse)compressionratios, i.e. the reduction in data quantit y, de�ned as:

compression ratio =
size original � size compressed

size original

Note that the pixel density wasnot measuredfor the uncompressed(older) recordings
becauseof the di�eren t �le format, which doesnot enabledirect accessto rectangle
headers.The pixel density would probably be similar to the listed valuesof the same
coursegiven and recordedin one of the following years.

The average(inverse)compressionratio of the course\ Abstrakte Maschinen" (2003)
is 99.3%6. Other coursesby Prof. Seidl achieve compressionratios of about 98{
99%. The sameis the casefor the course\ Programmiersprachen" by Dr. Alexandru
Berlea (recorded in winter 2005/06). Such high compressionratios can be achieved
for lectures that present mainly text, sketches,tables or graphsbut (almost) no high
colored images.Lower compressionratios must be assumedfor presentations with a
high pixel variety, i.e. many di�eren t pixel values instead of solid coloring.

During the media science coursesof Prof. Dr. Hans-J•urgen Bucher (Universit•at
Trier) many slides with high colored images and scannednewspaper articles (e.g.
Figure 5.14) were presented. The resulting �les are about three to �v e times larger
(about 150{250 kbyte/min) than those of Prof. Seidl although the pixel density
is lower; about 800 kpixel/min compared to 1000{2000kpixel/min (Table 5.3 and
Appendix A.2). For such presentation content the pixel variety is much higher which

6 2199 kpixel/min at 16 bit and 32 kbyte/min:
2199k � 2byte � 32kbyte

2199k � 2byte
= 0:9927
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results in lesse�cien t compression.The analyzed sessionsof Prof. Bucher achieve
compression ratios of about 85{90% (compared to 98{99%). Considering the 16
bit color depth (instead of 8 bit), this is still approximately half the size of the
uncompressedrecordings.

Fig. 5.14. Slides with high pixel variety7

Course: \ Me dienwissenschaft II " (Buc her, 2002/03):

name duration size density pixel density
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- -----
medien2_2002_11_05.ttt 65 min 10.8 Mbytes 170 kbytes/min 713 kpixel/min
medien2_2002_11_26.ttt 70 min 12.5 Mbytes 183 kbytes/min 1036 kpixel/min
medien2_2002_12_03.ttt 93 min 22.2 Mbytes 244 kbytes/min 854 kpixel/min
medien2_2002_12_17.ttt 90 min 19.5 Mbytes 222 kbytes/min 936 kpixel/min
medien2_2003_01_07.ttt 92 min 30.8 Mbytes 343 kbytes/min 1006 kpixel/min
medien2_2003_01_14.ttt 94 min 25.2 Mbytes 274 kbytes/min 815 kpixel/min
medien2_2003_01_21.ttt 98 min 21.8 Mbytes 227 kbytes/min 560 kpixel/min
medien2_2003_01_28.ttt 93 min 17.8 Mbytes 197 kbytes/min 862 kpixel/min
medien2_2003_02_11.ttt 92 min 3.5 Mbytes 39 kbytes/min 638 kpixel/min
medien2_2003_02_18.ttt 82 min 11.3 Mbytes 141 kbytes/min 764 kpixel/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- -----

average: 204 kbytes/min 818 kpixel/min

Table 5.3. Files sizesof recorded VNC sessions(16 bit) with high pixel variety

5.2.2 Sizes of Recordings Without Keyframes

Besidesthe framebu�er updates of the VNC session,all of the analyzed recordings
include additional updates as parted keyframes (at a period of two minutes as de-
scribed in Section 5.3.3). In order to test a new TTT implementation, which was
createdto improve performance,we recordedtwo coursesduring summer2006with-
out theseadditional updates.Hence,the resulting recording comprisesexactly of the
messagescausedby the original VNC work
o w (Section 3.2.1) (plus a small portion
�lled by the TTT related headerand annotation messages).Omitting the keyframes
reduced the pixel density to 300{800 kpixel/min, which is about a third of the size
of comparable lectures with keyframes(Table 5.4 and Appendix A.3).

Regarding the byte consumption and thus the �le sizes,an average density of 10{
50 kbytes per minute is reached. This results in �le sizesof 1{4 Mbyte for typical
lectures, which is a very good result, especially considering that such sizesare not

7 Presented in lecture 2003/01/07 of \ Medienwissenschaft II " (Bucher, 2002/03)
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uncommon as the size of the presented sourcedocuments (e.g. pdf or PowerPoint
slide presentations). As thesesessionswere recordedat a color depth of 24 bit using
32 bit per pixel, the �le sizescould even be lowered if storing 16 bit (or 8 bit) VNC
sessionsinstead.

Course: \ Compilerb au " (Seidl, 2006):

name duration size density pixel density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----
compiler_2006_04_26.ttt 89 min 0.6 Mbytes 7 kbytes/min 224 kpixel/min
compiler_2006_05_03.ttt 87 min 2.5 Mbytes 29 kbytes/min 1021 kpixel/min
compiler_2006_05_08.ttt 88 min 2.3 Mbytes 27 kbytes/min 492 kpixel/min
compiler_2006_05_15.ttt 88 min 1.3 Mbytes 15 kbytes/min 451 kpixel/min
compiler_2006_05_17.ttt 86 min 2.4 Mbytes 29 kbytes/min 547 kpixel/min
compiler_2006_05_22.ttt 89 min 4.0 Mbytes 46 kbytes/min 685 kpixel/min
compiler_2006_05_24.ttt 90 min 4.1 Mbytes 47 kbytes/min 786 kpixel/min
compiler_2006_05_29.ttt 85 min 14.9 Mbytes 180 kbytes/min 2392 kpixel/min
compiler_2006_05_31.ttt 88 min 2.2 Mbytes 26 kbytes/min 506 kpixel/min
compiler_2006_06_07.ttt 69 min 1.9 Mbytes 28 kbytes/min 499 kpixel/min
compiler_2006_06_12.ttt 85 min 2.4 Mbytes 29 kbytes/min 427 kpixel/min
compiler_2006_06_14.ttt 80 min 1.2 Mbytes 15 kbytes/min 393 kpixel/min
compiler_2006_06_19.ttt 89 min 1.8 Mbytes 21 kbytes/min 493 kpixel/min
compiler_2006_06_21.ttt 87 min 1.6 Mbytes 19 kbytes/min 445 kpixel/min
compiler_2006_06_26.ttt 74 min 3.6 Mbytes 50 kbytes/min 751 kpixel/min
compiler_2006_06_28.ttt 89 min 4.9 Mbytes 56 kbytes/min 917 kpixel/min
compiler_2006_07_03.ttt 87 min 4.1 Mbytes 48 kbytes/min 837 kpixel/min
compiler_2006_07_05.ttt 78 min 1.1 Mbytes 15 kbytes/min 370 kpixel/min
compiler_2006_07_10.ttt 88 min 3.4 Mbytes 39 kbytes/min 567 kpixel/min
compiler_2006_07_12.ttt 89 min 1.0 Mbytes 12 kbytes/min 306 kpixel/min
compiler_2006_07_17.ttt 86 min 1.0 Mbytes 12 kbytes/min 282 kpixel/min
compiler_2006_07_19.ttt 89 min 1.6 Mbytes 18 kbytes/min 404 kpixel/min
compiler_2006_07_24.ttt 82 min 2.5 Mbytes 31 kbytes/min 546 kpixel/min
compiler_2006_07_26.ttt 55 min 1.7 Mbytes 33 kbytes/min 667 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----

average: 34 kbytes/min 625 kpixel/min

Table 5.4. Files sizesof recorded VNC sessions(32 bit) without keyframes

5.2.3 Summary

In summary, we can state that by meansof VNC sessionrecording, approximately
80{90 minutes of real live lectures, which typically consist of slide presentations and
someadditional dynamic content, can be preserved by �le sizesof no more than 5
Mbyte. If storing content with a high pixel variety, larger �le sizesof about 10{15
and rarely up to 30 Mbytes are produced. This is achieved by VNC's on demand
updating approach and using the Hextile encoding (or other encodings) as speci�ed
by the RFB protocol in combination with applying �le compression(zlib de
ate ) to
the body of the recordedsession.The achieved compression ratios for the recorded
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pixel data exceed80% if presenting content with a high pixel variety and reach
95{99% for other lectures that typically consist of text, sketchesand graphs.

Note that these values regard the desktoprecording only. At least an audio stream
(for the teacher's verbal narration) and maybe a video stream (for a live video of
the teacher) must be added.However, this is alsothe casefor the symbolic recorders
and, in fact, for any other recording environment. The integration of audio and video
streams into the TeleTeachingTool is addressedin Section 9.6.

5.3 Random Access and Keyframes

Randomaccessis the basisfor most navigational features. In order to achieverandom
access, the state of the framebu�er must be computable for any point in time within
the duration of the recordedsession,preferably in real time fashion. If random access
is not supported, a sessionmust be replayed in total (which is very unpleasant for
longer sessions)or only certain chunks are accessible.Consider an asynchronous
electronic lecture, which enablesaccessto the beginning of each slide. Accessinga
slide triggers the playback of a corresponding audio stream, but this stream is always
played from the start and students cannot skip parts of the verbal narration. Note
that Random access is meant in terms of time, not �le . However, if replaying a log
�le without copying all or most of the data into memory, random accesswithin the
log �le must also be supported.

Neither storing absolutenor delta pixel valuesprovide random accessper se.In fact,
the RFB protocol is hardly designedfor that purpose.It rather provides sequential
and in order computation of a framebu�er's content. The idea of storing delta pixel
values, as suggestedby [Li and Hopper, 1998b], enablesprocessingin both direc-
tions, but still demandssequential computation.

Potentially any update messagesince the beginning of the recording may in
uence
the framebu�er's content for a certain point in time. The brute force approach of
providing the corresponding setof pixel valuesby computing all framebu�er updates,
starting with the �rst loggedmessage,proceedingup to the speci�ed timestamp, is
easyto implement, but highly ine�cien t. The approach will work for short recordings
or if accessingpoints at the beginning of the session,but presumably will tend to
perform poor towards the end with the increasing number of framebu�er updates
that must be processed.

Consider a log �le with 18 Mbytes of framebu�er updates and a duration of 90
minutes. Computing the content of the framebu�er at minute 5 must approximately
respect one Mbyte of data. Accessingminute 81 would rather demand 16.2 Mbytes
of framebu�er updatesto be decoded. Assuminga resolution of 1024� 768pixels and
the highest possiblecolor depth of 32 bits per pixel value, a framebu�er contains
no more than 786432� 4 byte = 3 Mbyte of uncompressedpixel data. Hence, in
order to reconstruct the framebu�er of minute 81, at least 80% (� 16:2� 3

16:2 ) of the
computations are performedunnecessarily. Now considerbackwardsvisible scrolling.
Skimming from minute 81 back to 77 at a rate of 1

10 Hz (one frame every 10 seconds)
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results in 379.2Mbyte8 of data to be processed.Obviously, decoding that much data
in a real time fashion must fail.

5.3.1 Checking the Past

In order to improve e�ciency , messagedecoding should be reduced to a minimum,
i.e. decoding of framebu�er updates must be limited to rectangles,which provide a
contribution to the required state of the framebu�er. Hence,we must compute which
update rectanglesprevious to a given point in time are not covered (completely) by
other succeedingrectangles(up to the given time). As the probabilit y that an update
contains relevant pixels decreaseswith the distance, computation should start at
the accesspoint and progressbackwards until any pixel is covered by at least one
rectangle (Figure 5.15). In the worst case,all rectanglesup to the beginning of the
log �le must be scannedfor relevant pixels. However, a recordedslide presentation
probably will causemost of the framebu�er to be updated whenever switching slides.

Fig. 5.15. Backward processingto acquire relevant framebu�er updates

In order to determine whether an update contributes any pixels to the desiredframe-
bu�er state demandsknowledgeof the rectanglepositions and dimensionsbut unfor-
tunately the original RFB protocol encapsulatesthe rectangleheaders(which contain
the required data) within the stream of update rectangles,which are encapsulated
within the stream of (update) messages.Hence,accessingany pieceof information
demands parsing any previous data and would result in the same ine�ciency as
stated above. This is the casefor the VNC client/serv er communication as well as
for the log �le formats suggestedby [Li and Hopper, 1998a, Li and Hopper, 1998b].

In fact, the e�cien t calculation of certain framebu�er states (which is neededto
provide fast random access) demandsnot only fast accessto messagesbut also to
rectangle headers(as suggestedin Section 5.1.2). Accessingprevious messagesvia
�le pointers [Li and Hopper, 1998a, Li and Hopper, 1998b] is not su�cien t due to
missing rectangle delimiters. Furthermore, messagesshould be kept in memory (if
possible) in order to circumvent slow �le I/O.

8 6 frames/min:
81� 6P

k =77 � 6

�
k � 18M by te

90� 6

�
= 6 �

81P

k =77
k � 0:2M byte = 379:2M byte
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5.3.2 Keyframes as Check Poin ts

Another approach to supporting e�cien t random access is the idea of keyframes
analogousto most video formats. The recorder of [Li et al., 1999a] stores so-called
check points, which are framebu�er updates that contain the pixel data for the en-
tire framebu�er as is the casefor the initial update message.In the caseof random
access,the review applications scan the log �le for the closestcheck point previous
to the intended accesspoint. Hence, it is su�cien t to progressall subsequent mes-
sages,which potentially can override someof the check point's pixels, to acquire the
required state of the framebu�er.

Keyframes result in large framebu�er updates becausethey contain the pixel values
of an entire framebu�er state. Hence,many keyframesincreasethe �le size.There-
fore, selecting a keyframe rate becomesa trade-o� between accesstime and �le
size.Computing keyframesat playback time instead of storing them within the log
�les, doesnot causelarger �le sizesbut increasesthe startup time of the reviewing
application.

Random accessby making use of keyframes does not necessarily lead to better
performance. The contribution of a keyframe to the �nal state of the framebu�er
may be rather low. Considera recordedslide presentation with slidesand keyframes
as given in Figure 5.16. Due to the large distance to the closestprevious keyframe,
framebu�er updates containing three slides (no. 5, 6 and 7) are decoded although
each slideprobably will cover most of the area.The approach of determining relevant
updatesmay detect that 95%of the required pixels are already coveredif progressing
up to the closest slide, which is slide no. 7. Hence, only very few of the updates
betweenthe keyframeand slide no. 7 must be decoded (including the large keyframe
update and the updatesof slide no. 5 and 6). Instead of placing keyframesat a �xed
rate, the updates that represent slides could be extended to keyframes,but would
collide with the approach of forwarding messagesinstead of the lesse�cien t solution
of decoding and re-encoding all pixel data.

Fig. 5.16. Log �le with keyframes

5.3.3 Keyframe Strip es for In varian t Frame Computation

A third approach to computing the framebu�er state for a given point in time is
basedon the idea of non-incremental update stripes, which we have intro duced to
counteract packet lossduring transmission (Section 4.2.8). Within a certain period
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thesestrip escover the entire framebu�er. The period dependson the rate and size
of the updates. A rate of 12 strip es per minute and 24 strip es in total results in a
period of two minutes (used by the TeleTeachingTool). Hence,at most all updates
within two minutes previous to the intended accesspoint may have a contribution
to the �nal state. Regarding this invariant , it is su�cien t to decode the updates
between the accesspoint minus two minutes and the accesspoint itself (Figure
5.179). However, the e�ect on the �le sizeis (almost) the sameasstoring a keyframe
every two minutes. There may be fewer updates, becausethe strip esare requested
from the VNC server and thus the server may have combined it with other updates.
Nevertheless,this approach is useful if recording the samemessagestream that is
used to supply online students via synchronous electronic lectures. The log �le will
contain the strip esanyway and thereforeshouldbe usedinstead of placing additional
keyframes.

Fig. 5.17. Log �le with non-incremental update strip es

5.3.4 Optimization: Curren t State as Keyframe

Any of the three describedframebu�er state computations canusethe current frame-
bu�er state as a keyframe. Hence,accessinga point in time that lies brie
y beyond
the current replay time can be optimized. Consider skipping forward 30 seconds.As
the current state coversthe entire framebu�er, only thosemessagesafter the current
replay time and up to the set accesstime can make any contribution to the required
framebu�er state. Therefore, repeatedly forward skipping (and if storing XOR pixel
values also backward skipping) at small increments (as is done to perform visible
scrolling) is generally performed faster than accessinga distant timestamp.

5.4 Random Access Performance

Our intention is to provide asynchronous electronic lectures that support random
accessfor any given point in time (within the duration of the lecture). Accesspoints
are speci�ed in the form of timestamps, which have a step size of one millisecond,
which commonly is the smallest increment between two timestamps. Each logged
messagecorresponds to a timestamp, but obviously not every possibletimestamp is
necessarilyconnectedto a message(otherwise there must be at least 1000messages

9 the �gure shows only 8 strip es to be more readable
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per second). Immediate random access, i.e. accessingwithout noticeable delay, de-
mandsan e�cien t implementation. Recall the ine�ciency of the examplementioned
above, which causedhundreds of Mbytes to be processed.

A limiting factor for a fast response time is the access time, i.e. the time that is
necessaryto compute the appropriate state of the framebu�er after specifying a
certain timestamp. In order to give a prediction of the averageaccesstime, we have
measuredthe accesstimes while seekingcertain positions within several recordings.
For each recording, uniformly distributed points within its duration were accessed.
The distance between two consecutive accesspoints was set to one minute and
the averageof all accesstimes per lecture was acquired. In advance to performing
the general tests, we applied also distancesother than one minute. Comparing the
results showed that any values achieved by applying distancesbetween one second
and �v e minutes were almost the same,but applying higher distancescausedlarger
variations.

During the tests the points wereaccessedin a back-to-front order, becauseotherwise
the current state of the framebu�er (which is the �nal state of the previous test)
would have enabled the optimization suggestedin Section 5.3.4 since the following
accesspoint is placed shortly afterwards. In this caseit would have been su�cien t
to regard only those messagesbetween the last time set and the new accesspoint
and therefore would have resulted in faster accesstimes. Seekingis not a�ected by
this optimization if the requestedaccesspoint corresponds to an earlier timestamp
than that of the current state of the framebu�er.

The state of the framebu�er is computed onceby useof the keyframe stripes as de-
scribed in Section 5.3.3and onceby a back to front search of the e�ective rectangles
(i.e. the contributing updates) as described in Section5.3.1. For the keyframe stripe
approach, any messagesbetweenthe new accesstimestamp minus two minutes (and
�ve seconds) and the new accesstimestamp itself are processedplus any necessary
annotations or mouse cursor messages(which are not integrated in the keyframe
strip esand thus neednot necessarilybe coveredwithin the two minute period). For
the other approach, the measuredtime includes the determination of the signi�-
cant messages(framebu�er updates as well as annotation and cursor messages),the
decoding of those messagesand the updating of the framebu�er state.

We analyzedseveral coursesthat was recordedwith the TeleTeachingTool through-
out the last yearsat the Universit•at Trier and the Technische Universit•at M•unchen.
All courseswere recordedwith a resolution of 1024� 76810, a color depth of 16 bit
and include non-incrementalkeyframe stripes (24 strip esat a rate of 1

5 Hz and thus a
2 min period) unlessstated otherwise.The durations of the listed recordingsare ap-
proximately 80{90 minutes each and are listed in detail in Appendix A. All lectures
are publicly available at our lecture archive http://ttt.uni-trier.de . Note that some
erroneousrecordings (e.g. split due to network failure) as well as the few lectures
with other resolutions were ignored and are not listed in the graphs given below.
All average access times listed here were con�rmed by at least a secondmeasure-
ment, which proved a deviation of lessthan 5% (otherwise the test was repeated).

10 Or a slightly smaller resolution (e.g. 1024� 738) giving somespacefor control elements
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The tests were performed on an AMD Athlon XP 3000+ with 1.5 Gbyte memory11

running SuSELinux 9.2 and SUN's Java(version1.5.0 06). (Adapted) routines of the
TeleTeachingTool in version 21.06.2006were used. Note that the framebu�er was
not displayed during these tests, becausethe graphical output routines commonly
consumea lot of time (especially as the tests were performed in Java) and only the
�nal state of the framebu�er must be displayed but no intermediate framebu�er
states. Furthermore, each recordedsessionwas load into memory beforehand.

5.4.1 Test Results

Figures5.18and 5.19show the averageaccesstime per recordedlecture of the courses
\ Informatik I " [Winter 2004/05] and \ Informatik II " [Summer 2005] by Prof. Dr.
Helmut Seidl. Each graph presents the results for both approaches.

 0
 20
 40
 60
 80

 100
 120
 140
 160
 180

20
05

_0
2_

04

20
05

_0
2_

03

20
05

_0
1_

28

20
05

_0
1_

27

20
05

_0
1_

21

20
05

_0
1_

20

20
05

_0
1_

14

20
05

_0
1_

13

20
05

_0
1_

07

20
04

_1
2_

23

20
04

_1
2_

17

20
04

_1
2_

16

20
04

_1
2_

10

20
04

_1
2_

09

20
04

_1
2_

03

20
04

_1
1_

26

20
04

_1
1_

25

20
04

_1
1_

18

20
04

_1
1_

12

20
04

_1
1_

11

20
04

_1
1_

04

20
04

_1
0_

29

20
04

_1
0_

28

20
04

_1
0_

22

20
04

_1
0_

21

av
er

ag
e 

se
ek

 ti
m

e 
(in

 m
se

c)

Course: Seidl-Informatik_I_2004-05

effective rectangles
keyframe stripes

Fig. 5.18. Averageaccesstime per lecture
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Fig. 5.19. Averageaccesstime per lecture

11 As theseare not memory intensive tests, similar results can be achieved with lessmemory
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During the lectures mainly slide presentations were shown, partly enriched with
somelive programming as well as running someexamples.More animated content
werepresented in the lectures200412 23 and 200502 04 (both \ Informatik I "). For
most recordings, the average accesstimes for the approach regarding the keyframe
stripes are approximately 40{60 msec and for the other approach slightly higher
(approx. 50{80 msec).The approach of determining the e�ectiv e rectanglesgenerally
must decode fewer framebu�er updates but must check whether an update must be
decoded or not (if it is coveredby other updates). As the recording contains update
strip es, the e�ective rectangles approach also will generally test no more than two
minutes.

Analyzing the course \ Programmiersprachen" by Dr. Alexandru Berlea (recorded
in winter 2005/06, Figure 5.20) revealed an average access time of about 50 msec
for the e�ective rectangles approach and around 10{50 msec longer for the other
approach. Hence, the values are similar to those of the other two coursesbut this
time the e�ective rectanglesapproach is better performing than the keyframe stripes
approach.
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Fig. 5.20. Averageaccesstime per lecture

The results of the courses\ AbstrakteMaschinen" by Prof. Dr. Helmut Seidl recorded
in summer 2003(Figure 5.21) and in summer 2004(Figure 5.22) con�rm the results
by revealing averageaccesstimes between30 and 120msecfor most of the recorded
lecturesand a bene�t of the keyframestripe approach canbestated for the recordings
of the summer2003,but almost identical or slightly better e�ective rectanglesvalues
areachievedfor the recordingsof the other year.Hence,wecannot clearly favor either
approach here.

The recordings200306 25, 200405 19 and 200406 23 exposenoticeably higher av-
erage accesstimes of 294 msec,397 msecand 182 msec,respectively, for the e�ec-
tive rectanglesapproach and 277 msec,366msecand 220msec,respectively, for the
keyframe stripes approach. Surveying the recordingsrevealedthat during these lec-
tures a simulator wasusedover a period of about 20 minutes per lecture. The VAM
simulator (visualization of Abstract Machines (VAM) [Ziewer, 2001, VAM, 2006])
was used to visualize the memory management (stack, heap and registers) during
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Fig. 5.21. Averageaccesstime per lecture
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Fig. 5.22. Averageaccesstime per lecture

program executions (see Figure 5.13, page 90 to the right). Setting, copying and
deleting values results in animated movements and fading e�ects of the objects,
which represent the corresponding memory cells. Hence,20{25% of the recordings
correspond to dynamic content that generally causesmore updates, which must be
scannedand/or decoded during the tests and often result in larger �les. This higher
dynamics causea higher pixel density of about 5-10 Mpixel/min compared to 1{2
Mpixel/min for the other lectures of those courses(the pixel densities are listed in
Appendix A.2).

However, high average accesstimes does not necessarilycorrespond with large �le
sizes.Most of the lecturesof thesetwo coursesachieve �le sizesof 2{3 Mbyte (about
30kbytes/min; seeAppendix A.2 for details) but, for example,the lecture 200405 03
reaches6.2 Mbyte while achieving an averageaccesstimes of 78 msec,which is also
reached by other lectures with only half the �le size. During this speci�c lecture,
the simulator was also used for a period of about ten minutes, but furthermore
somehigh colored pictures (the desktop background) were shown, which probably
increasedthe �le sizedue to achieving a lower compressionratio. On the other hand,
the lecture with the worst averageaccesstimes, lecture 200405 19, resulted only in
a �le size of 3.5 Mbyte for 77 minutes and thus a density of 47 kbytes per minute,
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which is not particularly high compared to other recordings from the sameseries.
Moreover, this particular recording has a pixel density of 10.3 Mpixel/min, which
is about eight times the averagedensity of all other lecture from that course.The
lecture 200405 03 that has a �le size of 6.2 Mbyte but achieves a good average
accesstime of 78 msechas a pixel density of only 1.7 Mpixel/min.

In fact, surveying the pixel density of other courses(App endix A) exposea correla-
tion betweenthe pixel density and the averageaccesstime, which is not surprising as
more pixel updatescausemore processing.Generally the correlation to the keyframe
stripes approach is stronger than to the e�ective rectanglesapproach.

5.4.2 Di�eren t Presen tation Styles

Dynamic content typically causesmore framebu�er updates.However, in the caseof
the simulator usagethe animated areasmainly consistof solid coloring and henceare
easyto compress.Presentation content that shows a higher pixel variety, such as the
lecturesof the media science coursesof Prof. Dr. Hans-J•urgen Bucher, who presents
slides with many high colored imagesand scannednewspaper articles (e.g. Figure
5.14), can be lesse�cien tly encoded and decoded, which results in larger �le sizes
(seeTable 5.3 and Appendix A.2) and higher average accesstimes as presented in
Figures 5.23and 5.24although the pixel density is lower comparedto the previously
analyzed courses(0.8 Mpixel/min vs. 1{2 Mpixel/min). The average access times
for the e�ective rectangles approach are around 100 msec,which is also reached by
someof the previously analyzedrecordings.The averageaccesstimes of the keyframe
stripes approach start at almost the samelevel but reach peaksof up to 216 msec.
Generally the results of the e�ective rectanglesapproach are better for the recorded
lectures of thesetwo courses.
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Fig. 5.23. Averageaccesstime per lecture

This is also the case for the recordings of the course \ Informatik III " (winter
2005/06) by Prof. Dr. Johann Schlichter. Figure 5.25 reveals averageaccesstimes
for the e�ective rectangles approach that are almost constantly between 100 and
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Fig. 5.24. Averageaccesstime per lecture

110msec,but exposesapproximately 50{100 % higher accessrates for the other ap-
proach. Unlike the slidesof Prof. Bucher with their high pixel variety, the presented
content of Prof. Schlichter is more similar to that of Prof. Seidl as it consists of
text, graphs and sketchesas well as somedynamic simulations, but almost no high
colored images.Nevertheless,the achieved average accesstimes are very similar to
those of Prof. Bucher's lectures. The reason is causedby the applied presentation
software. Prof. Schlichter presents html basedcontent, which is generatedby Tar-
geteam, a systemfor supporting the preparation, use,and reuseof teaching materials
[Teegeand Breitling, 2002, Targeteam,2006]. The html slidesare accessedand dis-
played with a standard web browserand are dynamically annotated by useof a Java
applet. This pixel-based annotations and scrolling pageswithin the web browser
generatemore updates. However, accesstimes of around 100 msecare still accept-
able as they enablethe user to accessten di�eren t points within the duration of the
recording.
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Fig. 5.25. Averageaccesstime per lecture
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5.4.3 VNC Sessions without Keyframes

All of the recordings we have analyzed so far contain non-incremental keyframe
stripes, which constitute one full keyframe at a period of two minutes. Hence,each
recording contains approximately 40{45 non-incremental keyframes,which are not
necessarilyrequired for replaying the session.During summer2006we have recorded
two coursesby Prof. Dr. Helmut Seidlwithout theseadditional update strip es.There-
fore the computation of the framebu�er state for a given accessposition can only
be achieved by the e�ective rectangles approach. Unlike the previously analyzed
recordings, which were recorded at a color depth of 16 bit, these two courseswere
recordedat 32 bit per pixel (24 bit color valuesstored in 4 bytes each, since3 byte
valuesare not supported by the usedVNC server implementation) and thus contain
typically twice asmuch pixel data (which probably doesnot causetwice the amount
of compresseddata as the unusedbyte is commonly always set to zero).
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Fig. 5.26. Averageaccesstime per lecture (no keyframe strip es)

The average accesstimes for the lectures of the course\ Abstrakte Maschinen" are
given in Figure 5.26 and for the \ Compilerbau" coursein Figure 5.27. The graphs
reveal very good accesstimes of about 40 msecfor most of the lectures, especially
if regarding the 32 bit values instead of 16 bits only. However, the graphs evidently
exposesometremendouslyhigh peakvaluesof several hundred millisecondsand even
up to two seconds,which might be acceptablefor slide basednavigation and is still
better comparedto most streaming media but neverthelessis anything but a perfect
accesstime for user interaction.

During the \ Abstrakte Maschinen" lecture 200606 08 a lot of dynamic content (pro-
duced by the simulator) was presented and a di�eren t VNC server implementation
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Fig. 5.27. Averageaccesstime per lecture (no keyframe strip es)

wasused.That VNC server generatedsigni�can tly more largeupdates.Other record-
ings of that coursetypically have an averagepixel density of several hundred kpixel
per minute (listed in Appendix A.3). Valuesbetween1{2 Mpixel/min arenot uncom-
mon for recordings that contain keyframes(A.2). However, this particular lecture
of the \ Abstrakte Maschinen" courserevealsan averagepixel density of 30071kpix-
el/min, which is about 70 times more than the averageof all other recordings of
that courseand therefore we will ignore this recording as massive outlier (probably
causedby a faulty VNC server).

Surveying the other recordings of the two analyzed coursesrevealed that during
the lectures,whoserecordingssu�er from bad averageaccesstimes, the presentation
softwarewasnot switchedto ful lscreen mode. Hence,the presented slideswerealways
surroundedby a border. The border (or at leastparts of it) stayedunmodi�ed during
(almost) the complete session,which is the worst case for the e�ective rectangles
approach as messagesthat occurred very early during the lecture are relevant to
(almost) any later framebu�er states including those towards the end of the session.
Compare the examplegiven in Figure 5.28 against Figure 5.15 (page 95).

Fig. 5.28. Backward processingto acquire relevant framebu�er updates (worst case)
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Note that the lecture \ Compilerbau" 200605 29 achieves even worse accessrates
than the others, becausethe presented slideswere not only presented within a �xed
border but alsonot scaledto �t into that border. Thereforethe lecturer often scrolled
the slidesand thus causinga higher pixel density of 2392kpixel/min, which is about
three to four times the typical amount achieved for that course. Scrolling causes
large-areamodi�cations similar to a full screenmovie or animation unlessthe VNC's
CopyRect encoding is applied, which we have discouragedin Section 4.2.4 in order
to avoid messagedependencies.The CopyRect encoding could be enabled for VNC
sessionrecording but then we cannot use the sameVNC messagestream for trans-
mission and recording and furthermore messagedependencieswould have to be
respected while computing the framebu�er state for random access.

The e�ective rectanglesapproach tests every rectanglebetweenthe accesspoint and
the �rst e�ectiv e rectangle whether it has any e�ectiv e pixels or not. In this worst
casescenario,many tested rectangles o�er no contribution to the �nal state. The
test for e�ectiv e pixels is currently implemented (within the TTT) as a comparison
against a bit mask, which marks the already covered pixels. Hence,its performance
strongly dependson the number of tested pixels. If presenting slides within a static
(and thusunmodi�ed) border, each slidecoverslargeareasof the interior but possibly
o�ers no contribution to the �nal state as the slide is probably covered by a later
shown slide. Neverthelessthe large number of pixels causedby each slide must be
tested. Consider the example given in Figure 5.29. If the eight slides would have
beenpresented in fullscreenmode without a border, it would have beensu�cien t to
test only slide no. 8 and slide no. 7 in order to achieve a full update of the entire
framebu�er.

Fig. 5.29. E�ectiv e pixels of a seriesof slides

Although it is commonly seenas a better style to present slides in fullscreen mode,
we do not intend to force teachers to do so, becausethis would contravene our
transparent recording approach. Furthermore, VNC sessionrecording is not limited
to slide based presentations. The border of any other application or the task bar
of the recorded desktop will probably causesimilar e�ects. Hence, the recording
and replay environment must be able to handle such recordings in an appropriate
way to achieve better accesstimes. The usageof keyframes(either as strip esor full
keyframes)ensuresthat no messagesprevious to the keyframe has any in
uence on
framebu�er states later than the keyframe. However, the average access times of
recordingsthat do not contain keyframes(Figure 5.26and 5.27) are typically better
(due to them containing lessupdates), except for the worst cases.
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5.4.4 Completing Up dates instead of Keyframes

Another approach than using (full) keyframes is to analyseeach recording and add
completing updates whenever needed,i.e. updates that cover any pixels which have
not been updated for a while. This guarantees that only a certain number of up-
dates or a certain period in time must be tested (as is the casefor recordingswith
keyframes)but reducesthe number of redundant pixel updates.This can be achieved
analogousto the e�ective pixel test but this time in a front to back ordering. The
pixels that are modi�ed by an update within a certain time span are marked and at
the end of the period it is tested whether all pixels are updated within the period
or not (Figure 5.30a). Probably some pixels are not marked and therefore addi-

Fig. 5.30. Determining and inserting Completing Updates

tional messagesthat contain the missing pixels must be inserted. This can be done
by copying the messagesthat contain the missing pixels from the previous period.
Searching for the appropriate updates can be achieved by a back to front search
starting at the end of the previous period and using the current pixel mask (which
revealsany necessarypixels) as shown in Figure 5.30b.The copiedupdates must be
inserted at the beginning of the current period (Figure 5.30c), becauseotherwise
they may overwrite other messagesof the period. Afterwards the pixel mask is reset
and the next period will be tested. As the algorithm guarantees that any previous
period already updates any pixel of the entire framebu�er, the back to front search
will end at least at the beginning of the previous period. Due to the initial frame-
bu�er update all pixels are included at the end (in fact already at the beginning)
of the �rst period and therefore this period can be skipped during the test. Note
that the copiedmessagesmay contain more pixels than necessaryand therefore new
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messagesof smaller sizescould be composed instead. However, this would require
messagesto be decoded, partitioned and re-encoded rather than just copied. The
analysisand modi�cation of recordingsis best suited for an automated post process-
ing phase, becauseif performed during playback time it would increasethe startup
time of the replay application.

5.4.5 Optimized E�ectiv e Pixels Test

Regardlessof whether adding keyframesor not, weassumethat moresuitable average
accesstimes can be achieved by improving the test for e�ective pixels. The currently
implemented approach of using a bit mask and testing for each pixel whether the
corresponding 
ag is set or not, highly dependson the pixel density of the recorded
session.As updates are only applied in the form of rectanglesand as the presented
content also has typically rectangular shapes(e.g. slidesas well as application win-
dows) a rectangle inclusion (or intersection) test could be applied instead. Hence,
the performance would no longer depend on the number of updated pixels but on
the number of updates (regardlessof their sizes).

Furthermore, the bit mask should be replaced by a more suitable data structure.
For instance, imagescan be manipulated and accessedrather quickly if represented
as quad trees [Hunter and Steiglitz, 1979]. As our bit mask is a two colored image
only, the e�ciency of such a data structure would improve further. Quad trees can
be e�cien tly implemented from binary arrays [Samet, 1980] and work best if usedto
compressaxially parallel rectangles,which is the casefor our rectangular updates.
In order to approve the given suggestionsand modi�cations for arbitrary courses,
other lectures with a higher pixel variety must be recorded�rst.

5.5 Summary

VNC Session Recording by logging timestamped RFB protocol messages
was intro duced by [Li and Hopper, 1998a] and extended in other works
[Li and Hopper, 1998b, Li et al., 1999b, Li et al., 1999a, Li et al., 2000a,
Li et al., 2000b], but mainly focuseson sequential replay. The conceptof storing delta
pixel values enables sequential replay in either direction [Li and Hopper, 1998b].
Random access is addressedby placing check points (keyframes) [Li et al., 1999a],
but not in a way su�cien t to provide fast random access.However, fast random
access is a key feature not only to provide visible scrolling (Criterion C7c) but any
kind of navigational (C7), retrieval (C8) or post-processing(C6) features.

The drawback of the mentioned works is the suggested�le format, whoseine�ciency
is mainly causedby the RFB protocol speci�cation due to missing delimiters. Ac-
cessingcertain messages,rectanglesor headerswithin the loggedstream of messages
always requires all previous content to be parsed, which obviously is highly ine�-
cient. Adding �le pointers as backreferences to previous messagesis only a slight
improvement. In fact, fast accessto the successivemessagesis required. Therefore,
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we suggestsize tags that specify the length of the following data, which can be
easily achieved by bu�ering single messagesbefore writing them to the log �le. The
size tags also enable skipping of unknown messagesand thus improve extensibil-
it y. Furthermore, we suggeststoring distinct rectangles, which provide fast accessto
rectangle headersand thus improvesthe computation of rectangle intersectionsand
the areasa�ected by framebu�er updates.

We have analyzed recordedVNC sessionsfor several coursesduring which di�eren t
presentation styles were usedand have shown that the suggested�le format modi-
�cations lead to suitable average accessrates lessthan 150 msec(t ypically around
40{100 msec) for most lectures. We have also made suggestionsregarding how to
achieve further improvements.

Furthermore, generatingasynchronouselectronic lecturesby recording VNC sessions
results in handable �le sizesful�lling Criterion C9e:File SizeandBandwidth. In fact,
the log �les are smaller than corresponding video recordings, but provide better
quality due to losslesscompressionschemas.With the concept of a compressed �le
format, the �les sizesare further reduced.





6

Annotations and Digital Whiteb oard

Multimedia-based electronic documentso�er various possibilities to annotate the pre-
sented content, for instance,by adding textual notes, crosslinks (within a document
or to other documents), adding audio or movie clips, developingsketchesby freehand
drawing tools, highlighting and underlining parts to emphasizetheir importance, et
cetera (see[Sch•utz, 2005] for a detailed list).

While discussingthe transition from traditional to digital lectures (in Section 2.1.3)
we have suggestedreplacing traditional blackboards and overhead projectors with
digital analogonsin order to preserve handwritten notes in a digital form of high
quality (which cannot be achieved by videotaping [Lauer and Ottmann, 2002] or
document cameras[E�elsb erg and Geyer, 1998]).

With appropriate input devices,such as electronic pens, annotating documents is
similar to writing on a blackboard or overheadslidesand, furthermore, many presen-
tation systemssupport at least simple annotating features.During the �rst lectures
we have recorded with the TeleTeachingTool, we have used such built-in annota-
tion features. In particular, our presentation software supported freehand drawing,
which we used to underline words for emphasizingthem and thus focusing the at-
tention of the audienceand also to add additional notes or sketches.While adding
notesand drawing sketchesworked in an almost satisfying way, the emphasizingwas
rather annoying becauseit often happened that words were crossedout instead of
underlined. Deleting such a line was only possibleby deleting all other annotations
as well, including sketchesor handwritten comments. Additionally , the annotations
were limited to the presented slides since the freehand tool was integrated within
the presentation software. Therefore, we decided to integrate simple but e�ectiv e
annotation tools within our lecture recording environment.

6.1 Annotations

The TeleTeachingTool presents a (remote) desktop, which o�ers the 
exibilit y to
present arbitrary applications and document formats. By virtually placing a sepa-
rate transparent layer above the desktoppresentation and adding annotations to this
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annotation layer the TeleTeachingTool enablesthe user to annotate any underlying
applications. Such annotations are vertically layered [Sch•utz, 2005] and thus are to-
tally independent of the application (since the desktop is presented as pixel image).
Horizontal ly linked annotations would rather be integrated into the presented doc-
ument [Sch•utz, 2005], which requiresaccessto the presented documents and thus is
typically limited to certain document formats only.

Fig. 6.1. Annotations of the TeleTeachingTool

Our annotation tool should at least support freehandannotations, becausethis is the
natural replacement of handwritten blackboard notesor annotating overheadslides.
Furthermore, a support for focusing the attention of the audience must be given.
Our experiencesshowed that a (maybe enlarged) mousepointer, which seemsto be
a natural replacement for a traditional pointing device, such as a stick or a laser
pointer, is not suitable. Unlike the mousepointer, a traditional pointing device is
typically usedto point to a certain element and than will be removed. Typically the
mousepointer will always be visible. This might be preferablebecausethe focusedel-
ement will stay emphasized.Consider, for instance,a traditional presentation during
which the presenter points rather brie
y to a topic by useof a laser pointer, which
might not be noticed by somepeople in the audience.However, a mousepointer is
inappropriate for permanently focusingof elements, becausein generalthe presenter
is used to the mousepointer in such a way that she/he will often not be aware of
the pointing functionalit y due to the everyday usageof the pointer in a common
desktop environment. Hence,the pointer very often will not point to elements by in-
tention, but rather point to arbitrary positions. Becauseof this and our unsatisfying
experienceswith the freehandannotations asan emphasizingtool, we rather suggest
the use of explicit emphasizingannotations. Additionally it is useful to be able to
remove certain of the previously applied annotations in order to make corrections,
for examplewhile drawing sketches,or to remove all annotations to clear the screen.
In summary, we want to provide the functionalit y of freehanddrawing, emphasizing
and removing of annotations.



6.1 Annotations 113

The TeleTeachingTool (TTT) currently supports the following annotation types,all
of which can be applied in several colors (except deletion):

annotation description
freehand a line of connecteddots
line a straight line
rectangle a rectangle drawn parallel to the axes
highlight a translucently �lled rectangle
delete erasescertain annotations
deleteall removesall annotations

The graphical visualization of TTT annotations is shown in Figure 6.1.

The annotations are not handled pixel-based as part of the framebu�er but are
speci�ed via coordinates and colorsand are represented symbolically. Pixel-based an-
notations could be integrated into the existing protocol either by placing rectangles
that exactly cover the a�ected pixels (which is easy for horizontal or vertical lines
but rather complex for freehand drawings) or must respect and thus re-encode the
current framebu�er content. Besidesthe rather complex computations neededand
the higher bandwidth and larger �le sizescausedby pixel-based storage, it is im-
possible to remove annotations (unless we provide a backup for overwritten pixels
or request the area in a non-incremental fashion). In contrast, the symbolic repre-
sentation of annotations produces less data (t ypically a few bytes per annotation
only, seeSection 9.7 for the speci�cation) and applying annotations on a separate
layer without a�ecting the framebu�er that represents the desktop, enablesmore

exibilit y in editing annotations and especially supports the removal of annotations.
The deletion of annotation objects is performed by choosing the delete mode and
selecting the appropriate annotation that should be removed, i.e. clicking on the
visual representation of the annotation object.

Fig. 6.2. Annotating a dynamic desktop
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Unlike the annotating feature of the screen recorder Camtasia [Camtasia, 2006],
our annotations are not applied to a static screenshot of the desktop but to the
dynamically updated desktop. Although it is obviously not meaningful to annotate
a moving object, for examplethe moving cellsof the VAM Simulator wehavealready
mentioned in Section5.4.1, it can be useful to annotate static elements, for instance
the program code or certain (currently) stationary cells of the simulator as shown
in Figure 6.2.

6.1.1 Annotation Con trols

[Sch•utz, 2005] divides parallelly divided and integrated annotation controls, where
integrated means that the annotation controls are part of (integrated into) other
control elements of the presentation software. As our screengrabbing approach is
independent of any presented applications, the TeleTeachingTool must useparallelly
divided controls, i.e using an own tool bar as shown in Figure 6.3.

Fig. 6.3. Annotation Controls

The buttons of the annotation controls correspond to the following functionalities
(left to right): enabling/disabling the annotating mode, choosing one of several col-
ors, choosingoneof the annotation tools (freehand, highlight, etc.) and removing all
annotations. By choosing the appropriate annotation tool (and color) a teacher can
annotate slidesand any other presented material dynamically during the lecture.

6.2 Digital Whiteb oard

Besideannotations, our systemo�ers a digital whiteboard which providesa blankpage
that can be displayed on demand in order to give additional spacefor annotations.
Considera lecturer who presents slides,but sometimesusesa traditional blackboard
in order to describe certain issues,maybe becausestudents have asked. In order to
preservesuch excursionsin an electronic lecture, they must bedigitizable in a suitable
quality. O�ering annotations alone might not be su�cien t. Although a teacher may
leave somefree spaceupon her/his slides in order to place annotations during the
presentation, more spacemay be neededto explain unforeseenstudents' questions.
Adding blank pageso�ers additional space.

Another possibility would be to switch back to the edit mode of the presentation
software and insert an additional blank slide. However, this would disrupt the pre-
sentation. In contrast, the whiteboard of the TTT can be enabledwhenever needed
and, after the excursion has �nished, the teacher can switch back to the originally
presented slide with a single button press(the outmost right button in Figure 6.3).
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Since it is often useful to recall the annotation made during the excursion, the
whitboard and the desktop have di�eren t annotation layers and thus independent
sets of annotations. Hence, the teacher can switch between annotated slides and
annotated whiteboard excursions. Moreover, the TTT supports not only a single
whiteboard but rather whiteboard pageswith individual annotations for each page.

6.3 Proto col In tegration

In order to transmit and record the annotations they must be integrated into the
adapted RFB protocol. Rectangles(including highlighting rectangles)can be speci�ed
by the x,y coordinates of one corner and the width and height, lines by specifying
two points and freehandannotations by a list of points. Additionally , the color must
be noted. The removal of annotations could be achieved by assigninga unique ID
to each annotation object and explicitly removing objects by their ID. However, we
have chosena very simple but pragmatical solution: Sinceremoving is performed by
virtually wiping out the objects with the electronic pen, the corresponding annota-
tions can be removed by specifying the removalpoints (which correspond to the pen
movements while wiping out) and deleting any annotations that intersect with this
points.

Fig. 6.4. Data 
o w between TTT components

The integration into the protocol is achieved by de�ning new messagetypes with
appropriate valuesfor each of the annotation typesasspeci�ed by the TTT protocol
description given in Section 9.7. Furthermore, thesenew annotation messagesmust
be delivered to the students' replaying applications. Recall that our proxy receives
messagesfrom the VNC Server and processesthem (i.e. transforming, recording
and transmitting) and additionally handles the input events sent by the teacher's
application in order to remotely accessthe presented desktop. Annotations are pro-
ducedby the teacher's application aswell and should be transferred to the students'
client and to the recording component. Therefore we suggestdelivering annotation
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messagesfrom the teacher's application to the proxy analogousto the input event
messagesas given in Figure 6.4. Unlike the input events, the annotations are not
sent to the VNC Server but are merged with the framebu�er update messagesre-
ceived by the VNC Server and then transmitted to the students' clients or delivered
to the recording component. As stated in the �gure, the teacher's application is also
supplied with the merged framebu�er update and annotation stream. As the teacher's
application is the producer of the annotations, this would not be necessary. However,
such a designenablesall clients to be supplied with the samedata.

Note that our design still usesan original VNC Server implementation, which re-
spects the original RFB protocol and thus is not aware of the annotation concept.
However, this is not necessarysincethe proxy �lters any annotation messages.

Recording of TTT annotations is achieved in the sameway as logging framebu�er
updates. In fact, merging the additional annotation messageswith the stream of
framebu�er updates is su�cien t for recording, becausethe recording component will
automatically timestamp and log each messageof the incoming messagestream,
including the annotations.

6.4 Evaluation of Annotation Usage

A complex evaluation regarding pedagogicalissuesand learning results of students
could not be performed throughout this thesis. Nevertheless,we can give a short
summary of how the annotations wereusedduring our lecturesand how this a�ected
the dynamics of electronic lectures.

We have analyzed 85 recorded lectures by Prof. Dr. Helmut Seidl, which were
recorded during four semesters, regarding the usage of our annotation tools
[Ziewer and Seidl, 2004]. We have analyzed the number of applied annotations per
lecture, distinguishing between the four annotation types: freehand, line, rectangle
and highlighting. Since the annotations are recorded as individual messagetypes,
counting the occurrencesis easily establishedby automatically analyzing the mes-
sageheadersfor each recordedlecture. Note that a freehandannotation is counted as
a single occurrencefrom setting the electronic pen on the display, i.e. producing the
start point, until lifting the pen again, but the writing of a word or drawing a sketch
typically consistsof several individual freehand annotations. Hence, the number of
occurrencesof freehand annotations cannot be directly comparedwith the number
of occurrencesof the other annotation types, which exactly re
ect single uses,for
instance to highlight a word.

The annotation tool was usedfor the �rst time during winter 2002/03. The lectures
of that semesterrevealapproximately 180{280annotations per lecture and the usage
increasedto 200{400annotations per lecture in the following semesters.The number
of annotations that wereusedper lecture aregiven in Figure 6.5,wherethe left values
relate to the oldest and the right to the newer lecture dates.

The most frequently used annotation type was the highlighting annotation, which
was used about 130{230 times per lecture (Figure 6.6). Highlighting annotations
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Fig. 6.5. Annotations per lecture (rect,line,high,free)

have beenacceptedby the teacher almost sincethe very �rst lecture and the usage
stayed relatively constant throughout the years.
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Fig. 6.6. Highligh ting annotations per lecture

Analyzing the freehandannotation usagerevealsdi�eren t results asshown in Figure
6.7.During the �rst semester(the �rst 27analyzedlecturesin the �gures), Prof. Seidl
rarely used freehand annotations (less than 20 occurrencesper lecture). Since the
secondsemesterhe started using freehandannotations more frequently and there is
a slight increasein the last semester.
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Fig. 6.7. Freehand annotations per lecture
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The possibility of line annotations was hardly ever used and the rectangles were
drawn about 10{50 times per lecture. However rectangle annotations were often
applied to draw a rectangle around some text in order to emphasize it. Hence,
highlighting annotations could have beenapplied instead.

Furthermore, wehaveanalyzedhow often the color waschangedbetweentwo consec-
utiv e annotations. This feature wasbarely usedduring the �rst lectures, the teacher
started using it more frequently after about two months. Overall he switched to an-
other color about 30{50 times per lecture in order to distinguish di�eren t annotations
by using di�eren t colors.

 0

 50

 100

 150

 200

 250

 300

 350

 400

 10  20  30  40  50  60  70  80

nu
m

be
r 

of
 a

nn
ot

at
io

ns

lecture

Fig. 6.8. Color changesper lecture

Although more recordings of di�eren t teachers must be analyzed in order to give
a general statement, these results give an impression of how TTT annotations po-
tentially can be used. Regarding these results we can state that for Prof. Seidl the
highlighting and freehandannotations are of most importance. The rectangle anno-
tations can often be replacedby highlighting annotations sincethey were both used
with the intention of emphasizing.Although Prof. Seidl usedthe freehandfeature of
the presentation software to underline certain words for emphasizingpurposesbefore
we intro duced the TTT annotations, he rarely usedthe line feature later. Thus, we
conjecture that applying highlighting annotations is much more e�ectiv e.

Students' comments concerningthe TeleTeachingTool revealedthat someof the stu-
dents complained about too many highlighting annotations in the lectures of Prof.
Seidl. An extreme caseof a slide with many highlighting annotations is shown in
Figure 6.9. Almost every element wasemphasizedduring the talk but typically only
the last one is still valid for focusingpurposes.Therefore, the previously madehigh-
lightings should rather be deleted. Since an explicit deletion by the teacher would
be an additional task to be performed, which should be avoided. Instead we sug-
gest automatic removal of previously madehighlightings. This can either be realized
by limiting the number of simultaneously visible highlighting annotations to one or
maybe up to three annotations at a time, or by setting a timeout for such annota-
tions sothat they will automatically disappear after several seconds.Consideringthe
implementation of the TeleTeachingTool the �rst approach is preferable, becauseit
can be realized by modifying the TTT teaching component (by sendingappropriate
deleteannotations) while keepingfull compatibilit y for the student component. This
modi�cation will a�ect only newly produced electronic lectures. If the highlighting
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annotations of previously recordedlecturesshould be limited aswell, a modi�cation
of the replaying engine is inevitable. Since the highlighting annotation type might
have been used for drawing purposesduring previously recorded lectures, for in-
stance to draw boxes, the feature of automated removal should stay optional, i.e.
students should have the option to disable that feature.

Fig. 6.9. \Ov er-highlighted" slide

In summary, the most frequently used annotation feature is highlighting in order
to focus the attention of the audience. In order to strengthen the e�ect of this
feature, the number of simultaneous highlighting annotations should be limited in
order not to lose the focusing e�ect. For any other commenting of the presented
content the freehanddrawing feature is of highest importance. Consideringthe usage
statistics, the other annotation typescan be neglected,but the useof di�er ent colors
is helpful in order to distinguish the applied annotations. Regarding the intention
to provide an easy to use and concise control bar that o�ers accessto simple but
e�ectiv e annotation tools, emphasizing(with automated removal), freehanddrawing
and deleting in combination with a few colors might be su�cien t.

6.4.1 Dynamics of Lectures

Presenting a static slide over a longer period is rather problematic from a pedagogi-
cal point of view [Edelmann, 1995], especially if the teacher is only visible in a small
video (if at all) as is the casefor electronic lectures that are presented on screen.
Therefore, we have additionally analyzed the recordings regarding their dynamics,
i.e. any visible modi�cations of the presented lecture including slide switches, ani-
mations, annotating or just moving the mousepointer. We have classi�ed periods as
dynamic or not accordingto the time spans betweenconsecutivemodi�cations. Time
spans up to 3 secondswere classi�ed as dynamic. The lectures of Prof. Seidl show
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a proportion of dynamic periods of about 15{35%. If regarding only the dynamics
causedby the desktop(i.e. the framebu�er updates) without consideringannotations
the proportion decreasesto approximately 10%, if using other applications besides
the slide presentation (e.g. the VAM simulator) about 20% are achieved.

We have comparedthose valueswith the dynamics of 28 lectures of Prof. Dr. Hans-
J•urgenBucher, whoselectureswerealsorecordedwith the TeleTeachingTool. Instead
of the TTT annotation system, Prof. Bucher has usedthe built-in freehanddrawing
feature of the applied presentation software. The dynamic proportion of this lectures
reachesonly 5{15%

Hence,the dynamic proportion of (electronic) lectures can be signi�can tly increased
by use of the simple annotating features of the TeleTeachingTool. Even higher dy-
namics are achieved whenever additional applications and especially animations or
visualizations are usedduring the presentation. However, adequateevaluations must
be performed in order to state the e�ect of TTT annotations and dynamic propor-
tions regarding the learning results of the students.

6.5 Summary

The TeleTeachingTool o�ers an easy to use simple but e�ective annotating func-
tionality , which is suitable to focus the attention of the audienceas well as to add
additional comments and sketchesand furthermore increasethe dynamic proportion
of electronic lectures. By o�ering an electronic whiteboard, the teacher can add blank
pageson demand in order to give additional explanations whenever questionsarise
during a lecture. After such an excursion the presenter can switch back to the pre-
sentation, which stayed unchangedduring the excursion, including previously made
annotations.

TTT annotations are not limited to the presentation software but can be applied
to any presented applications and documents, becausethey are applied on a sep-
arate layer on top of the pixel-based desktop representations. This design can be
extended to multiple layers in order to support several sets of annotations as sug-
gested by [Sch•utz, 2002, Lienhard and Lauer, 2002, Lienhard and Zupancic, 2003].
They suggestannotation layering in order to enable student annotations. By pro-
viding several virtual layers for the teacher's and the student's annotations, and
maybe for additional annotations of other students, each set of annotations can be
enabledor disabled on demand, i.e. certain annotations can be shown or hidden.

The annotation and whiteboard featuresare integrated in our adaptedVNC environ-
ment by de�ning additional messagetypes. The recording component automatically
timestampseach loggedannotation messageand thusenablesa dynamic replayof an-
notations as requestedby [Lauer and Ottmann, 2002] (our Criterion: C4d). Another
criterion (C4c; also requested by [Lauer and Ottmann, 2002]) is that annotations
should be associated with slidesand disappear when switching to another slide and
appear again when switching back. Typically such an association requires an inte-
gration of annotations into the presented document (horizontally linked annotations
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[Sch•utz, 2005]), but our annotations are applied vertically layered and independent
of the underlying content in order to support the annotating of any applications.
We diminish this drawback by automatically removing all annotations whenever the
teacher switchesto the next or previous slide by pressingone of the keyscommonly
used to switch slides, i.e. the arrow keys and the page-up/-down keys. Hence,new
slideswill always be presented without the annotations of the previousslide. In most
cases,this approach is su�cien t. An association with slides to ensurethat annota-
tions can appear again corresponding to the presented slide is more challenging.
Nevertheless,we will addressthis topic and suggestsolutions in Section 7.7 (after
discussingsomenecessaryprerequisites).





7

Navigation and Automated Indexing

Lecturesand presentations are sequential and soare their video style recordings,the
asynchronouselectronic lectures. Students who have not attended the corresponding
live lectures, e.g.distancestudents or local students that misseda lecture, may watch
the electronic version in full length. But in general pure sequential playback is not
su�cien t. Students rather want to accesscertain topics and thus like to locate and
study parts of special interest, which could be the beginning of a chapter or a speci�c
de�nition. They may want to replay interesting or complicated sequencesbut skip
other parts.

However, asstandard screenrecording doesnot conservethe document structures (of
presented slides), only sequential playback or at most navigation by time is possible.
Although such timeline navigation is a useful feature, for instance to skim through
a lecture or to skip back a little bit to replay the just seenpart oncemore, it is often
not the bestway of navigation. In fact, navigation by time is rather annoying if trying
to access(the beginning of) a certain slide or topic, particularly if accessingtakes
a couple of secondscausedby bu�ering techniques (e.g. streaming media). Even if
immediate random access is supported, searching is not as comfortable as required.
Dragging a slider back and forth until a certain position is found, is rather imprecise
and therefore time consuming and annoying. Recall the tedious search of a certain
songon a music tape or a passageon a video tape, always winding the tape back and
forth, and replaying a short fragment until the desiredsequenceis located. Besides
assumingthat a user knows what to search for, such an approach moreover requires
not only the identi�cation of the target sequence,but also the identi�cation of even
the unwanted sequencesto be able to decidewhether to wind forward or to rewind
the tape. Thus, knowledgeof the recording is a precondition for e�cien t searching.
Accessinga certain song on a CD or a movie chapter on a DVD is much easierby
use of a given predetermined table of contents, which exactly refers to meaningful
positions within the timeline of the media. In order to improve navigational features
for lecture recordings, indices are required as navigation marks addressingspecial
positions within a recording. Any timestamp and thus any recordeddata associated
with a timestamp is a potential index, but a recordedVNC sessioncommonly consists
of thousandsof timestamps. However, meaningful indices are only those addressing
points of interest, like the beginning of a chapter or an animation aswell asswitching
to another slide, which is called navigation by slide.
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In this chapter we will �rst give an overview of navigation by time, including re-
quirements and suitable graphical user interfaces (GUI). Then di�eren t classesof
navigational indices are described and discussedin order to elaborate an approach
to acquiremeaningful navigation marks. Afterwards, we intro duceand discussdi�er-
ent approachesof automated slide and animation detection to be performed during
post-production as well as on the 
y during a live lecture. Additionally , we discuss
the visual representation of indicesaswell as the automated generationof annotated
scripts. Furthermore, suggestionsare made as to how TTT annotations, which are
independent of the presented content by default, can be interlinked and associated
with slide indices and presentation content.

7.1 Navigation by Time

Navigation by time or timeline navigation is navigating during replay by specifying
a certain (access)point in time within the duration of the recorded session.The
most common user interface to specify the accesspoint is a slider as shown in Fig-
ure 7.1. The slider represents the timeline of the lecture. The left point (starting
point) relates to the beginning of the lecture and the right point to the end and
thus the duration of the lecture. As the representation is straight proportional, any
slider position in between relates to a position within the duration of the lecture.
Selecting a time is done by clicking a certain point on the slider or dragging the
slider knob to the desiredpoint and releasingit (depending on the slide implemen-
tation). This provides random accessto the speci�ed accesspoint on the timeline. If
the screenis updated in relation to the knob position while still dragging the knob,
which is called visible scrolling, the user can skim through the lecture and thereby
get a better overview. If visible scrolling is not supported, the displayed media will
be updated according to the end point (i.e. the releasepoint) only. Of coursevisible
scrolling is preferred but is not/cannot be supported by all players and media for-
mats. Streaming media generally cannot support visible scrolling \... becauseonly a
small part of the document is bu�ered locally at any given time. In order to make
random accesswork in real time, the document as a whole must be stored locally"
[Lauer and Ottmann, 2002].

Fig. 7.1. Controls of the WindowsMediaPlayer including a timeline slider

A slider is a very comfortable userinterfacebut not necessarilya very exact one.The
number of selectable positions and thus the possibleaccesspoints is limited by the
number of pixels corresponding to the length of the slider. For the common screen
resolution of 1024� 768 pixel the length is approximately 900 pixels and thus the
smallest increment is theoretically six secondswhich relates to onepixel. However, if
the slider is shorter or if the slider implementation provide only larger step sizes,the
smallest increment might be bigger. Morever, setting the slider to an exact position
is not that easy. If exact positioning is demanded,e.g. for editing purpose,the user
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interface should provide an additional input �eld, which enablesthe user to specify
the point in time by entering the corresponding time value (i.e. by entering digits).

Another useful feature for navigation by time are buttons or keyboard shortcuts,
that can be usedto skip back or forth a certain amount of time (e.g. -5 min, -1 min,
+1 min, +5 min). This enablesrelative navigation instead of absolute positioning.
Often students just want to skip back a little bit in order to replay the just seenbut
not totally understood part of the lecture or they want to skip parts they already
have understood. For instance some intro duction to a topic might be clear to the
student but certain details that are discussedafterwards might not be and therefore
the student wants to skip the intro duction and progress directly to the detailed
discussion.

A crucial factor for the usability of navigation by time is the responsetime. In fact,
a fast response time is also bene�cial for other navigational features, however the
usermight be willing to wait a few secondsif accessinga certain slide or performing
a search, but not if navigating by time, especially not during visible scrolling. This
is becausenavigating by time is commonly composedof several navigational steps,
for instance, clicking several positions on the slider until the searched position is
found. Or consider a student pressing the +1 min button several times and then
recognizingthat she/he skipped slightly beyond the desiredtime and hencepressing
the -1 min button once. If random access demands time consuming computing or
bu�ering, as is commonly the casefor streaming media, navigation by time is less
usefuland visible scrolling without fast randomaccessis meaningless.Unfortunately ,
the RFB Protocol [Richardson, 2005] is not designedto support random access by
default but can be appropriately adapted (Chapter 5). In particular, we have shown
that (average)accessrates for random accessof lessthan 200 mseccan be achieved
and for typical slide basedpresentations even accessrates of lessthan 50 msecare
possibleasshown in Section5.4. As the responsetime of the graphical user interface
correlates to the access rate we can presumefast random access and low response
times for VNC basedrecordings.

7.2 Navigational Indices

[Minneman et al., 1995] divide four broad classes of navigational indices.
[Li et al., 2000a] applied theseclassesto the context of VNC sessionrecording. They
usea VNC proxy recorderthat not only storestimestamped framebu�er update mes-
sagesbut alsorecordsuser event messages(e.g.key events) (seeSection5.1.3),which
also can be usedas indexing marks.

7.2.1 In ten tional Annotations

Firstly , there are intentional annotations , which are indices the teacher creates
during the presentation especially for the purposeof indexing, i.e. to mark particular
points of interest. Highlighting a text string on the desktop leadsVNC to automat-
ically create a ServerCutText message,which can be used as index. However, the
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teacher has to remember to createsuch indicesduring presentation, but she/he may
forget to do so in the heat of the moment. Consider intentionally indexing head-
lines. The teacher must remember to highlight the headline of each slide in order to
generatea ServerCutText messageand thus copy the textual string to be included
in an overview or table of contents. This approach in
uences the live presentation
without any positive e�ect for the local audience,in opposition to the transparency
recording approach, and therefore is not very commendable.

Additionally , the VNC client of [Li et al., 2000a] o�ers the possibility of inserting
brief noteswhich are stored asClientCutText messagesto �t into the RFB protocol.
If used during a lecture, this feature may interrupt and distract the natural 
o w
of the presentation. The explicit insertion of brief notes is better suited for post-
processingand, in this case,should be �led under post-hoc indices (seebelow).

On the other hand, intentional indices can be placed automatically. teleTASK
[teleTASK, 2006], a pixel-based recording system, usesa plug-in for PowerPoint,
during the presentation to generatean index each time the teacher switches to an-
other slide. This allows slide-basednavigation. Unfortunately , this feature demands
the useof PowerPoint and if teachers forget to start the plug-in no such indices are
recordedand there is no way of applying the plug-in afterwards.

7.2.2 Side-e�ect Indices

The secondclassare side-e�e ct indic es, which are activities whoseprimary pur-
pose is not indexing but provide indices becausethese activities are automatically
timestamped and logged. Hence, side-e�ect indices are recorded without any im-
pact on the presentation processand therefore are well suited for our transparent
recording approach.

Examples are input events such as keystrokes, pointer movements and but-
ton presses, which occur while the teacher interacts with the VNC desktop.
[Li et al., 2000a] suggestlogging KeyEvent, PointerEvent and Bell messages.Their
idea is to generateindicesof such events becauseusersmay remember them and want
to accessthe corresponding part of the recordedsession.Obviously, this idea is only
meaningful to users who have attended the live sessionor, at least, have watched
the recorded sessionbefore. Especially the Bell messagetype, which signi�es that
somethinghappenedand commonly results in a short sound(the signal bell), is only
meaningful if the user remembers that such an event occurred and knows to which
topic it refers.However, Li et al. have a di�eren t scenarioin mind. Instead of record-
ing live lectures (where the signal bell is typically inaudible to the audience), they
rather intend to record desktop sessionsin order to demonstrate software usage.

Nevertheless, their studies revealed that \p ointer events are hardly referred"
[Li et al., 2000a] and thus provide not very interesting indices.Especially the events
causedby moving the pointing deviceare commonly irrelevant, becauseeach move-
ment generatesdozensof such events and therefore an entire sessionmay contain
several thousand in total, for instance,if the pointer deviceis usedto annotate slides.
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On the other hand, there might be teacherswho control their slide presentations by
useof key pressesonly and thus generatesessionswithout any pointer events.

[Li et al., 2000a] suggest the logging of key events in order to enable retrieval of
inserted text. Furthermore, the inserted text may be used the generate a textual
index. A sequence of key events results in (or can be combined with) textual content
that is searchable. Sinceat most only small texts are entered during a presentation,
the bene�t for later text search is rather limited. In the scenarioof lecture recording,
special keys are often used for special purposes,e.g. the page down key to switch
slides.Logging such keyswould deliver good indices.However, as most presentation
software applications o�er several possibilities to switch slides (e.g. mousebuttons,
the page-up/ down keys, the arrow keysor the b and n key) it is almost impossibleto
generatea good index table on the basis of these events alone. Moreover, the used
keysmay be application dependent and therefore must be de�ned prior to recording
and must be used in the expected way, which leads to similar problems to those of
intentional annotations. Hence, we cannot rely on such events and therefore they
are not su�cien t to provide navigation within (asynchronous) electronic lectures on
their own, but at least they might be useful as additional indicators.

In fact, we discouragethe logging of key events due to security issues. As we log
desktopsessionsand allow the usageof arbitrary applications, the teacher potentially
may enter a password in order to connect to a remote computer or a protected web
page.Unfortunately the entered password, although not visible on screen,would be
logged in the form of key events. If the key event log �le (either a separate �le or
combined with the framebu�er updates) is handedto students, they potentially may
accessthe teacher's password(s). In the caseof generating a textual index, which
consistsof any text phrasesentered during a lecture, even the unmasked password
is displayed. Admittedly , the way of storing the key events in a databaseutilized by
[Li et al., 2000a] is more secure,but neverthelessthe bene�ts for retrievabilit y are
rather limited astypically only small text passagesare inserted,e.g.shell commands.
Note that ful l text search is by all meansa very reasonablefeature but must access
the slide content instead of the key events (seeSection 8.1).

Besidesthe already mentioned intentional placement, ClientCutText and Server-
CutText messagesalsoprovide side-e�ect indices when usedfor the original purpose
of copying text (i.e. clipboard content) betweensessionpartners. Note, that due to
the double usageof these two messagetypes, it is not distinguishable, if they were
created by intention or as side-e�ect only. Hence, any marked text may occur as
a headline in a table of contents (suggestedby [Li et al., 2000a]) and thus possibly
irritates students.

7.2.3 Deriv ed Indices

Another class of indices are derive d indic es, which are produced by automated
analysis of recorded data. [Li et al., 2000a] suggestanalyzing framebu�er updates
as \a big screenchangemay suggestthat an application window hasbeenopenedor
closed" [Li et al., 2000a]. Considering our intention of recording slide presentations,
such big screenchangesalso exposesslide changes.
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Post-processingenablesthe tweaking of parametersto achieve optimal results. New
or improved index analysis can be applied to all recordings and so even very old
lectures bene�t from research advances. Additionally , as the derived indices are
calculated after the presentation is �nished, the creation cannot be forgotten during
the recording process.

7.2.4 Post-ho c Indices

Finally, there are post-ho c indic es, which are manually created during post
production to mark points of interest. If placed with consideration, for exam-
ple to mark de�nitions or the beginning of chapters, they are very useful. In-
sertion of keywords to describe chunks of the electronic lecture, as suggestedby
[Brusilovsky and Miller, 2000], are also �led under post-hoc indices. Unfortunately ,
manual placing of indices is very time consuming and thus undesirable for a
lightweight lecture recording process.

However, students may annotate and comment an electronic lecture (for instance
as described by [Lienhard and Lauer, 2002, Lienhard and Zupancic, 2003]) which is
also a post editing processbut not a mandatory one. Such student notes provide
post-hoc indices with a special meaning to the student who placed it and, if the
comments can be exchangedamongstudents, may alsobe useful for fellow students.

7.2.5 Index Querying

The VNC sessionrecorder of [Li et al., 2000a] stores all events in an event store
[Spiteri and Bates, 1998], which allows retrieval by useof SQL1 queries.The query

select * from frame-buffer-upd at e where update >= 40%;

leads to all framebu�er update events that change 40% or more of the screen.
Entering queries in SQL syntax is obviously not very user friendly. Therefore,
[Li et al., 2000a] provided somebrowserinterfacesfor commonqueries.For the given
example they suggesta �eld labeled \up date" and inserting the value 40 results in
the SQL query given above.However, the meaningof the \up date" �eld and the pos-
sible valuesmust be explained to the user.This approach may be useful for advanced
users, but is not very intuitiv e, especially not for novice students with lesscomputer
practice. Hence,most students will probably not usesuch features.A major problem
of the system of [Li et al., 2000a] is that the student must decide,which are mean-
ingful values for the queries.A structured overview, as claimed to be necessaryby
[Lauer and Ottmann, 2002], would rather give (a list of) predetermined meaningful
indiceswith somekind of classi�cation (e.g. indices that refer to slides) and the stu-
dent must only select which of the indices she/he wants to access.Hence,we need
to determine indices and classify them and �nally present them in the form of an

1 SQL (commonly expanded to Structured Query Language) is a computer language to
interact with relational database management systems
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intuitive user interface in order to provide meaningful and easy to use asynchronous
electronic lectures.

7.2.6 Automated Analysis

Regarding the lightweight content creation approach, the generation and classi�-
cation of indices should/must be automated as far as possible.Hence, the manual
placement of post-ho c indic es may be o�ered for additional index generation or
to place optional student comments, but is unsuitable for automated processing.
The use of intentional annotations is also discouraged,becauseit opposesthe
transparency of the sessionrecording as it demandsteachers to think about useful
indices and keywords during the live presentation. In terms of transparency only
side-e�ect and derived indices provide an appropriate way of structuring electronic
lectures. As a (VNC session)recording consistsof thousandsof potential indices, we
needautomated analysis to classify them and acquire a meaningful selection.

Regarding the classi�cation, it is better to �nd fewer but consistently meaningful
indices instead of presenting all the meaningful indices along with many useless
ones(\ false positives"). Consider a recordedslide presentation with 30 slides. If the
review environment presents, for instance, 27 or 28 indices, each referring to a real
slide switch, the indices are well-suited for navigation and will satisfy most users.
However, if their are 50 slide indices, 30 of which refer to the beginning of a slide,
but 20 referring to arbitrary and meaninglesspoints in time, the user might be
confusedabout the meaningof the indicesand wonder why an index provides access
to the middle of nowhere. Hence, the classi�cation algorithms should deliver only
meaningful indices at high probabilit y.

Note that the analysisand the suggestedalgorithms and thresholds of the following
sectionsare closely related to the TeleTeachingTool and TTT recordings (because
it is the basis implementation for this research). However, many aspects can be
transformed to other VNC sessionrecorders or even to screen recorders in general.
The main di�erence betweenVNC recordersand other screenrecordersis the mes-
sagebased and demand-driven data recording. Pixel valuesare encapsulatedwithin
framebu�er updates and thus we have setsof rectangular screenmodi�cations. Fur-
thermore, the demand-drivenapproach in combination with the timestamp message
logging provides someuseful metadata, e.g.what was updated and when, and there-
fore enables a better classi�cation than recording (full) frames at a �xed frame
rate. Furthermore, the VNC input event messagetypes as well as the TTT anno-
tation messagetypes o�er the possibility of identifying user events, which is hardly
possible just on a pixel basis. Note that several presentation software applications
provide their own annotation systems. The resulting annotations are recorded by
the TTT (and all other screenrecorders),but are encoded pixel-based as part of the
framebu�er in this case,overwriting other pixels and hencecannot be extracted in
a straightforward manner. On the other hand, TTT annotations, which are stored
symbolically, can be �ltered and thus analysiscan be applied just to the framebu�er.
This is also the caseif the VNC server supports the special cursor encodings, which
handle the mousecursor on a separatelayer and thus independent of the framebu�er
content. Additionally , all TTT recordings(unlessrecordedwith a TTT sinceversion
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21.06.2006)contain non-incremental update stripes, which are used as partitioned
keyframe parts as suggestedin Section 5.3.3. Other VNC sessionrecordersmay use
full keyframes(lik e [Li et al., 1999a]) or no keyframesat all. (Standard) video for-
mats that are used by other screenrecorderscommonly make use of keyframesas
well.

7.3 Slide Detection

Navigation by slide is one main feature a playback engine should o�er
[Lauer and Ottmann, 2002]. A slide, or more precisely the representation of a slide,
is (mainly) an imageshown to an audience.Screenrecordersstore theseslide images
as pixel data. Switching slides during a presentation commonly results in a modi-
�cation of large areasof the screen.In our VNC context any screenchange leads
to framebu�er update messages. Therefore the timestamp of any large framebu�er
update is a potential index for a slide change.\Large" can be seenin the meaningof
by byte, i.e. the length of messages,or by-area, i.e. the area of the framebu�er which
is a�ected by an update.

7.3.1 Slide Detection By-Byte

The computation of slide indices in terms of large by-byte is straight forward if log-
ging VNC messageswith corresponding timestamps and the length of each message
(Section 5.1, Figure 5.3). Otherwise the entire log �le must be parsedoncein order
to determine messagelengths. A classi�cation of messagesizescan be achieved by
applying an empirically determined threshold. Any framebu�er update whose size
exceedsthis slide detection thr eshold is classi�ed as a slide.
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Figure 7.2showsthe messagesizesin kbytes of each lecture of the course\ Einf •uhrung
in die Informatik I " [WS2004/05]of Prof. Dr. Helmut Seidl, recordedat the Techni-
sche Universit•at M•unchen at a resolution of 1024� 768(or slightly lessto keepspace
for control elements during recording) pixels and 16 bit pixel values2. The large mes-
sagesdenoteslide switches.The smaller ones(seeFigure 7.3 for a zoomedgraph) are
mainly causedby the periodically appearing non-incremental update stripes which
are usedas(partitioned) keyframes(Section5.3.3)3. If the framebu�er content stays
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unmodi�ed for a while (e.g. minute 70{80), the graph evidently exposesthe period of
two minutes after which (almost) identical strip esare transmitted onceagain. The
update messages,which are causedby thesestrip es,must not be taken into account
when computing indices. However, the RFB protocol does not o�er a possibility
to distinguish thesenon-incrementally requestedstrip esfrom other framebu�er up-
dates, which were requested in an incremental fashion, becauseonly the requests
have an appropriate 
ag but not the update messages.One could try to regard the
rectangle coordinates to test if an update covers the requestedstrip e or not. How-
ever, the VNC server is free to combine or split updates (depending on the server
implementation) and therefore this approach may fail. Hence, the strip es must be
eliminated by setting the slide detection threshold to a larger value than the largest
strip e message.For the given example recording, a threshold of 12,500bytes elemi-
natesall messagescausedby strip es.A closerlook at the recording revealsthat 23 of
24 slidesare detected applying that threshold which corresponds to a hit rate of at
least 95%.The oneelided slide appearsat minute 45 and is only 12,212bytes in size
due to containing a few words (and thus a few pixels) only (as shown in Figure 7.4)
and therefore achievesa good compressionratio. As the largest messagescausedby
the update strip es are 12,122 bytes large (min 60{65), reducing the threshold to

2 this and all other mentioned recordings are freely available at our lecture archive
http://ttt.uni-trier.de

3 Recordings stored by the TeleTeachingTool up to Version 20.06.2006 contain non-
incremental update strip es (12 or 24 strip es at a period of 2 min.)
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include the missing slide is discouraged,becausethis may lead to falsedetections if
di�eren t content causesslightly larger strip e messages.Recall that we favor dropping
a meaningful index against generatingmany false positives, i.e. meaninglessindices.

Fig. 7.4. Undetected slide

Applying the sameslide detection thresholdof 12.500bytes to other recordingsfrom
the samecourserevealedsimilar results and hit rates of above 90% (seeAppendix
B.1). The undetectedslidescontained only a few words (as the examplegivenabove),
small sketchesor (seriesof) graphs as shown in Figure 7.5.

Fig. 7.5. Seriesof undetected slides

Our previous research [Ziewer, 2004] revealed a slide detection threshold of 10,000
bytes to be suitable for recordings with a lower color depth of only 8 bit and a
resolution of 1024� 768, which is the casefor the recorded courses\ Informatik I
(Programmierung in Java)" [WS2001/02] by Prof. Dr. Helmut Seidl recorded at
the Universit•at Trier and \ Abstract Machines for Compilers" [SS2002]presented by
Prof. Dr. Helmut Seidl (Universit•at Trier) and Prof. Dr. Reinhard Wilhelm (Univer-
sit•at desSaarlandes).

We noticed that the slide detection algorithm sometimesgeneratesmultiple indices
for the same slide. However, these are no faulty detections, but a result of the
teacher's presentation style (during that particular course). Slides were annotated
using the built-in drawing featuresof the presentation software.Deleting annotations
causeda redrawing of the screenand thus resulted in additional framebu�er update
messages,which the algorithm detects as a slide change. In fact the presentation
software showedthe sameslide two (or more) times in a row, exceedingthe threshold
each time and therefore such slides are detected twice (or more often). At least
the indices determined here give meaningful partitions of such slides as removing
previous annotations certainly lead to breakpoints within the presentation.
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Limitations

Slide detection by messagesizes works well for many lectures by Prof. Seidl. How-
ever, we encountered problems applying the sameslide detection threshold to other
lectures (with the same resolution and color depth). This was especially the case
with the course \ MedienwissenschaftI: Theorien und Methoden" [WS2003/04] of
Prof. Dr. Hans-J•urgen Bucher, recordedat the Universit•at Trier. This media science
coursewascomplex in its graphical representation. The extensive usageof large high
colored images(mainly scansof newspapers and magazines)and �gures leads to a
higher pixel variety (i.e. many di�eren t pixel values instead of solid coloring) and
thus to larger messagesizes(due to lesse�cien t compression)asshown in Figure 7.6
for one example lecture (others are listed in Appendix B.2).
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Fig. 7.6. Messagesizes(full scaled and zoomed)

For that particular lecture, the values of the �rst ten minutes look very similar to
those seenpreviously. Again, the two minute period of the non-incremental update
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strip esis evident. Surveying the rangebetweenminute 56and 62 alsorevealsthe two
minute period but consistsof much larger messageswhich partly exceed30 kbytes.
This would suggest increasing the slide detection threshold for the given lecture
(or course) in order to exclude the update strip es again. However, the recording
contains even larger update strip es. The peak of 903,990bytes at 23:55 min. was
causedby the slide shown in Figure 7.7 to the left. The slide included two newspaper
scans and therefore does not achieve very good compressionratios as we apply
losslesscompressionto obtain better quality. Someof the following update strip es
(containing parts of that slide) exceedeven50kbytes in size,but the next slide (right
side of the �gure), appearing at 25:55min., is only 38,478bytes in size.This slide,
like many others, consistsmainly of text, which can be compressedrather e�cien tly .
Hence, increasing the threshold to �lter large strip eswould also mean dropping all
indices for text-only slides.This is not only the casefor the given examplerecording
but also for other recordingsof that course(seeAppendix B.2).

Fig. 7.7. Slides with scannednewpaper (904 kbytes) and simple text (38 kbytes)

In fact, the approach of detecting slides by the sizes in bytes of the framebu�er
updates is su�cien t for homogeneous recordings, i.e. when all slides show similar
content (in terms of structure not semantics) and thus are of similar size in bytes.
For homogeneous recordings the slide detection threshold could even be computed
dynamically basedupon the peak values. However, this approach is almost certain
to fail for inhomogeneous presentation content. Such is the casefor that particular
media sciencecourse.Its presentations mixed slides containing only sometext, fol-
lowed by others showing hugecolorful illustrations. Slide detection on a size by-byte
basis for such presentations is not su�cien t, becausea fragment of a colorful illus-
tration can be larger than a complete slide containing only text. This is even more
severe if mixing incremental and non-incremental updates as is the casefor most of
our recordings.However, only partial non-incremental framebu�er updates (strip es)
are requestedand the a�ected area of such an update is less than �v e percent of
the desktop resolution (if the framebu�er is partitioned to 24 strip es4). Switching
fullscreen slides, in contrast, results in framebu�er updates that a�ect (almost) the
complete desktop. Hence, the approach of determining slide switches regarding the
area that is covered by framebu�er updates is more promising.

4 someof the older recordings contain a partitioning of 12 strip es
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7.3.2 Slide Detection By-Area

Computation of indicesregarding the areathat is covered/a�ected by the framebu�er
updatesfor each given timestamp mainly consistsof computing rectangleunions and
intersections. This can only be achieved in an e�cien t way if the rectangle headers
are directly accessablewithin the recorded sessions(as suggestedin Section 5.1.2)
or if the rectanglepositions and dimensionsare cached preliminarily (e.g. by parsing
all update messagesonce).As most VNC server implementations deliver framebu�er
updates with distinct rectangles, it is possibly su�cien t to sum up only the rect-
angles' dimensions not regarding overlapping. However, the protocol speci�cation
doesnot ensuredistinct rectangles.The number of pixels are accumulated for each
given timestamp and then translated to relative values in relation to the maximum
number of pixel values,which is speci�ed by the resolution of the framebu�er. This
is not possible for the other approach since by-byte values cannot be transformed
to relative values due to a missing maximum. However, relative values are more
suitable to achieve a meaningful content prediction, becausethey are independent of
the number of bytes usedper pixel (color depth), the screenresolution, the applied
encodings or the encoded data, i.e. the presented content.
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Fig. 7.8. A�ected areas (i.e. messagesizesby-area)

Figure 7.8 displays the a�ected areasfor the samelecture as examined for the by-
byte approach (comparewith Figure 7.2) and revealsperfect matches.Each of the 24
slidesare detectedand each slide covers100%of the framebu�er, even the onewhich
wasignored by the by-byteapproach due to its small size.The bottom line5 is caused
by the non-incrementalstripes, which cover 1

24 = 4:16% each. Unfortunately , wecan-
not assumewe will receive such perfect matchesfor all recordings.The main reason
for the perfect matchesin this casewasthe VNC server implementation used,which
evidently generated entire updates instead of applying a �ne-grained partitioning

5 It is actually not a line but distinct values at a frequency of 1
10 H z, which only appears

as line due to the scaling of the graph
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to the framebu�er. However, other VNC implementations probably will. Although
not analyzed in detail, we observed that the Linux implementations generally send
fewer but larger rectanglesand the Windows implementations tend to generatevery
many small update rectanglesinstead.

For the examplelecture of the media sciencecoursethe a�ected areasin comparison
to the messagesizesare given in Figure 7.9. Evidently , the problematic large update
strip esare all reducedto 4:16% and thus can easily be �ltered. However, setting the
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Fig. 7.9. Messagesizes(zoomed) vs. a�ected areas

by-ar ea slide detection thr eshold to a value slightly exceedingthe stripe �lter
of 4; 16% ( 1

12 = 8:3% for older TTT recordings), generatestoo many indices. In the
zoomed view of the graph (Figure 7.10 to the left) some values between 5% and
20% are visible. The corresponding framebu�er updates were either causedby slide
overlays, for instanceat minute 15:02(7%) and 17:44(8.3%), or by placing freehand
annotations, which were recordedpixel-basedusing the freehanddrawing feature of
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the presentation software (min. 24{30; 12{18%). This is also the casefor the small
updates between minutes 70 and 80. Detecting slide overlays may be meaningful
unlessa slide is partitioned to a large number of overlays, but freehandannotations
should not causeslide indices (although the detection of annotations can also be a
meaningful feature). Hence,we must increasethe by-area slide detection thresholdto
20% in order to �lter annotations, but at cost of someslide overlays. Nevertheless,
the �rst slide (to which the overlays are applied) will still be recognized,becauseit
is commonly larger as it must overwrite (most of) the previous framebu�er content.
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Fig. 7.10. A�ected areas (zoomed)

Another phenomenonis visible in the detailed view at the right hand side of Fig-
ure 7.10.There are four occurrencesof framebu�er updatesthat a�ect at least45%of
the framebu�er and which are followed by another large update within a very short
interval of lessthan 2 seconds.Surveying the recordedsessionreveal that slideswith
scannedstatistics were shown. However, at �rst the presentation software showed
only the slide with headings but neededsome time to display the scans.Due to
the short delay, the framebu�er updates have distinct timestamps and thus would
result in di�eren t indices although they were induced by the same slide. A VNC
server under heavy load may also causea slightly delayed transmission of updates
which belong together. As we are interested in the �nal appearance of each slide, we
can drop potential indices that exceedthe threshold but are overruled by another
index shortly after. Even if the previous index was causedby another slide, drop-
ping that index is unproblematic, becausethe corresponding slide only appearedfor
a few secondsand therefore that particular slide is obviously not that important.
Considerthe teacher skipping a slide or hitting the \next slide" button (e.g. a mouse
button) by mistake and switching back immediately. Showing a slide for less than
�v e secondswill hardly be meaningful. Hence,applying a slide detection threshold
to derive potential slide indices and afterwards applying a slide dr op thr eshold
of �v e seconds(as delay between consecutive indices) to drop overruled potential
slide indices is reasonableto classify slide indices. Commonly, slides are presented
much longer than �v e secondsunless they contain overlays or sequencesof slides,
which may be usedto explain certain issues.For instance the slidesshown in Figure
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7.5 are used to explain the \binary search" algorithm in a step by step fashion. It
is a matter of opinion whether each overlay should be counted as single slide or
not. Slide overlays could be accumulated to one slide index by increasing the slide
drop thresholdto 10 or 15 seconds.Unfortunately , increasingthe slide drop threshold
would result in the last of the overlays to be accessablerather than the �rst one.
Therefore, it is probably better suited to treat such slide sequencesas animations
(Section 7.4). This is also the casewhen recording other applications unlessthey are
usedto present static pages(e.g. a web browserpresenting slidesin the form of html
pages).

7.3.3 Whiteb oard Pages

Besidespresenting slidesby useof presentation software, the TeleTeachingTool o�ers
the possibility of inserting blank pageson demand(electronic whiteboard; seeSection
6.2, page114). The whiteboard is enabledand disabled by a special message,which
is rather short (a few bytes only) and thus would not be classi�ed as an index
by the by-byte approach. However, whiteboard notes are of special interest as they
are often used to explain a certain topic in detail or on demand if asked for by
students. Moreover, whiteboard notes are commonly not part of a published set of
slidesor a script. Fortunately, whiteboard indices can easily be integrated whenever
a corresponding messageenablesthe whiteboard. Likewise,an additional slide index
is inserted whenever the whiteboard is turned o� again. The sameresult is achieved
if a whiteboard messageis treated as a framebu�er update that covers 100% of the
screen.

7.3.4 Conclusion

With the by-area approach and the empirically determined threshold, slide indices
for pixel-based recordings can be generatedin a fully automated manner. The use
of relative values instead of absolute onesas the basis for a content prediction al-
gorithm leads to much better results, becauserelative values provide somekind of
abstraction from the presented content. Applying a slide detection thresholdof 20%
in combination with an error correction, which accumulatesslidesthat appearwithin
a time span of the slide drop threshold of �v e seconds,results in a slide detection
rate that (almost) matches the real slide switches.Hence,if recording slide presen-
tations, the automated slide detection for pixel-based recordings reveal slide indices
that are (almost) as good as those of symbolic recordings. Typically more than 95%
of the slide switches are detected. Thus, we have eliminated one main drawback of
the screenrecording approach.
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7.4 Animation Detection

A 
exible (pixel-based) recording environment provides not only the possibility to
record (mainly) static slides (or more precisely slide images), but also supports
the recording of various \ motion images". Such dynamic content consists of, for
instance, animations, simulations and executed programming examples,which we
will all call animation to simplify matters. Slide overlays or sequencesof slidesthat
appear within a certain delay may also be classi�ed as animation. Unlike (static)
slides, dynamic content does not generate distinct peaks but rather causesmany
updates as long as the motion lasts. Hence,animations causesequences of potential
indices. However, a meaningful index is the �rst one, which refers to the beginning
of the section (the start of the animation) and maybe the last one, which is less
meaningful as an accessindex, but revealsthe duration of the animation.

During the course \ Abstrakte Maschinen im •Ubersetzerbau" [SS2004]Prof. Seidl
usedthe VAM simulator (visualization of Abstract Machines (VAM) [Ziewer, 2001,
VAM, 2006]), which visualizesthe memory management (stack, heap and registers)
during program execution. Screenshotsare shown in Figure 7.11. Setting, copying
and deleting valuesresults in animated movements and fading e�ects for the objects,
which represent the corresponding memory cells.

Fig. 7.11. Simulator Visualization 6

Figure 7.12 (seealso Figure 7.13 for a closer look) shows the resulting graphs of the
update sizesby-byte and by-area for a recorded lecture during which the simulator
was presented. The messagesizesin bytes hardly reveal the usageof the simula-
tor, but the graph of the a�ected areasevidently exposesthe dynamic presentation
content between minute three and seven. Even the short pause,which the teacher
made to explain the presented simulation, is recognizableby the gap around minute
�v e. The simulator usageresults in framebu�er updates, whosesizesin bytes hardly
exceedsthe by-byteslide detection thresholdof 12,500bytes (Figure 7.13 to the left)
due to the (almost) solid coloring of the moving objects, which results in good com-
pressionratios. Showing a short movie instead would causemuch larger sizes.Again,
the relative valuesof the a�ected areasreveal more explicit results as shown on the
right hand side of the �gure.

Framebu�er updates, which follow each other at a high rate, are potentially caused
by dynamic presentation content. Examining the gaps between the updates also

6 Presented in lecture 2004/05/19 of \ Abstrakte Maschinen" (Seidl, 2004)
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Fig. 7.12. Messagesizesvs. a�ected areas

revealsthe end of such a sequenceof updates and thus enablesmultiple animations
to be distinguished from each other. Hence,an animation starts whenever the delay
between two consecutive framebu�er updates falls below a certain threshold and
it lasts as long as the threshold is not exceeded(by the following delays between
the following updates). Whenever the delay exceedsthe threshold, the animation
has completed. This animation detection thr eshold must either be lower than
�v e secondsor the updates causedby the non-incremental update stripes must be
�ltered, becauseotherwise the delay between two consecutive updates will never
exceedthe mark of �v e secondsand thus will causethe algorithm to assumeand
classify one endlessanimation for each recording. For the preferable approach of
regarding the a�ected areasinstead of sizesin bytes, �ltering is easily achieved by
applying a strip e �lter thr eshold of 4:16%. Only rectanglesthat update more than
4:16% of the framebu�er are considered.A side e�ect of the stripe �ltering is that
movements of the mousecursor are also �ltered, which is not only acceptablebut
also rather appreciated, becausemoving the pointing device is commonly not the
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Fig. 7.13. By-byte and by-area results for recorded animations (zoomed)

kind of dynamic content that is of much interest. Note that the mousecursor is not
�ltered if using the special cursor encodings but these encodings do not a�ect the
framebu�er anyway and therefore �ltering is not necessary. [Li et al., 2000a] enabled
searching and accessingpointer events but stated that this feature is hardly used.
Other sourcesof irritation are also �ltered, for instance a (permanently changing)
performancemonitor or a clock, which are often placed in the task bar and hence
may be visible during desktop recordings.

Surveying the results caused by recording the simulation, which are shown in a
detailed view in Figure 7.14, exposesdelays between consecutive large updates of
lessthan a secondas well as others of several seconds.If the animation consistsof
permanently changing areas,the delay betweentwo updates is very short. However,
an animation may contain short pausesas is the casefor the step-by-step execution
of our simulator. If the applied animation detection threshold is too low, too many
indices are generatedbut a high value may assumetwo consecutive slides to be an
animation instead. Hence, the delay threshold must be lower than the presumed
minimum distance between two slides. For the given example, a threshold of 10
secondsis suitable to classifytwo animations, onelasting from 3:51{4:40min and the
other from 5:07{5:50min. If the pausebetweenthe two parts shouldbe overruled, the
animation detection thresholdmust be increasedto 30 seconds.But 30 secondsmay
already be a period in which a slide can be presented in a meaningful way. Applying
an animation detection threshold of 15 secondsto the given lecture gathered some
of the lessinteresting shell interactions, which were done to start applications. On
the other hand, also somemeaningful slide indices were combined to a single one.
Therefore, the lower threshold of ten secondsis preferable. Reducing the threshold
further to only 5 seconds,resulted in 67 instead of 59 indices. The eight additional
indices were inserted during the period of the animation/sim ulation. Surveying the
recorded lecture revealed that not that many indices are needed.Analyzing other
lectures with dynamic content showed similar results.
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Fig. 7.14. By-area results for recorded animations (zoomed)

7.4.1 Slides vs. Animations

We have presented ways to detect slides and animations within recordedVNC ses-
sions. Unfortunately , animation detection cannot be treated independently of the
slide detection. This is not only the casefor choosing a suitable animation detection
threshold so that two consecutive slides are not classi�ed as animation. Recall that
we have suggesteddropping potential slide indices which are succeededby another
one shortly after, in order to eliminate irritations causedby skipped slides (or de-
layed slide transmission). Applying the animation detection after the slide detection
would causethe slide error correction to drop messagespossibly useful for the ani-
mation detection and thus may causethe animation detection to fail. It is even not
unproblematic if applying both algorithms directly to the recorded data and thus
independently of each other. Consider a sequencewhich is assumedto be causedby
skipping slides. The animation detection rather would classify such occurrencesof
subsequent updates as animation. However, the slide detection and the animation
detection di�er in their way of classifying the potential indices of a sequenceto be
important or not. The slide detection algorithm drops all indicesexcept the last one,
but, as animations should be visible in total, the animation detection rather keeps
the �rst index and drops all following potential indicesuntil a decreasingrate of up-
dates revealsthe end of the sequence.Classifying a sequenceonceas a skipped and
thus unimportant slide, and onceas meaningful animation is obviously inconsistent
and therefore must be avoided. Therefore, animations must be distinguished from
slides.

Approac h I: Duration of sequence

Skipping slides(willfully or by mistake) as well as slightly delayed transmission
of slide parts will rarely last for more than a couple of seconds.On the other
hand, it is hard to imagine a meaningful animation of a short duration, for
instance, of four or �v e secondsonly. Hence,a sequenceof framebu�er updates
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with short delays is classi�ed asan animation only if the overall duration exceeds
a minimum time span, the sequence dur ation thr eshold .

Approac h I I: Length of sequence

Another approach to di�eren tiate between animations and skipped slides is to
count the length of a sequence,i.e. the number of messages.As each displayed
animation frame is represented by at least one framebu�er update, animations
generallyconsistof many updates.On the other hand, delayed slide transmission
or skipped slidescommonly causeonly a few updates and thus short sequences.
Hence,animations and slides are distinguished by a sequence length thr esh-
old . Note that all rectangleswith identical timestamps must be consideredto be
one messagebecausewe have split a messagethat contains sequencesof rectan-
glesto a sequenceof messageseach containing a single rectangleonly (discussed
in Section 5.1.2).

Testing both approacheswith di�eren t threshold values revealed only slight di�er-
encesbetweenthe resulting indices. Again the example lecture (Figure 7.12 to 7.14)
of the course\ Abstrakte Maschinen im •Ubersetzerbau" is a good candidate for anal-
ysis, becauseduring this lecture not only the simulator was usedbut the recording
also contains several occurrencesof skipped slides (e.g. around minutes 22, 30{32,
37-38),becausethe teacher switched back to recall previously shown slidesand than
switched forward to the current slide to continue his lecture.

We analyzed the index table generated with sequence duration thresholdsof 5 an
10 secondsas well as with sequence length thresholdsof 5 an 10 potential indices.
Interestingly, the four di�eren t index computations have absolutely no in
uence
on the generatedindex table for the periods during which the simulator was used.
However, they di�er in their classi�cation of skipped slides.For both approaches,the
longer sequencesresulted in better indiceswhere\b etter" meansthat the timestamp
of the selectedindex refersto a framebu�er state which represents the slide to which
the teacher's narration is related. This is becauseany potential slide indices which
are causedby a skipped slide are correctly classi�ed as skipped slides. However, the
teacher had sometimesalready started speaking while skipping slides and thus an
index referring to the end of a sequencemay cut o� a little piece of the verbal
narration.

On the other hand, applying shorter sequence thresholdscausesthe algorithm to
classify the problematic sequencesof about 10 secondsor 10 potential indicesasan-
imations and thereforethey are replayedstarting at their beginning, which results in
skipping lessverbal narration and thusprovidesa natural 
o w of the teachersspeech.
But creating a meaningful visual index (e.g. in the form of thumbnails), where the
presented slide should give a hint on the addressedtopic, the last potential index
of thesesequencesis better suited. Otherwise the visual index may show a skipped
and therefore irrelevant index. A reasonablesolution out of this dilemma is to derive
indicesby useof the higher sequence thresholdsin order to receive meaningful visual
representations referring to the last slides(omitting skipped ones).Additionally , one
has to ensurethat the replay doesnot cut the corresponding narration, i.e. if access-
ing such a slide index, the corresponding timestamp lessa short delay of 3{5 seconds
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should be accessedinstead of the exact timestamp. If the teacher said nothing while
skipping slides, some silence is replayed, which naturally is less troublesome than
starting in the middle of a sentence.

Note that there are only slight di�erences betweenthe two classi�cation approaches.
If setting the higher thresholds (sequenceof 10 indices or 10 seconds,respectively),
the index table for that particular lecture (but similar results are acquired for other
recordings) di�ers only in one value. Applying the lower thresholds (5 indices or 5
seconds),six of the 59 indices are classi�ed di�eren tly , the �rst approach classi�es a
skipped slide whereasthe other approach choosesan animation at four times. The
other two indices are classi�ed vice versa. So it is rather negligible which of the
two approaches is applied becauseone might deliver a slightly better classi�cation
on one lecture but slightly lessgood results for another one. However, the density,
i.e. the number of indices within the duration of a sequence,enablessomekind of
content prediction. If a sequencewascausedby slide overlays commonly only oneor
two potential indices within 10 secondsare detected, but a real animation typically
causesmuch more. The simulator usage,for instance, results in up to 15 potential
indices per second.

7.4.2 User Ev ents as Indicators

Although the side-e�ect indices that are causedby the RFB protocol messagesare
rather irrelevant (seeSection7.2.2), user eventsmay be usedasadditional indicators
in order to index a recorded session.Note that we rather derive indices from user
events instead of using them directly as side-e�ect indices.

For instance, if a sequenceof potential indices is accompaniedby key pressescom-
monly used to switch slides, it is rather unlikely that the sequenceis causedby an
animation and not by skipping slides. Due to security issues,the TeleTeachingTool
doesnot log key events, but during the live presentation, the keysthat are commonly
usedto switch slides, trigger automated removal of all current annotations in order
to clear pagesif switching to another slide. As those RemoveAllAnnotations events
are logged,they provide similar hints to the key events themselvessinceRemoveAl-
lAnnotations events will rarely, if ever, occur during animations. As the removal of
all current annotations can also be induced by clicking on a dedicatedclear annota-
tions button without switching to another slide, a RemoveAllAnnotations event may
furthermore suggesta break in the teacher's talk and thus a meaningful partitioning
of a slide, which can be respected by adding an additional index (or sub-index).

Annotation events also give meaningful indices. Consider the freehanddrawing fea-
ture. A short dash (e.g. underlining) may not be very interesting. But the �rst
timestamp of a sequenceof many freehandannotations potentially refers to a point
within the lecture wherethe teacher had drawn and explained, for instance,a sketch,
a formula or added somecomments. Sincedynamic freehand(or other) annotations
are a special kind of animation, a classi�cation of sequencesis achieved analogousto
the animation detection by analyzing the delays betweensubsequent events. Recall
that the TeleTeachingTool handlesannotations on a separatelayer and stores them
in the form of symbolic representation (seeSection 6.1). Otherwise if storing anno-
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tations pixel-based, for instance if using any of the drawing features of a recorded
application, they cannot be accessedin an easyway as it is hard or even impossible
to distinguish annotations from pointer movements, which we already declared to
be rather meaninglessfor indexing purposes.

7.4.3 Conclusion

Generally analyzing dynamic content does not lead to as perfect indices as slide
detection becausethe diversity of what can causedynamics extend from designed
animations, mousemovements and menu usageto any animation e�ects causedby
arbitrary applications. However, calling this a problem of the screen recording ap-
proach would not be fair as the symbolic recorders typically are not able to record
dynamic content at all (unless especially designedto be recorded with a speci�c
recorder as is the casefor a built-in dynamic annotation feature). Nevertheless,dy-
namic content can be distinguished from static slide images, and by �ltering small
updates causedby dynamic mousemovements or other irritations, meaningful an-
imation indices can be achieved. Furthermore, we have stated how skipped slides,
which are somewhatsimilar to a rather short animation, can be distinguished from
longer running real animations (or other dynamic content).

7.5 Visual Represen tation of Indices

A suitable presentation of indices has a fundamental impact on the usability of the
replay software. Besidesthe conventional timeline navigation (timeline slider and
play/pause/skip buttons), the TeleTeachingTool o�ers a graphical overview of the
automatically computedslide indices.Clicking on a small previewimage (thumbnail)
causesinstantaneousplayback of the corresponding slide. Additionally , accessingthe
previous and next slide is supported via buttons. A further visual representation of
indices is a corresponding script that consists of one page per index. Each page
shows a screenshotof the presented content and alsomay contain the corresponding
annotations.

An index refers to a single timestamp but also represents the part (or chunk) of
the recorded sessionfrom that particular timestamp up to the next index. Hence,
a preview image should give a meaningful hint about the topic that is addressed
during the period between two consecutive indices. Such an image is achieved by
copying the state of the framebu�er at a certain timestamp. A scaleddown copy is
usedas a thumbnail and a full scaledcopy can be usedto generatea script directly
from the recordedsessionwithout any accessto the presented sourcematerials (such
as slides).

Annotations givea good indication of the presented topics and the importance of the
index. Consider the teacher adding additional comments to a slide, which revealed
somecomprehensionproblems. These explanations, and thus the index that refers
to the corresponding slide, are of special interest for students during replay. Hence,
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the visual representation of the index should already reveal the importance of the
index by displaying the applied annotations. This is also the casefor drawn sketches
or tables. During recent years of recording lectures, we have recognizedthat the
freehand annotations are of special interest for the visual representation of indices,
but the highlighting feature is not that meaningful (for that purpose).Highlighting
is of momentary importance as this feature is usedfor emphasizingand to focus the
attention of the audience,but is not necessarilya meaningful hint on a thumbnail or
a script page.Especially if many highlighting annotations are applied. Therefore we
suggestthat visual index representations shouldnot contain highlighting annotations
or at least highlighting annotations should be disengageableby students as is the
casefor the thumbnail overview of the TeleTeachingTool.

The timestamp of a slide index refersto the appearanceof the slide and to the begin-
ning of the teacher's explanations concerningthat slide. Thus, annotations are not
visible at the referredtimestamp but will beaddedlater. Consequently , weneedsome
\ foresight" to display relevant annotations within the visual index representation.
If the teacher has removed someof the annotations and drawn others instead, dis-
playing all annotations betweentwo consecutive indices may look confusing.Hence,
we gather all annotations that appear after the timestamp of the current index and
the following index or the following RemoveAllAnnotations event, whichever occurs
�rst. Note that an additional (sub)index for the remove event may be bene�cial in
order to present all annotations. This results in setsof annotations related to certain
periods, which start at the timestamp of an index. Hence, annotations can be ap-
plied to the underlying framebu�er copy in the sameway as to the real framebu�er
during ordinary replay. As TTT annotations are handled on a separate layer and
as annotations are distinguishable by their messagetypes, the drawing of certain
annotations types can easily be enabled or disabled within a thumbnail overview.
Obviously, this is not possibleif applying pixel-based annotations. In order to gener-
ate visual indices that include pixel-basedannotations, we rather must conserve the
annotations when they are available, which is at the end of a period between two
consecutive indices. Hence,a thumbnail must copy the state of the framebu�er just
before switching to the next slide. In order to eliminate irritations probably caused
by slide switches, for instance, slow presentation software or if deleting annotations
before switching, we suggestto store the framebu�er state of the following index
minus a little delay of 1{5 seconds.Note that for a sequenceof potential indices
that hasbeenclassi�ed to be causedby skipped slides, the displayed index is the last
index of that sequence.Hence,the index minus onesecondprobably will represent a
skipped slide, which is not our intention. Therefore, rather the �rst potential index
of such a sequencemust be accounted as the end of the previous period. However,
this can be achieved by storing di�eren t index tables for the automated thumbnail
and script generation and to accessslidesduring replay.

7.5.1 Automated script generation

The visual representation of indices is a useful basisto generatea script that corre-
sponds to the recordedlecture. Certainly such a pixel-based script doesnot o�er the
editing and reusability features of the sourcedocuments (of the slide presentation)
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or other symbolically represented documents (but the sourcedocuments can be used
for such purposes).Such scripts are rather intended to be usedasadditional learning
material for students, becausenot all teachers publish their slides (or other docu-
ments), which they have presented during the lecture. Even if slideswere published
once,they may no longer be available for older courses.However students may prefer
to have a printed version in order to add comments or read them without the useof
an electronic device,which is no problem if a script can be derived from an electronic
lecture without accessto the presented sourcematerials.

An important feature of the generatedscript is the inclusion of annotations made
during the live presentation. Any freehand comments or sketches are presented by
such a script in contrast to the published (classic)slides,which commonly contain no
annotations. Additionally , a script generatedfrom a recording can present di�eren t
document types. Consider a slide presentation that is paused to show and discuss
someweb pagesor another document (t ype), all of which are then presented in a
singlescript. Obviously, dynamic content cannot be presented fully in a static script
sincea screenshotwill only represent a momentary state.

Fig. 7.15. Thumbnail overview of an automatically generated html script 7

We have implemented the automatic creation of an html script by storing and link-
ing slide images.For each index position, a copy of the framebu�er state is stored,
once full scaledand oncescaleddown to thumbnail size.This is done analogousto

7 Lecture 2004/02/17 of \ Medienwissenschaft I " (Bucher, 2004)
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thumbnail computation for the preview images shown with the TeleTeachingTool
during replay. Certainly annotation layering as well as enabling and disabling anno-
tation types is not as easy to achieve for (static) scripts as it is for the thumbnail
overview within the TTT application (but might be provided by meansof dynamic
scripting languages). Our script generator rather applies the required annotations
(all annotation typesexcepthighlighting) to the copy of the framebu�er beforestor-
ing the (slide) image and the thumbnail. Hence,annotations are stored pixel-based
as part of the presented images.If the drawing feature of the recordedpresentation
software is used instead of the TTT's built-in annotation system, annotations can
also be made visible in the script by storing the state of the framebu�er just before
the timestamp of the following index as suggestedabove.

The entry point of the script presents a thumbnail overview asshown in Figure 7.15.
Each thumbnail is linked to a pagewith the corresponding full scaled(slide) image
and each of the slide imageshas links to the previous and next index pageas well
as back to the overview, which are displayed at the top and the bottom of each
page (Figure 7.16). The next page can also be accessedjust by clicking on the full
scaled image (to provide sequential progress). Furthermore, the overview provides
someinformation about the recording like the title of the course, the teacher's name
and the date of recording, which are extracted from the sessionname �eld and the
start time of the recordedsession.

Fig. 7.16. Annotated pagesof an html script with navigation links

Each automatically createdscript pagehasthe samesimplestructure asthe following
example:

1 <html>
2 <head>
3 <title>Bucher: Medienwissenschaft I (17.02.2004) [42]</title>
4 <link rel="stylesheet" type="text/css" href="style.css">
5 </head>
6 <body>
7 <center>
8 <b>
9 <a href="medien1_2004_02_17.41.html">prev</a> -

10 <a href="medien1_2004_02_17.html#42">overview</a> -
11 <a href="medien1_2004_02_17.43.html">next</a><br>
12 <a href="medien1_2004_02_17.43.html">
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13 <img src="../images/medien1_2004_02_17.42.png" title="#42: 76:15 min.">
14 </a><br>
15 <a href="medien1_2004_02_17.41.html">prev</a> -
16 <a href="medien1_2004_02_17.html#42">overview</a> -
17 <a href="medien1_2004_02_17.43.html">next</a>
18 </b>
19 </center>
20 </body>
21 <html>

Any links and �le namesobey a prede�ned naming schemethat contains the base
�le name of the corresponding recording (which for our lectures corresponds to the
possibly shortened coursename and the date), followed by the index number and
the �le ending. The referencedstylesheet is also created by the TeleTeachingTool
but stays the samefor all scripts and pages.Therefore, any content provider (e.g.
a university) may adapt or replace the given stylesheet according to their own re-
quirements and likings. A consistent naming is also important to (automatically)
interlink the results of an online ful l text search (described Section 8.3.1) or the
download pagesof our web archive with the corresponding script pages.

The generatedstructure of a sampleoverview pageis given below. Lines 1{21 specify
the title and display somemetadata. The individual entries for each thumbnail start
at line 23. The <fieldset> tag (since html 4.0) enablesthe grouping of elements.
In combination with the stylesheet entry \ fieldset { display:inline } " such
grouping ensuresthat the number of thumbnails per line is adjusted according to
the width of the browser window and thus gives a better look and feel. Most of
todays browsers support this feature. Otherwise it may not be possible to group
the thumbnails with the corresponding index numbers and timestamps, or only a
�xed number of indicescan be displayed per line. We alsohave implemented a script
generation that does not rely on the <fieldset> tag and therefore can be used in
order to support older browser versions.

1 <html>
2 <head>
3 <title>Bucher: Medienwissenschaft I (17.02.2004)</title>
4 <link rel="stylesheet" type="text/css" href="style.css">
5 </head>
6 <body>
7 <a href="../index.html" style="float:right;">Main Index</a>
8 <table cellpadding="5">
9 <tr>

10 <td>name: </td>
11 <td><b>Bucher: Medienwissenschaft I (17.02.2004)</b></td>
12 </tr>
13 <tr>
14 <td>recorded: </td>
15 <td><b>Tue Feb 17 10:18:03 CET2004</b></td>
16 </tr>
17 <tr>
18 <td>length: </td>
19 <td><b>89:04 min.</b></td>
20 </tr>
21 </table>
22 <p>
23 <fieldset>
24 <legend> <a name="1"> <b>#1:</b> 00:00 min. </a> </legend>
25 <a href="medien1_2004_02_17.01.html">
26 <img src="../thumbs/medien1_2004_02_17.thumb.01.png" title="#1: 00:00 min.">
27 </a>
28 </fieldset>
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29 <fieldset>
30 <legend> <a name="2"> <b>#2:</b> 09:58 min. </a> </legend>
31 <a href="medien1_2004_02_17.02.html">
32 <img src="../thumbs/medien1_2004_02_17.thumb.02.png" title="#2: 09:58 min.">
33 </a>
34 </fieldset>
35 <fieldset>
36 <legend> <a name="3"> <b>#3:</b> 10:23 min. </a> </legend>
37 <a href="medien1_2004_02_17.03.html">
38 <img src="../thumbs/medien1_2004_02_17.thumb.03.png" title="#3: 10:23 min.">
39 </a>
40 </fieldset>
41
42 .
43 .
44 .
45
46 <fieldset>
47 <legend> <a name="55"> <b>#55:</b> 87:32 min. </a> </legend>
48 <a href="medien1_2004_02_17.55.html">
49 <img src="../thumbs/medien1_2004_02_17.thumb.55.png" title="#55: 87:32 min.">
50 </a>
51 </fieldset>
52 </body>
53 <html>

We have implemented the automated html script generation in order to provide
visual representations of the recordedlecturesin our webarchive. In order to produce
a more printer friendly document, the script should rather by generatedin the form
of a pdf or similar document type, which can be doneby generatingpagesincluding
a single screenshotfor each index.

7.6 On The Fly Analysis

Criterion C4c: Annotations associated with slides(or other elements)in a way that
guaranteesthat annotations disappear when a slide is changedand are madevisible
again when returning to that slide later during presentation, requireindices to be
available during a live lecture. However, our detection and classi�cation algorithms
are designedto be performed after the recording processis �nished and all mes-
sagesare available in advance.Hence,we must adapt the automated analysis to be
performedon the 
y while the presentation is still in progress.A suitable index com-
putation algorithm must be able to determine useful indices by processinga stream
of sequential messagesand decide not only where to set indices, but where to set
meaningful indices, and this in an realtime fashion.

Essentially , the automated post-processingconsistsof 3 phases:

1. Deriv e Poten tial Indices

2. Classify Indices

3. Compute Th um bnails & Screenshots

The �rst phase , the computation of the sizesof the framebu�er updatesin order to
derive potential indices, can be transferred to online processingstraightforwardly. As
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each messagemust be parsedby the TTT for recording and transmission purposes
anyway, each rectangleheaderis read and the a�ected area can be calculated. Com-
bining updates of almost identical timestamps (as is done during post-processing)
causesa short delay of several hundred millisecondsonly.

In the second phase the identi�ed potential indices are classi�ed to determine
a meaningful selection. The o�ine classi�cation algorithm analyzes sequencesof
indices following each other at short delays. However, if messagesare received from
a stream instead of being available a priori, it is not always evident when a sequence
terminates. The classi�cation dependson the applied thresholds.We have suggested
an animation detection threshold of 10 seconds,which is combined with a sequence
duration thresholdof 5{10 secondsor a sequence length thresholdof 5{10. A potential
index (exceedinga given slide detection threshold) can be classi�ed at least after the
maximum duration of a sequencethat is still classi�ed as slide skipping (all longer
sequencesmust be classi�ed as animations). This duration is either the sequence
duration threshold and thus 10 seconds,or a sequenceof 10 potential indices (the
sequence length threshold), which have a maximum delay of 10 seconds(animation
detection threshold), and thus 90 seconds(although rarely reached in practice). For
on the 
y classi�cation, the approach of examining the duration of a sequenceis
evidently better suited.

Nevertheless,we discussfast termination of the other approach as well. Commonly,
the delays betweentwo consecutive indices are much shorter (in the caseof anima-
tions or skipped slides) or much longer (for static slides) than the threshold of ten
seconds.Static slides, which generate a single potential index only, can be classi-
�ed after 10 seconds(as is the casefor the other classi�cation approach), because
the animation detection threshold is exceededand thus the \sequence" consistsof
a single index only. Real animations causemany potential indices with very short
delays at high probabilit y and therefore will exceedthe sequence length threshold
very soon. For the recordedsimulator usage,which we have discussedin Section7.4,
a density of 5{15 potential indices per secondis not uncommon. In this case,the
classi�cation can be achieved after one or two seconds(and thus even faster then
the other approach which always must wait until the animation duration threshold
of 10 secondshaspassed).Skipped slidesare commonly classi�ed after no more than
15{20 seconds,becauseskipped slidesmay causesomepotential indices (commonly
2{4 with very short delays) after which a pausefollows that exceedsthe animation
detection thresholdof 10 seconds.Therefore, a classi�cation by examining the length
of a sequenceby the number of the included potential indices is practically achieved
in less than 30 seconds,and for animations typically in less than 5 seconds.Note
that this is unproblematic for the post-processing,becausethe o�ine computation
is not performed in a timeline fashion according to the logged timestamps and can
rely on all messagesbeing available in advance.

A slightly delayed on the 
y index computation is acceptable becauseimmediate
usageof newly created back referencesis not very reasonable.They either refer to
the currently displayed slide or to one which was shown recently for a very short
time span only and hencecannot be very important and will contain only a few, if
any, annotations.
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A sequencethat endswithin the sequence duration thresholdor the sequence length
threshold is assumedto be causedby skipped slides, opening a new application win-
dow or delayed messagesdue to heavy server or network load and thus the last index
is consideredto be valuable. A sequenceis classi�ed to be (part of) an animation if
it exceedsthe threshold. Animations can last longer, but only the start point and
thus the �rst index is classi�ed as important. As soon asthe algorithm assumesthat
an animation is in progress,it can drop any further potential indices (exceedingthe
slide detection threshold) until the end of the animation is detected by a decreasing
rate of framebu�er updates. Keeping in mind that we want to allow teachers to ac-
cessannotated slidesduring the presentation, it is doubtful whether past animations
should be accessibleat all. If not, animations are simply ignored. They could also
be treated as short sequences,meaning that the last index in the sequencewill be
classi�ed as suitable and thus the �nal framebu�er at the end of an animation with
all annotations would be accessible.However, as it is unsolved how to guessthe
content and intention of an animation, it is not possible to determine if a suitable
snapshotshould be achieved at the entry point, the end or any position somewhere
in between.

Fig. 7.17. TTT player with thumbnail overview

A thumbnail overview (Figure 7.17 to the left) is a meaningful representation of in-
dices.It can be updated dynamically whenever a new index is detectedor an existing
one should be replaced due to a higher classi�ed index. As a perpetually changing
index overview may confusethe teacher, replacing should be reducedto a minimum.
This is achieved by delayed updating, which perfectly �ts with the delayed index
detection and classi�cation suggestedabove. However, the teacher might expect in-
stant feedback whenever showing a new slide. Therefore a new thumbnail is added
immediately whenever the teacher switches to the next slide, but any potential in-
dicesappearing shortly afterwards are not displayed until fully classi�ed. This gives
immediate feedback during an ordinary presentation (with an adequateamount of
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time betweenslides), but doesnot confusepresenters due to bustling activit y in the
thumbnail index during animations or while skipping slides.Similarly, each created
annotation is added to the current thumbnail with a little delay, becausethere is no
necessity to display them immediately as they are also visible in the main window
and the teacher is obviously still occupied with annotating the current slide. As the
intention is to accesspreviously made annotations, it is advisablenot only to index
slide changes,but also to make useof the side-e�ect indices that are causedby re-
moving all annotations. As a result each slide can have several sets of annotations,
which refer to di�eren t remarks by the teacher and can be accessedindividually if
represented by one thumbnail per set.

The thir d phase of the post-processingalgorithm computesthumbnails and screen-
shots by fast replay of all update messagesand copying the framebu�er state (i.e.
the contained pixels) for each timestamp that represents an index. The online al-
gorithm must store screenshotsduring index computation, becausethe framebu�er
is modi�ed by every (subsequent) update and reclaiming overwritten pixel values
demandsthe sessionto be in memory and the usageof a secondframebu�er, which
is ine�cien t. Instead, we store a (scaled) screenshotfor each potential index and
delete it if the index is rejected afterwards. In order to avoid performanceproblems
causedby storing many screenshotswithin a few seconds,it is advisablenot to store
a screenshotimmediately after receivinga potential index, but to wait until the next
framebu�er messagearrives.This o�ers the possibility of observingthe next header,
which may reveal that the new messageshould be included in the screenshotdue
to an identical timestamp, or alternativ ely may result in the generation of a more
suitable index to replacethe current one.However, asan update can contain several
rectanglesbut the RFB protocol doesnot enableaccessto rectangleheaderswithout
parsing all preceding rectangles,either only the �rst rectangle can be observed or
rectanglesmust be parsed and bu�ered but not immediately displayed. Screenshot
generation is reduced further whenever the detection algorithm has classi�ed the
currently read sequenceas animation and thus all potential indices can be ignored
until the end of the sequenceis determined. Note that our optimized �le format that
provides fast accessto rectangle headersis not valid here, becausethe input stream
is the messagestream received from a VNC server and thus obeys the original RFB
protocol.

7.6.1 Liv e Repla y

During o�ine playback a recordedpresentation is replayed dynamically in the same
way as it was presented in the lecture hall including the teacher's verbal narration.
The narration is obviously not neededif accessinga previous index during a live
lecture. Dynamic replay of recorded application usagemay be meaningful to show
the behavior of an application again. However, in most casesit is likely easierand
lessconfusing to rerun the application oncemore instead of replaying the recorded
version, becausereplaying doesnot allow interaction with the recordedapplications
and the index might not refer exactly to the position the teacher had in mind. This is
also the casefor animations. Furthermore, if accessingan annotated slide, teachers
expect annotations to be displayed instantaneously rather than to appear after a
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while. As TTT annotations are handled on a separatelayer, they can be reapplied
in the sameway as when new annotation are created. Since there is no di�erence
between replayed and newly created annotations, the teacher can mix and edit all
annotations as the needarises.

Dynamic replay demands keeping the entire recorded sessionin memory, because
reading from a �le while still recording to it is error-prone and also the replay
itself must be recorded again. In most casesthe much easierapproach of replaying
static screenshots is su�cien t. Commonly, the predominant part of each lecture
consistsof a slide presentation and other applications or animations are only shown
on demand.Regarding the results of the classi�cation algorithm allows an annotated
screenshot, or more preciselya screenshotof the (previously) presented content plus
the corresponding annotations on a separatelayer, to be shown whenever an index is
classi�ed as slide, and the dynamic replay of animations or other content otherwise.

7.7 In terlink age of Annotations and Slides

TTT annotations are not bound to the presentation software but are applied to the
desktop as a whole and henceany application can be annotated. While replaying a
previously recordedsession,annotations are displayed accordingto their timestamps
in the sametimeline fashion asthey wererecorded.For sequential playback the mes-
sagetimestamps are su�cien t. If accessinga certain slide, for instancevia thumbnail
overview, the corresponding state of the framebu�er is computed and sincethen any
subsequent messagesare again replayed sequentially including all annotations (of
the currently shown slide).

Recall that [Lauer and Ottmann, 2002] postulate that during live presentations an-
notations should be associated with slides so that annotations disappear when a
slide is changedand are madevisible again when returning to that slide later (which
is our Criterion C4c). The �rst aspect of removing the current annotations whenever
switching to another slide is supported by the TeleTeachingTool by applying auto-
mated removalof annotations triggered by the keyscommonly usedto switch slides
(the arrow keysand the pageup/ pagedown keys).

Furthermore, annotations can be linked to indices accordingto their timestamps. An
interlinkage to indices (or any other timestamps) can be achieved by aggregating
all annotations in the period between two consecutive indices (or a timestamp and
the next event that removesannotations) as is done to gain the annotations for the
visual representation of indices (thumbnails or script pages).On the 
y interlinkage
of annotations with already computed indices is achieved by bu�ering annotation
events. Hence, if accessinga slide via thumbnail overview (or any other position
within the timeline) all previously madeannotations that are still valid for the given
timestamp, are displayed immediately.

However, this is only a loose interlinkage, becauseindices are only referencing(in-
dicesof) slide changeswithout any knowledgeof slide content. A slide shown twice
during the presentation causestwo independent slide indices with di�eren t sets of
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corresponding annotations. A real association between annotations and slides (or
any other content) would even make it possibleto recall corresponding annotations
whenever skipping back to previously annotated slideswithin the presentation soft-
ware.

7.7.1 Con ten t In terlink age

In order to achieve content interlinkage it is necessaryto determine if the currently
displayed framebu�er matches any previously shown content. Comparing the cur-
rent framebu�er with all previous states is not applicable as every update message
modi�es the framebu�er content and a sessionof 90 minutes comprisesof several
thousand updates. However, only grave modi�cations are important such as switch-
ing to another slide or opening a new application. But those are identi�ed by the
indexing algorithm and typically limited to several dozen occurrences.Therefore
framebu�er comparisonsare only neededwhenever a received update messageis
identi�ed as a potential index and the number of comparison partners is limited
to the already identi�ed indices. Detecting exact matches using checksums such as
cyclic redundancy check (CRC32), is a relatively easytask. Di�eren t checksumsre-
late to di�eren t framebu�ers and, if chosen suitably, matching checksums should
point to equal content at high probabilit y.

Unfortunately , such a comparison will be problematic unless the contents match
perfectly, which is not necessarilythe case.Sourcesof inaccuracy can be a clock
or a performance monitor, which are displayed within an application or the task
bar, aswell asanimated bannersof web pages.Also the frequently changing pointer
position is a disruptiv efactor (if part of the framebu�er and not treated separatelyby
VNC's cursor encodings). TTT's own annotations are stored on a separatelayer, but
annotations generatedby any presentation software in
uence the framebu�er aswell.
Therefore only a high degreeof covering instead of a perfect match should be used
as the comparisonfactor. Examinations of the computer sciencecourse\ Informatik
III " [Winter 2005/06] of Prof. Dr. Johann Schlichter (25 recordings of approx. 90
min.), revealeda content matching thr eshold of 1.1% di�ering pixels as suitable
to identify slides. Applying the same threshold to the recordings of the courses
" Compilerbau" and \ Abstrakte Maschinen" [Summer 2006] by Prof. Dr. Helmut
Seidl showed lessperfect matches due to the heavy usageof slide overlays during
the presentations. Such overlays are very similar as they partly contain the same
content, but neverthelessshould be distinguished. Lowering the content matching
threshold to a value below 0.2% eliminated the problem. Surveying several other
recordings con�rmed the lower threshold to be suitable for most lectures. However
the detection rate for the lectures of Prof. Schlichter is remarkably better when the
higher value is applied, which is causedby using a web browser showing html-based
slides instead of a designated presentation software. Slide navigation is done via
links and followed links are displayed in another color, which results in a higher
number of di�ering pixel values if showing the sameslide twice, oncebefore link(s)
have been clicked and then afterwards when returning to that slide. Until further
research exposesan adaptive thresholdcomputation, a preset suitable for most cases
but adjustable for special occurrencesis practicable. At least a threshold stays valid
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for a certain presentation style and thus has to be designatedonly onceper teacher
or lecture series.Lowering the color depth before performing comparisonscan also
reduce irritations.

Pixel-based comparison of several framebu�er states(screenshots)is not very e�cien t
due to the heavy memory usage and the high number of comparison operations
required. However, the number of e�ective pixel values is very limited. Analyzing
the screenshotsof our automatically generatedscripts demonstrated that for most
slidesapproximately 90{95% of the pixel valuesare set to the samecolor (assuming
a singlecoloredbackground). The results of a typical lecture by Prof. Seidl are given
in Figure 7.18, which displays how much of the framebu�er is covered by the most
frequently usedcolor for each index.
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Fig. 7.18. Background pixels of presentations showing mainly text

Surveying lectures with slides that present content of a higher pixel variety reveal
that even very complex slides rarely contain less than 40% of background colored
pixels. The graph in Figure 7.19correspondsto the lecture of Prof. Dr. Hans-J•urgen
Bucher that is presented in the slide overview shown in Figure 7.15. Slides that
present scannednewspaper articles or other complex pictures are evidently exposed
by lower values.

The coloring of many pixels in the samecolor leads to very high compressionrates
even for simple and therefore fast compressionschemessuch as run-length-encoding.
As the majorit y of comparison partners represent unequal slides, the comparison
algorithm should detect and reject them as fast as possible, at best by a single
value comparison. Examination of several dozen recordings revealed the number of
background pixels to be a suitable criterion. Slides cannot match each other if the
number of pixels that are coloredin the most frequently usedcolor, which typically is
the background color, exceedsthe previously mentioned content matching threshold
of 0.2% or 1.1%, becausedi�ering background pixels are a subset of all di�ering
pixels.

In order to determine the background color we compute a color histogram, i.e.
counting how many pixels are colored by each color. Hence, each pixel must be
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Fig. 7.19. Background pixels of presentations showing very complex slides

accessedonce, but this is also the case for any other comparison algorithm. At
least this can be combined with constructing additional data structures to per-
form an e�cien t pixel comparison,whenever required later (for instance quad trees
[Hunter and Steiglitz, 1979]). The complete comparisonof all pixel valuesis carried
out only if the number of background pixels almost matches.Hence,the main caseof
comparing non-matching framebu�er contents can be achieved in time O(w � h + n)
in order to compute the histogram and perform the singlevalue comparisonsinstead
of performing all pixel comparisonswhich would result in O(n � w � h), wherew and h
denote the framebu�er width and height, respectively, and n denotesto the number
of indices.

Note that the suggestedquick rejection will probably fail if color cycling or high
colored background imagesare usedinstead of a (mainly) solid background, but their
usagefor VNC environments is discouragedanyway, becausethey result in rather bad
compressionratios and thushigh bandwidth usage(Section3.2.6).Another approach
could be a similarity hash, but a suitable hashfunction needsto be ascertained�rst.

7.8 Con ten t Prediction by Color Histograms

Through the examination of the background color of recorded lectures we have de-
tected that the color histogram exposesinformation about the framebu�er content.
For simple slidesover 90% of the pixels are in the background color, but more com-
plex slidesachieve valuesof approximately 55-85%.A desktop with a taskbar, icons
and windows results in a coverageof 30-50%in the most frequently usedcolor, and
if no color covers more than 5% of the pixel values the framebu�er represents a
fullscreen video or high colored picture. Surveying the secondmost frequently used
color of complex slides reveals that a value of more than 10% indicates a table or
diagram, but lower valuesmost probably point to a slide containing a high colored
picture (e.g. a photo).

Figure 7.20 displays the analysis of one example recording (\ Informatik II ",
04/15/2005 by Prof. Seidl). It shows how much of the framebu�er is covered by
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Fig. 7.20. Background pixels of presentations showing slides and simulator usage

the most frequently usedcolor for each index. During the corresponding lecture the
desktopwith somewindows wasvisible at the beginning (up to index no. 13) and the
end (no. 50-54). The middle part consistedof a slide presentation and someslides
contained images(no. 19, 20, 23, 40 and 41). Index no. 24 was a plain whiteboard
pageand thus resulted in 100%background pixels.

Further research is required in order to the possibilities of content prediction regard-
ing color histograms. In order to classify slide images(or screenshotsin general), we
must determine classesof slides(and other content) �rst and furthermore appropri-
ate thresholds for each classmust be ascertained.Additionaly , an appropriate user
interface must be designedthat is capableof presenting content classesand enable
retrieval of certain content. Our lecture archive contains about 400 lectures with
approximately 10,000{20,000slide images in total and thus is a suitable basis for
further research.

7.9 Summary

Sequential playback and timeline navigation is not su�cien t to provide electronic lec-
tures of high quality. Structured electronic lectures rather provide navigation marks
in order to accesscertain points of interest. Screen recording o�ers a 
exible tech-
nique for lecture recording as it allows virtually any material displayed during a
presentation to be captured but is criticized for producing unstructured electronic
lectures only. Adding somekind of structure by manual indexing during a live lec-
ture or afterwards is not in accordancewith our transparent and lightweight content
production approach.

In this chapter we have presented di�eren t approaches regarding how to acquire
navigational indices for pixel-based recordings ful ly automated by deriving indices
from the messagesof a recordedVNC session.The by-byteanalysisgainsmeaningful
indices for homogenouspresentation content but fails for inhomogeneous recordings.
With the by-area approach and the given empirically determined thresholds, slide
indices for pixel-based recordings can be generatedfor any of our recordings. The
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usageof relative values instead of absolute ones as s basis for the detection algo-
rithms leads to much better results, becauserelative values provide some kind of
abstraction from the presented content. Applying a slide detection thresholdof 20%
in combination with an error correction (i.e. accumulating messagesof almost iden-
tical timestamps and dropping skipped slides) results in a slide detection rate, which
(almost) matchesthe real slide switches.Hence,if recording slide presentations, the
automated slide detection for pixel-based recordings producesslide indices that are
(almost) asgood asthoseof symbolic recordings. Thus, we have eliminated onemain
drawback of the screenrecording approach.

A thumbnail overview givesa visual representation of indices that, in combination
with fast random access, o�ers an easy to use slide based navigation. Storing ful l
scaled visual indices enables the extraction of a script directly from pixel-based
recordings without any accessto the presented sourcedocuments. As an example,
we have addressedthe automatic generation of an html script by interlinking the
acquired screenshotsbut other document forms can be produced rather similarly.
Furthermore, we have discussedcontent prediction in the form of animation detec-
tion, accessingnotes and sketches created via freehand drawing, and by analyzing
color histograms. An examination of the background color of recorded lectures has
revealedthat color histograms give information about content, but more research is
neededto achieve suitable thresholds for content prediction and to integrate appro-
priate search and navigational features in a reasonableway. Furthermore, analysis
of dynamical content should be improved.

Another advantage of the symbolic representation is the association of annotations
with slides. However, TTT annotations, which are also stored symbolically, can be
interlinked with slide indices according to their timestamps. Therefore, the indexing
algorithm, which is originally designedfor post-production only, is transferred to
on the 
y usageto achieve live accessto previously annotated slides. By compar-
ing framebu�er contents, the annotations can even be linked to pixel-based content
(slides images).In order to do so,we have suggestedpossibilities to perform e�cien t
screenshot comparison.

In summary, we have extended the 
exible approach of preserving live lectures via
screen recording in a way that it also produces structured electronic lectures as
commonly is only possibleby useof symbolic representation. Now screenrecording
is no longer just a teacher friendly recording solution but also provides easyto use
and student friendly navigational features of high quality.





8

Retriev al and Metadata

Students rarely want to replay complete sessionsbut rather want to select those
parts that addresscertain topics [Zupancic and Horz, 2002, Sch•utz, 2003]. Besides
Random access and indexing structures, full-
edged electronic lectures must also
support appropriate retrieval features in order to locate content within electronic
lectures and databasesof lectures.

For the recording of VNC sessions, [Li et al., 2000a] suggestedto log key events
in order to enable retrieval of the entered text. Their intention was not to record
dedicated presentations (as we do) but rather to conserve user interactions with
the command shell or applications such as editors. Hence, the reviewing user may
seepreviously entered commandsand can request the timestamp, when they where
entered. It is doubtful how meaningful it is to accesssuch timestamps becausethe
result is already visible on screenand no additional information is given as their
recording environment only preserves the VNC sessionbut no verbal narration.
However, it might be useful to search for a certain command (or other text) which
is not yet visible but known to be entered during the session.Such retrieval will
fail if only exact matches are presented. Consider a user entering some text and
deleting and correcting a mistyped key. This problem can be solved by normalizing
the sequenceof key events, i.e. deriving the �nal character sequence.Furthermore,
logging of key events of desktop sessionsis safety critical as any entered password
will by logged as well. Hence, we do not seekey event retrieval as an adequate
retrieval feature for electronic lectures especially as typically only very little text is
entered during a presentation. Meaningful text retrieval should rather addressthe
presented (slide) content, either by use of metadata and textual annotations that
describe certain (parts of) electronic lectures or in the form of ful l text search.

In this chapter, we will explain how full text search can be in performed for pixel-
based recordings by automatically extracting a search base from electronic lectures.
Furthermore, we discussa simple metadata model and how metadata is meaningful
in order to categorize lectures and provide cross lecture retrievability for databases
of electronic lectures.
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8.1 Full Text Search for Pixel-based Recordings

A major advantage of text-based electronic media is an easyto use ful l text search.
By specifying a search pattern, typically a string, a search engine o�ers a list of
all identi�ed matchesor subsequent searcheso�er the respectively next occurrence.
Electronic lectures that store symbolically represented data (including text) obvi-
ously can o�er ful l text search very easily. For screenrecording systems,which store
pixel data only, the presented text has to be acquired somehow. One way would
be to make use of the (textual) sourcesof the presentation, which commonly are
symbolically represented. The so obtained textual content must be logically inter-
linked with the pixel-based recording. If a teacher presents her/his slides strictly
in order, an automated processmay extract and link textual content to slide in-
dicesof the recording. However, if the teacher skips back to previously shown slides,
accessesany slide directly (e.g. by entering the corresponding slide number) or if
the indices do not exactly correspond to the presented slides, for instance if a slide
was not detected by the indexing algorithm, such an automated processprobably
must fail. Furthermore, as screenrecording allows arbitrary applications to be used
during presentations, there may be various di�eren t sourcedocuments and formats.
This restricts the practicabilit y of providing text retrieval by use of the presented
source documents as the processcan hardly be automated and manual processingis
laborious and thus discouragedfor lightweight lecture recording.

8.1.1 Text Extraction

Instead of accessingthe source documents that wereshown during the live presenta-
tion, we rather make useof the recordedpixel-basedslide images. Slide images are
independent of the formats of the sourcedocuments. Hence,any presented content
can be handled in the sameway, which is preferable for our 
exible recording ap-
proach. Slide imagesare acquired by automated indexing and storing screenshotsof
the corresponding framebu�er states as described in Chapter 7. In fact, the pages
of an automatically generatedhtml script (Section 7.5.1) already provide such index
screenshots.

Optical character recognition (OCR) (also known as digital character recognition )
algorithms are designedto translate imagesof handwritten or typewritten text into
machine-editable text. Via sophisticatedpattern matching, pictures of charactersare
translated into a standard encoding schemerepresenting them (e.g. ASCII or Uni-
code). Traditional character recognition algorithms are designedfor printed sources
(usually captured by a scanner). These algorithms are optimized for scannedhigh
resolution images of 300{400 dpi (dots per inch). As scanning is typically an error-
prone process,error correction techniquesdo a re-alignment to ensurea horizontal
character layout and try to compensatefor shades,spots or other visual irritations.

In comparisonto high resolution scans,screenshotsof typically 1024� 768pixels o�er
a rather low resolution (comparableto 72{100dpi in printed sources),which may im-
pair text recognition results. On the other hand, screenshotsare digital sources with
exact horizontal alignment and without the typical irritations causedby scanned
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analog documents. In a brute force test we have applied commercial OCR soft-
ware applications (Scansoft's1 OmniPage Pro 11 [OmniPage,2006] and ABBYY's
FineReader OCR 7.0 [Finereader, 2006]) to the pagesof our automatically created
script. We achieved mostly good results for textual content but results for formulas
and sketcheswererather bad. Badly recognizedcontent is not very useful in the orig-
inal intention of OCR software, which is to provide editable, printable and re-usable
digital documents (as copiesof analogsources).However, our intention is not to edit
or present the extracted data but to acquirea search base for retrieval purpose.Stu-
dents will commonly specify keywords as search patterns and not formulas. Hence,
our search base should contain any meaningful text that is likely to be searched for.
Any other words or characters that are stored in the search base are unproblematic,
even if special characters and \strange signs" are included. For example,take a look
to the following ASCII text that wasgeneratedby applying character recognition to
the slide displayed in Figure 8.1:

Exkurs 2: Vollst• andige Verb•ande Eine MengeDDmit einer Relation
E [D ID ist eine partielle Ordnung falls f•ur allen, b, c E ID gilt:
n E n Refexivit• at a E b b E a a=b Anti ? Symmetrie a E b 1, a E c
Transitivit• at Beispiele: 1. D = 2{ � '`l mit der Relation : •A.b - aG

Fig. 8.1. Slide that corresponds to OCR output

Most text, including keywords that possibly will be searched, for instance
\V erb•ande", \Re
exivit• at" or \Symmetrie", are recognizedcorrectly. However, the
uselesscharacter sequencesthat are deducedfrom the formulas or the �gure at the

1 Scansoft recently changed its name to Nuance but the OCR software is still sold as
Scansoft's OmniPage



164 8 Retrieval and Metadata

bottom of the slide are only presented here for demonstration purposebut will nor-
mally be hidden in the search base and thus will never be visible to students and
thus cannot confusestudents. In fact, for retrieval purposesit is su�cien t to obtain
the information whether a sequenceis included in a certain part of the search baseor
not. Only the statement \ is included" leadsto search results. Unrecognizedcontent
that is never queried is irrelevant but it is unproblematic if such content is stored
in the search base.Words that are potentially searched for but are not recognized
correctly will not be found and thus causefewer search results. However, students
might be usedto getting not all possiblesearch results, becausethis is also the case
for many other retrieval systems(consider web searches) but at least the presented
results are relevant.

Extracting ASCII text for each slide enablesslide-based search results. Hence,search
results can refer to the pagesthat match the search pattern but typically also an
emphasizing of the search result within the page is desirable, which requires the
corresponding coordinates. Sophisticated OCR algorithms can not only extract the
characters but also the layout of the input documents. In order to store the layout,
OCR applications generally support output formats that are designedfor word pro-
cessing purposes,e.g. Rich Text Format (RFT), various Microsoft O�c e formats
or the Portable Document Format (PDF). Unfortunately , theseformats typically do
not contain absolutecoordinates but rather blocks of text with assignedfont types,
styles and sizes.The layout of words is relative within each block and the blocks
are positioned relative to other blocks. Hence,calculating absolutepixel coordinates
demandsthe complex parsing and processingof a word processor,which probably
is overkill for our purpose.

Some (mostly more expensive) OCR applications also support Extensible Markup
Language(XML) asan output format (not to bemistakenwith Microsoft's WordML,
which also usesthe �le extension \ .xml"). Currently , we use Scansoft'sOmniPage
Pro 14 O�c e [OmniPage,2006], which generatesXML output �les that include the
coordinates and the dimensionsof each recognizedword (or character, depending on
the set properties). Note that for our sourcesthe recognition results of ABBYY's
FineReader OCR 7.0 [Finereader, 2006] are better but FineReader OCR 7.0 does
not support XML output. Hence,we do not suggestOmniPage to be the best can-
didate in order to extract a search base from slide presentations but will rather
discussOmniPage's XML output format as an example. Other OCR applications
with appropriate output formats may be usedas well.

Now take a look at the XML �le that corresponds to the slide shown in Figure 8.1:

<?xml version="1.0"?>
<!--XML document generated using OCRtechnology from ScanSoft, Inc.-->
<document ssdoc-vers="SSDOC1.0" ocr-vers="OmniPage Pro 14"

xmlns="x-schema:http://www.scansoft.com/omnipage/xml/ ssdoc-sc hema2.xml">
<page width="4896" height="3523" x-res="300" y-res="300" bpp="1"

orientation="0" skew="0" filename="Optimierung_2006_10_17.44.png" language="1">
<region reg-type="horizontal">

<rc l="643" t="425" r="4181" b="2885"/>
<paragraph para-type="text" align="left" left-indent="0" right-indent="0"

start-indent="0" line-spacing="336">
<ln baseline="600" ff="Garamond" fs="900">

<wd l="696" t="485" r="1210" b="605">Exkurs</wd>
<wd l="1262" t="490" r="1373" b="605">2:</wd>
<wd l="1742" t="485" r="2664" b="653">Vollst• andige</wd>
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<wd l="2731" t="485" r="3427" b="605">Verb•ande</wd>
</ln>

</paragraph>
<paragraph para-type="text" align="left" left-indent="0" right-indent="0"

start-indent="0" line-spacing="156">
<ln baseline="946" ff="Bookman Old Style" fs="500">

<wd l="691" t="869" r="912" b="950">Eine</wd>
<wd l="960" t="869" r="1306" b="984">Menge</wd>
<wd l="1344" t="864" r="1426" b="950">DD</wd>
<wd l="1464" t="869" r="1637" b="950">mit</wd>
<wd l="1670" t="869" r="1930" b="950">einer</wd>
<wd l="1963" t="869" r="2395" b="950">Relation</wd>
<wd l="2558" t="874" r="2635" b="946">E</wd>
<wd l="2846" t="864" r="2928" b="950">][D</wd>
<wd l="3082" t="864" r="3163" b="950">ID</wd>
<wd l="3312" t="869" r="3442" b="950">ist</wd>
<wd l="3470" t="869" r="3682" b="950">eine</wd>
<wd l="2147483647" t="2147483647" r="0" b="0">partielle</wd>

</ln>
<ln baseline="1104" ff="Bookman Old Style" fs="500">

<wd l="691" t="1027" r="1166" b="1138">Ordnung</wd>
<wd l="1210" t="1022" r="1416" b="1109">falls</wd>
<wd l="1459" t="1022" r="1603" b="1109">f•ur</wd>
<wd l="1642" t="1027" r="1934" b="1123">allen,</wd>
<wd l="1968" t="1022" r="2045" b="1123">b,</wd>
<wd l="2078" t="1051" r="2122" b="1109">c</wd>
<wd l="2170" t="1042" r="2232" b="1114">E</wd>
<wd l="2280" t="1022" r="2362" b="1109">ID</wd>
<wd l="2400" t="1027" r="2587" b="1142">gilt:</wd>

</ln>
</paragraph>
<paragraph para-type="text" align="left" left-indent="504" right-indent="0"

start-indent="0" line-spacing="192">
<ln baseline="1560" ff="Times NewRoman" fs="600" char-attr="italic">

<wd l="1229" t="1507" r="1277" b="1565">n</wd>
<wd l="1330" t="1488" r="1406" b="1560" ff="Bookman Old Style" fs="500"

char-attr="non-italic">E</wd>
<wd l="1454" t="1507" r="1502" b="1565">n</wd>
<wd l="2147483647" t="2147483647" r="0" b="0">Refexivit• at</wd>

</ln>
</paragraph>
<paragraph para-type="text" align="left" left-indent="504" right-indent="0"

start-indent="0" line-spacing="192">
<ln baseline="1752" ff="Times NewRoman" fs="600" char-attr="italic">

<wd l="1229" t="1699" r="1277" b="1757">a</wd>
<wd l="1330" t="1680" r="1406" b="1752" ff="Bookman Old Style" fs="500"

char-attr="non-italic">E</wd>
<wd l="1454" t="1670" r="1502" b="1757">b</wd>
<wd l="1642" t="1670" r="1690" b="1757">b</wd>
<wd l="1742" t="1680" r="1819" b="1752" ff="Bookman Old Style" fs="500"

char-attr="non-italic">E</wd>
<wd l="1862" t="1699" r="1910" b="1757">a</wd>
<wd l="2256" t="1670" r="2530" b="1757">a=b</wd>
<wd l="2770" t="1670" r="2990" b="1757">Anti</wd>
<wd l="3029" t="1723" r="3110" b="1728"> </wd>
<wd l="3149" t="1675" r="3662" b="1790">Symmetrie</wd>

</ln>
</paragraph>
<paragraph para-type="text" align="left" left-indent="504" right-indent="0"

start-indent="0" line-spacing="192">
<ln baseline="1944" ff="Bookman Old Style" fs="600" char-attr="italic">

<wd l="1229" t="1891" r="1277" b="1949" ff="Times NewRoman">a</wd>
<wd l="1330" t="1872" r="1406" b="1944" fs="500" char-attr="non-italic">E</wd>
<wd l="1454" t="1862" r="1502" b="1949" ff="Times NewRoman">b</wd>
<wd l="1642" t="1862" r="1690" b="1949" fs="500" char-attr="non-italic">1,</wd>
<wd l="2251" t="1891" r="2299" b="1949" ff="Times NewRoman">a</wd>
<wd l="2352" t="1872" r="2429" b="1944" fs="500" char-attr="non-italic">E</wd>
<wd l="2477" t="1891" r="2520" b="1949" ff="Times NewRoman">c</wd>
<wd l="2147483647" t="2147483647" r="0" b="0" ff="Times NewRoman">Transitivit• at</wd>

</ln>
</paragraph>
<paragraph para-type="text" align="left" left-indent="2592" right-indent="288"
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start-indent="-2592" line-spacing="276">
<ln baseline="2299" ff="Bookman Old Style" fs="500">

<wd l="691" t="2203" r="1272" b="2338">Beispiele:</wd>
<wd l="691" t="2467" r="763" b="2549">1.</wd>
<wd l="898" t="2462" r="979" b="2549">D</wd>
<wd l="1022" t="2506" r="1114" b="2534">=</wd>
<wd l="1157" t="2443" r="1253" b="2549">2{</wd>
<wd l="1325" t="2443" r="1445" b="2525"> � '`l</wd>
<wd l="1488" t="2467" r="1670" b="2549">mit</wd>
<wd l="1704" t="2467" r="1877" b="2549">der</wd>
<wd l="1915" t="2467" r="2347" b="2549">Relation</wd>
<wd l="2635" t="2496" r="2645" b="2549">:</wd>
<wd l="2832" t="2443" r="3014" b="2539" char-attr="italic"> •A.b</wd>
<wd l="3806" t="2515" r="3821" b="2539" char-attr="italic">-</wd>

</ln>
<ln baseline="2760" ff="Arial Narrow" fs="500" char-attr="italic">

<wd l="3307" t="2482" r="3408" b="2779">aG</wd>
</ln>

</paragraph>
</region>

</page>
</document>

The <wd> tags reveal the coordinates of recognized words (character sequences)
by specifying the \ l " (left), \ t " (top), \ r " (right) and \ b" (bottom) parameter
of the following character sequence.Note that the parameter values correspond to
the resolution that is speci�ed in the <page>tag and therefore must be translated
into the pixel resolution of the screenshots.Furthermore, the <page>tags give the
mapping of the recognizedtext to the slide indices. The other tags are not required
for our intention of emphasizingthe search results within slide images.

Fig. 8.2. Emphasizing search results and the search pattern \ob jekt"

In the TTT environment, emphasizingis done by placing highlight annotations au-
tomatically , for instance like those displayed in Figure 8.2. As usersshould not be
forced to enter entire words, we perform substring searches. Therefore it is advisable
not only to highlight complete words that contain the search pattern but also to
mark the search pattern within that word, for instance by underlining it. Without
marking the search pattern, it might not be evident at a glance why the system
presented a particular search result. If the search pattern matchesthe beginning of
a recognizedword and/or is a semantical subword as \ob jekt" in Figure 8.2, it is
obvious to the userwhy this result is presented but considera search for \ paris" and
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receiving \ comparison" as result. Obviously \ comparison" is not the expected result
but due to the underling it is clear why it is presented. Otherwise the user might be
irritated by such a result.

A problematic aspect of underlining the search pattern is that the XML �le only
speci�es the absolute coordinates and dimensionsof the entire word and not of the
speci�c substring we want to underline. OmniPage also supports coordinates per
character but this results in much larger XML �les (approx. 50 times larger) as one
<wd>tag must be speci�ed for each character. We rather suggestto interpolate the
required coordinates. If assumingcharactersof equal widths this is doneby dividing
the width of the recognizedword by its length, i.e. the number of characters, in order
to achieve the character width in pixels and then adding that amount n times to
x-coordinate of the word (the \ l " parameterof the <wd>tag), wheren is the position
within the word minus one.As a result we achieve the x-coordinate of the beginning
of the matched substring. The end is determined similarly and the y-coordinates
are given by the \ b" parameter of the <wd>tag. Note that someadditional space
is added between the emphasizedcharacters and the underline (as well as for the
border of the highlighting annotation).

Such interpolation will slightly misplacethe underline, becausetypically proportional
fonts are used(instead of �xed size fonts) and hence,the width of characters vary.
Regarding the character width for several fonts requires knowledge of the applied
font (which probably is provided by the OCR software) and also knowledgeof any
character widths of any possiblefonts and therefore is too complex considering the
issue.Sincethe letters \m" and \w" are typically wider for any font than \i" or \l"
(with only minor di�erences betweenfonts), we rather suggestinterpolation by use
of well de�ned default widths instead of onewidth for all letters. The following table
lists the proportional widths (of Java's default \Serif " font under SuSELinux 9.2):
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F G H I J K L M N O P Q R S T U V W X
0.9 1.2 1.2 0.5 0.7 1.1 0.9 1.4 1.2 1.2 0.9 1.2 1.1 0.9 1.1 1.2 1.1 1.5 1.1

Y Z [ \ ] ^ _ ` a b c d e f g h i j k
1.1 1.0 0.5 0.8 0.5 1.0 0.8 1.0 0.9 1.0 0.8 1.0 0.8 0.6 0.9 1.0 0.5 0.6 1.0

l m n o p q r s t u v w x y z { | } ~
0.5 1.5 1.0 1.0 1.0 1.0 0.7 0.8 0.6 1.0 0.9 1.3 0.9 0.9 1.0 0.6 0.6 0.6 1.3

With theseproportional character widths or relative widths the underline for the ex-
ample \ comparison", which has a relative width of 9.2, can be computed by the rel-
ative widths of the three substrings \ com" (3:3 � 35:9%), \ paris" (3:9 � 42:4%) and
\ on" (2:0 � 21:7%) instead of the �xed sizes,which would be 3:5:2or 30%:50%:20%
(since \ comparison" has 10 characters). The �v e letters of \ paris" are only slightly
wider than the three letter substring \ com".
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8.1.2 In terlink age of Search Base and Indices

Applying optical character recognition to automatically generatedslide imagesdeliv-
ersa textual basis that is required to provide ful l text search. The logical interlinkage
between the extracted text and an electronic lecture is automatically given by the
slide indices. The indices provide the partitioning of the electronic lecture and thus
correspond to the produced slide images. The output of the optical character recog-
nition also corresponds with the slide images and thus the slide indices as well.
Hence,each portion of the search baseis associated with an index. If using the XML
format of OmniPage, each <page>tag contains the recognizedcharactersfor a single
pageand subsequent <page>tags correspond with subsequent indices. If storing the
output of the OCR application as ASCII text either one �le per slide can be stored
or, as we prefer due to resulting in fewer �les, one �le that includes the text of all
pagesand individual pagesare divided by a form feed (ASCI I character 0x0Chex).

The retrieval algorithm returns the indices of the slideswherethe corresponding text
matchesthe search pattern and, if coordinates are provided, alsoemphasizesthe ap-
propriate areas.As each search can be performed in a few milliseconds, the search
results are updated while the user enters a keyword. Therefore it is not necessary
to enter entire words and start the search processby pressing a dedicated search
button. In fact, the user gets permanent feedback after each additionally entered
character and hence can stop whenever an appropriate result is presented or the
entered character sequencecannot be found. The TeleTeachingTool supports access-
ing the matching indices either by use of a clickable thumbnail overview that only
displays the matching pagesas well as by performing the search multiple times and
thus accessingthe respective next occurrence.The matching words are emphasized
within the presented slidesand the thumbnails.

The described search function is slide-based. However, we can make it more �ne-
grained. Hereunto, we need adequate indices to divide the recording into smaller
sections. Presentations with overlays generate more frequent framebu�er changes,
all of which can be usedas indices not only for navigation but for splitting sections.
As suggestedin Section 7.4.2, the RemoveAllAnnotations events also o�er a more
�ne grained partition.

Indices provide the logical interlinkage between text and the recorded desktop.
Search results are slide indices and thus we get the beginning of the teacher's
comments about a slide (matching the search pattern), but not the precise com-
ments about the searched string. The built-in annotation system of the TTT o�ers
a possibility of an interlinkage with the audio recording. The highlighting feature
is generally used for marking words or text parts, which the teacher comments on
at exactly that moment. And as the presenter only points out important elements,
we may have localized comments about interesting words, which are more likely to
be searched. Using timestamps of highlighting events and applying text recognition
to highlighted areas results in text that can be linked to the timestamps of the
corresponding annotation events and thus possibly to audio comments about the
highlighted text, which provide more precisesearch results. Pointer stop positions
may also be used to create such interlinkagesince the pointer can be usedto point
to something. Although detection via pointer events or animation detection can be
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done, it is hard to identify which area the pointer is pointing to or if it is pointing
to something important at all. Therefore results may be very error-prone and thus
are not useful.

Another possibility for interlinking the verbal narration and presented textual con-
tent would be to usean audio transcript of the recordedaudio stream, i.e. a textual
extraction acquired by speech recognition. As [H•urst, 2003] suggests,such an audio
transcript is another retrieval option for multimedia-baseddata such asan electronic
lecture. Speech recognition typically results in worserecognition rates than character
recognition but, analogousto the search basedthat is producedby character recogni-
tion, badly recognizedwords will not harm the retrieval process,becausesuch words
will typically not be searchedand thus will never be presented to the student. Due to
the redundancy in spoken words and as recognition errors mostly a�ect small �lling
words, the in
uence of recognition errors for retrieval purposesis rather negligible
[Garofolo et al., 2000, Hauptmann and Wactlar, 1997, Thong et al., 2000].

8.1.3 Recognition Impro vements

In order to improve the recognition results, we have tested the in
uence of di�er-
ent input formats. The input to the OCR software is screenshotsas given by the
automatically generatedhtml script. However, as the pagesof the script might be
annotated but annotations may confusethe text extraction processif annotations
overlap with characters, we will not usethe script pagesbut store slide imagesthat
are optimized for character recognition without irritating annotations and mouse
cursors (unlessrecordedpixel-basedas part of the framebu�er).

Additionally we have tested di�eren t color formats. The outputs of the tested
OCR applications (Scansoft's OmniPage Pro 11 [OmniPage,2006] and ABBYY's
FineReader OCR 7.0 [Finereader, 2006]) were very similar for ful l colored and
grayscale sources.Black and white input o�ers better contrasts, which reducesthe
error rate. Unfortunately all characterswritten in light colorswere reducedto white
and therefore were no longer distinguishable from the background. Hence, if using
black and white images,the contrasts betweenpixels must be respected in order to
keepall charactersvisible, which is problematic if using di�eren tly coloredtexts and
backgrounds.Note that thesetests wereperformedduring our earlier research at the
Universit•at Trier. The later long term usageat the Technische Universit•at M•unchen
exposedthat the results of Scansoft'sOmniPagePro 14 O�c e, which supports XML
outputs, are lessgood if comparedto FineReader.

These results are application dependent and di�eren t piecesof OCR software may
reveal other results. Hence, we cannot state the perfect input format for optical
character recognition. However, this is not the intention of our research and especially
not of this thesis. We rather want to demonstrate that ful l text search does not
necessarilyrequire storing electronic lecturessymbolically or to accessthe presented
sourcedocuments.
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8.1.4 String Distance Metric and Stemming

In order to match incorrectly recognized search words with a user's query or
to correct misspelled or mistyped user queries, we have tested the well-known
Damerau-Levenshtein-Metric [Damerau, 1964, Levenshtein, 1966], which is used to
determine how similar two strings are. The edit distance between two strings is
de�ned to be the minimum number of operations neededto transform one string
into the other, where an operation is an insertion, deletion, or substitution of a
single character. However, this resulted in too many unwanted results, especially
if regarding that the user's query and the recognized text may contain errors.
Consider, for example, the words \Zelle" (German word for \(memory) cell")
and \Keller" (German word for \stack"), which are often used in the compiler
construction lectures. The edit distance is only two:

\Zelle" � ! substitute \Kelle" � ! inser t \Keller"

Now recall that we perform a substring search. Hence,the distance between\Zelle"
and \Kelle[r]" is only one due to omitting the last character. Although one is the
smallestpossibledistanceof the Damerau-Levenshtein-Metric, such results probably
irritate the user, especially if the search patterns are not marked with the search
results or if the search results are not emphasizedat all. Similar irritations are
achieved by applying \stemming" algorithms, which determine a stem form of a
given in
ected or derived word form.

Presenting incorrect or unwanted results may confusethe student (as is the casefor
meaninglessindices). As our �rst priorit y is to present meaningful search results, it
is better to �nd fewer but correct results, than to �nd any results but also present
someirrelevant and thus confusing ones.Hence,we prefer exact matches. However,
special characters(including unprintable ones)may be ignored and German umlauts
may be treated like the corresponding standard vocals.

8.1.5 (Semi-)Automated W ork
o w

Our aim is to provide ful l-
e dged electronic lecturesby a lightweight lecture recording
process.Hence,the extraction and interlinkage of a search baseshould be automated
as far as possible.The indexing and the generation of the slide images,which are
usedas input �les for the OCR software, is automated by the TeleTeachingTool as
described in Chapter 7. The recognition process is also automated within the OCR
software. All slide images are selectedas input. Then the automated recognition
algorithm is applied. Optionally the usercancorrect the recognition resultsmanually.
Finally the results are stored in the selected �le format. Nevertheless, the OCR
application must be started and the reading of the input �les must be initiated
manually.

Instead of using an external OCR application, an integrated solution would rather
by preferable. However, the results of sophisticated commercial OCR applications
are remarkably better (due to the applied algorithms and large dictionaries of up to
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Fig. 8.3. Work
o w to integration a search base

100,000words) if comparedto freely available optical character recognition solutions
and moreover many lessadvancedalgorithms must be trained beforeachieving good
results. Other solutions to increaseautomation would be an appropriate program-
ming interface to an external OCR application or the usageof batch processing,
which is o�ered by some commercial OCR applications. Due to the high pricing
of such OCR applications, we currently have no accessto appropriate systemsand
therefore cannot test theseapproaches.

Nevertheless, the current semi-automated solution of the TeleTeachingTool inte-
grates ful l text search functionalit y into pixel-based recordings within a few minutes
demandinga few manual operations only (mainly limited to initiating certain tasks).
By providing ful l text search for electronic lectures that are produced by the 
ex-
ible screen recording approach, we have eliminated another main drawback when
comparedto the symbolic recording approach.

8.2 Lecture Pro�ling and Metadata

VNC sessionrecording preservesthe presented desktop,which is su�cien t for replay-
ing a recordedpresentation. However, in order to produceand also to describe asyn-
chronouselectronic lecturessomeadditional information, commonlycalledmetadata,
is required, for instance the name of the teacher and the topic of the lecture or pre-
sentation. As lectures are typically part of a courseor lecture series,each electronic
lecture should also reveal the corresponding course as well as a sequence number or
date so that the lectures can be classi�ed and arranged in order. Somemetadata,
for instance the duration of the lecture, are given implicitly by the recordedsession
(the duration is obviously the distance betweenthe smallest, typically zero, and the
largest timestamp). Other data must be speci�ed explicitly , for instancethe teacher's
name.
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8.2.1 Metadata by Lecture Pro�ling

In order to initiate a recording process,several parameters, e.g. the VNC server
exporting the desktop to be captured, the color depth or enabling/disabling video
recording or transmission, must be speci�ed. The system should o�er meaningful
prede�ned values as far as possibleand if the recording environment preserves the
last used parameters, the values need to be speci�ed only once. However, if the
samerecording setup is used by several people for multiple lectures all demanding
di�eren t parameters, errors are likely to occur. Even if unable to avoid hardware
related failures, like pulled plugs or empty batteries in microphones,the recording
software should at least give suitable guidanceon the software side to reduceerrors.
Therefore we suggestlecture pro�ling .

A lecture pro�le is a set of parameters,which contain settings that are essential for
recording purpose.Additionally , a pro�le may contain useful metadata like the title
of the lecture (series)and the teacher's name. As the easeof use is very important
a suitable user interface for lecture pro�ling is required. We have implemented a
conciselecture pro�ling user interface for the TeleTeachingTool (Figure 8.4). When-
ever a lecture of a certain lecture seriesshould be recorded, it is su�cien t to select
the appropriate entry from the list of all previously usedlecture titles and all other
parameters will be automatically loaded again. A designated loading and storing
of pro�les via menus or buttons is not encouragedas novice users should not be
overloaded with terms and meansof lecture pro�ling but should rather be able to
record something forthrigh t and notice later that parameters are stored for their
convenience.

Fig. 8.4. Lecture Pro�ling GUI of the TeleTeachingTool

In order to achieve consistent naming of �les, our pro�ling mechanism generates
titles and �lenames automatically depending on the title of the lecture, the teacher's
name and the current date. Subsequent recordings are distinguished by an addi-
tional sequencenumber at the end of the �lename, which is useful, for instance, if
a teacher prefers to make a pauseduring a lecture or if recording a seriesof talks
during seminarsor conferenceevents. Not only the namesof the recordingsshould
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be consistent but also the namesof the corresponding search base usedfor ful l text
search and the automatically generatedscript, which consists of several html and
image �les. Manual naming is not only an unnecessarybut also an error-prone task.
Consistent naming is essential to provide structured databasesof lecturesand to cat-
egorize lecture recordingsas is required in order to achieve a suitable representation
of cross lecture search results, which will be discussedin the following sections.

8.2.2 Dublin Core Metadata

There are several approachesand discussionsin the research communit y about stan-
dardizing metadata speci�cations for e-learning issues.As an example of a possible
metadata set and how this set relates to our electronic lectures we will give an
short overview of an simple model, the Dublin Core Metadata Element Set (also
known as Simple Dublin Core) [DublinCore, 2003], which provides a simple, rather
loosely-de�ned set of elements. The Dublin Core Metadata Initiative (DCMI) is also
working on a set of terms which allow the Dublin Core Metadata Element Set to be
usedwith greater semantic precision (Quali�e d Dublin Core). The Dublin Education
Working Group aims to provide re�nements for the speci�c needsof the education
communit y. Details can be found at the Dublin Core website [DCMI, 2006]. An-
other commonbut more complex model would be Learning Object Metadata (LOM)
[Wayne Hodgins, 2002].

The Dublin Core Metadata Initiative (DCMI), an organization dedicatedto promot-
ing the widespread adoption of interoperable metadata standards, has intro duced
the Dublin Core Metadata Element Set, Version1.1 [DublinCore, 2003] asa standard
for cross-domaininformation resourcedescription. It contains 15 optional elements,
which can be more or lessusedto describe our electronic lectures.Someof the meta-
data is provided by the lecture pro�les, others can be acquired from the recordings
themselves (maybe after analysis algorithms have beenapplied), for example date,
duration, indices or the full text search base.In particular, the elements are:

Title: The title of the lecture as speci�ed by the pro�le.

Creator: The teacher's name is also speci�ed by the pro�le.

Sub ject: The main topic shouldbegivenby the lecture's title aswell but admittedly
this \sub ject" might be a little vagueas it is intended as the subject for a seriesof
lectures and not for a single recording.

Description: The ful l text search baseprovidesdetailed information. However, more
suitable descriptions like chapter headlinesor summariescannot be extracted auto-
matically for pixel-based recordings (at this time). The DCMI speci�cation allows
non textual resources,like index thumbnails, to be added as well.

Publisher: The university, institute or company associated with the recording. Ac-
tually not supported by our lecture pro�ling system as practically all lectures pro-
duced with the samesetup are provided by the sameuniversity but an appropriate
\Publisher" or \Univ ersity" �eld can be added to the pro�ling system easily.
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Con tributor: Sameas publisher.

Date: The start time (and thus the date) of each recording is stored in its header.

T yp e: According to the recommendation given by the DCMI Type Vocabulary
[DublinCoreVocabulary, 2004] one of several types could be assigned:\ Collection"
as a recording comprisesseveral data streams, thumbnails or search baseas text;
\ Event" describing the local lecture that wasrecorded;\ InteractiveResource" which
is used(among others) for multimedia learning objects or the type; or \ MovingIm-
age" could be assigned.However, regardlessof which of thesetypesis used,it should
stay the samefor all recordingsand therefore the type element is irrelevant for the
purposeof categorizing the recordingsof a lecture archive.

Format: The DCMI recommendsthe use of MIME types (Multipurp ose Internet
Mail Extensions),which arede�ned for standard formats. However, lecture recording
formats are not standardized at this time (unlessstandard video formats are used).
Like the type element, the format element should be the samefor all lectures and
therefore is not essential as long as only electronic lectures are handled.

Iden ti�er: The �lename(s) or the �lename base (without endings) should be a
unique identi�er within a lecture archive.

Source: This element could describe the sources(slides) of the presentation. How-
ever, a pixel-based recording approach abstracts from the formats of the source
documents as it supports the parallel use of arbitrary sources.Hence, the source
format is typically unknown for a electronic lecture and in fact is already unknown,
becauseit is not important, to the recording environment.

Language: Right know we have recorded lectures mainly in German and somein
English. Distinguishing them would be useful in order to categorizelectures and to
restrict searchesto a certain language,but this is not supported right now. However,
the keywords speci�ed to perform the full text search lead to results in the same
language(except for internationally usedterminology). An appropriate �eld can be
added to the pro�ling set if desired.

Relation: This element should refer to related resources.Due to the predetermined
consistent naming that is provided by the lecture pro�ling system, all recordings
that belong to the samelecture serieshave the same�lename except for the date
component. This allows related lectures to be derived for a given recording. This is
also the casefor other automatically generatedmaterials such as the html scripts.

Coverage: Typically, coverage will include a spatial location, a temporal period or
a jurisdiction and therefore could refer to metadata usedfor the elements Publisher
or Contributor (a university in the senseof company and location), the recording
date or period. However, this element is very vaguely de�ned.

Righ ts: If the electronic lecture supports some kind of rights management, e.g.
encrypted �les, this can be noted here. Actually , neither our recording environment
nor our lecture archive supports rights management. Lectures are freely available
to the public. Note that download could also be limited by the web archive but in
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such a caseit doesnot in
uence the recordingsand its metadata but the publishing
process.

Note that any �elds may be addedto a pro�ling system. However, regarding the ease
of use, the number of entries that must be speci�ed by the teacher (or a technician)
should be limited asfar aspossibleand thereforeoneshould considerseriouslywhich
entries are supported.

8.3 Cross Lecture Search

Lightweight lecture recording enables large multimedia databases to be built up
containing hours of asynchronous electronic lectures rather quickly. Currently our
archive contains more than 400 recordings resulting in approximately 600 hours of
recordedpresentations. Hencethere is an increasingneedfor techniquesnot only to
localize speci�c information within a single electronic lecture during replay but also
to �nd a lecture that addressesa speci�c topic. Furthermore, an adequatepresenta-
tion of the results is needed,which should o�er easy to use navigation and a rating
system.

8.3.1 Online Full Text Search

Our archive of lectures o�ers cross lecture searchability provided by a PHP script 2.
The crosslecture search baseis composedof a set of all individual search basesof the
single lectures. A search base is stored within the extended headerof an electronic
lecture. However, instead of extracting the search basesfrom the archived electronic
lectures, we use the output of the OCR application directly. While packing and
uploading our recordings, a script also copiesthe OCR output �les to a dedicated
directory on our web server wherethey can be accessedby the PHP script. In future,
this packing and uploading processshould be integrated into the TeleTeachingTool.

Search results are formatted as html pages(Figure 8.5), which presents the titles of
the recordingsthat match the keyword and the list of matching indices for each lec-
ture, all of which are linked to the automatically createdhtml script. The consistent
naming, which is achieved by the lecture pro�ling is essential to perform the inter-
linkage between search results and the script pages as otherwise links would refer
to nonexistent �les. Metadata such as the lecture titles or the dates and durations
of the recording, are not included in the search base but can be extracted from the
corresponding html �les, becausethe structure of the html �les is known as they
were generatedby the TTT.

Currently , following a link leadsto a static script without any possibility to highlight
search results or to accessother results within the presented script page. Dynamic
webpageso�er a more suitable technique for presenting search results by combining

2 a scripting programming language; PHP is a recursive backronym f•ur Hypertext Prepro-
cessor and originally stands for Personal Home Page Tools
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the screenshots,thumbnails and metadata of the static scripts with a dynamic link
structure that corresponds to the delivered search results. Furthermore, a dynamic
representation enablesthe search results to be emphasizedwithin each html script
page.An appropriate system that provides a cross lecture ful l text search by gener-
ating dynamic webpagesis currently being developed and implemented asa student
project.

Fig. 8.5. Online Full Text Search

8.4 The Search&Bro wsingT ool

The Search&BrowsingTool (SBT) is an extension of the TeleTeachingTool
and was implemented during a system development project by two students
[Gruber and Leiter, 2006]. The goal was to provide cross lecture searchability with
an easy to use graphical user interface. The SBT supports three kinds of sources:
At �rst it can handle any local lectures that are accessibleas (directories of) TTT
�les. Furthermore, it can search and browse through lectures available at our on-
line archive. And �nally an o�ine search base, which contains any information and
metadata that are necessaryto describe lectures for searching purposes,can be ex-
ported and imported and thus allow o�ine students to check contents, which they
may accesslater (online or via DVD).

In order to perform a local search, the SBT gathers all TTT recordings located in
speci�ed directories. Lectures are not loaded completely as this would be very time
consumingand memory intensive. Instead, only the headers of recordings including
metadata (e.g. date and title), indexing structures, search basesand thumbnails are



8.4 The Search&Bro wsingTool 177

read. As a further improvement this task is not performed for each search but only
once. The SBT createsa combined search base that stores all neededdata and is
imported during startup and validated by useof checksumswith the existing lecture
�les. Entries for new or modi�ed �les are generatedor modi�ed respectively. This
combined search base is not only useful to enhancestartup and search performances
but additionally can be exported and distributed for students' usageas an o�ine
search base.

The online search must be performed in a di�eren t way. As the recorded lectures
consist of up to three �les (desktop, audio and optional video stream), they are
packed within a single ZIP archive in order to provide easierdownload. Obviously,
downloading and extracting all available lectures just to perform a search is not
feasible.Instead we makeuseof the existing functionalit y of the online search feature
already. The search string of each performed query is sent as an HTTP request to
a web service,which performs the online ful l text search and returns the results as
an XML �le. The returned XML document contains a list of results, each of which
consistsof a corresponding lecture title, a matching index (number) and a �lename
base.The �lename base is valid for all �les related to a certain recording and can be
extendedby appropriate �le endings.Due to the consistent naming and the known
directory structure of the server, the SBT can additionally accessthe automatically
generatedhtml script (including screenshotsand thumbnails).

8.4.1 Views

Applying ful l text search to a singleelectronic lecture producesno more results than
the maximum number of indicesavailable, which aretypically about 30{50. Therefore
a thumbnail overview is a suitable visual representation of the search results. Note
that there might be more matcheswithin a single pagebut neverthelesseach index
is presented only onceby the thumbnail overview.

Giving an appropriate representation of the results of a cross lecture search is more
challenging. A simple (thumbnail) list of matching indicescould be su�cien t for say
�v e to ten matches but is absolutely inadequate for a high number of results. The
keyword \stack" for example is frequently used during our recorded lectures and
therefore producesover 200 matches within about 80 lectures of a dozen di�eren t
courses.The keyword \Beispiel" (German word for \example") even produces far
more than 2000results. Besidesthe memory consumption of about 10 Mbyte com-
pressed�les, which relate to 40{160 Mbyte uncompressedpixel values(8{32 bit per
pixel), a thumbnail overview with 2000entries can hardly be surveyed in a reason-
able manner. Just presenting a list of results without displaying the thumbnails is
also not very comfortable. Hence,another representation is needed.

In order to respect the varying numbersof results, wewill categorizelecturesby their
metadata and intro duceseveral representations, called views , adequatefor di�eren t
purposes.Common for all views is a tree representation (seeFigure 8.6 left hand
side) that is labeled di�eren tly on each level, starting with the root node, which
represents all lectures. The subsequent levels show the categories (title of lecture
series), the semesters(as each series can be recorded multiple times in di�eren t
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years) and �nally single lectures by date, which are the leavesof the tree. A number
next to each entry displays the number of search results that were found in the
associated subtree.

Fig. 8.6. Search results: Overview

The representation displayed in the main window dependson the number of results
and the selectedlevel within the tree. The top level representation, the overview ,
which is displayed in Figure 8.6, shows a top to bottom list of lecture categories,
which are entitled by the nameof the lecture series.In the presented �gure, we have
searched for \stack" and received 226 results in 11 categories,which are listed as
\ Optimierung", \ Programmiersprachen", etc. Additionally , the number of matching
lectures plus the absolutenumber of matchesin that category are listed. The graph-
ical bar visualizes the number of results in relation to the maximum matches (of a
single lecture) and thus provides somekind of rating for each entry . In the example
the maximum is given by 90 matches (in 31 lectures) in the third category, which
is entitled \ Abstrakte Maschinen". The �rst entry in the list has only 1 match, the
secondhas9 matches.Hence,the bars are accordingly shorter. Clicking on an entry ,
either in the view in the main window or in the tree representation, accessesthe
next, more �ne grained level and the view will be updated correspondingly. Note
that higher levels can be accessedby clicking on a corresponding tree entry .

Lev el Views

Besidesthe overview, we o�er the category view that represents a list of lecture
series,the semester view for all lecturesof onecategory within a certain semester,
and �nally the lectur e view , which corresponds with the leaves of the tree and
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thus single lectures.The �rst two of theseviews show a top down list of entries with
rating bars similar to the overview. Selecting the third entry in the example leads
to the category view displayed in Figure 8.7. The coursewas recorded three times
(summer 2003,2004and 2006). Again the number of matchesis visualized by bars.
The semesterview (Figure 8.8) looks analogousexcept that the list entries represent
single lectures, all of which were recorded in the samesemester,and each entry is
entitled by the respective recording date.

Fig. 8.7. Search results: Category View

Fig. 8.8. Search results: SemesterView

The lectur e view (Figure 8.9) represents a single lecture and displays a left to right
thumbnail overview, analogousto the representation used as the overview page of
the html script (Figure 7.15 on page147) but showing only matching instead of all
indices. Thumbnails are entitled with index numbers.
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Fig. 8.9. Search results: Lecture View

Limited View

Besidesthe level related views, we provide one view for the special purposeof rep-
resenting a small number of results only, the limite d view . It combines the top
down lists with per lecture thumbnails as displayed in Figure 8.10. Each row dis-
plays the thumbnails of a singlelecture and is entitled with the corresponding lecture
name, semester,date and the number of results. If more matches for a lecture are
found than will �t into a single row, only the �rst thumbnails are displayed and an
additional \ more ..." link appears, which enablesaccessto all thumbnails of that
particular lecture (by switching to the lecture view). Graphical bars for rating are
not necessarybecausethe number of the displayed thumbnails within each row is
equivalent to the bar rating. The limited view can appear on any level of our tree,
whenever the number of results falls below given thresholds. Preassigned,but ad-
justable by the user, are a maximum number of 64 results and an upper bound of 16
lectures. If the number of search results doesnot exceedthesethresholds, the limited
view will be displayed instead of the view that is associated with that particular tree
level normally.

The tree representation of search results in combination with di�eren t views, which
display either top down lists with rating bars or left to right thumbnails, and the
special treatment of a small number of matchesby useof the limited view, provide
a structured representation of search results with di�eren t levels of granularit y. Fur-
thermore, the asynchronous electronic lectures are categorized by use of metadata
(title, �lename and date) in order to give useful hints to the user, who possibly is
interested in a certain courseor a certain semesteronly.

8.4.2 Accessing Search Results

Actually students do not only want to search and �nd topics but certainly want to
accessthem aswell. As the crosslecture search can usedi�eren t search bases(local,
online, o�ine), appropriate activities must beperformed.The colorsof the thumbnail
borders and the tree leaves indicate from which of the three possiblesearch bases
(local: gray, online: green, o�ine: red) a lecture originates and applicable actions can
be accessedvia each thumbnail's context menu. If the electronic lecture is locally
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Fig. 8.10. Search results: Limited View

available in the user's �le system, the replay can be initiated, starting at the index
that matches the selectedsearch result. Otherwise the appropriate lecture can be
downloaded from the web archive to be unpacked and replayed locally. Additionally ,
the Search&BrowsingTool can display a ful lscreen image of the selectedthumbnail
or accessthe associated html script in a web browser.The screenshotsand the html
scripts are available online. The thumbnails are read from local �les if present or
from the web archive as well.

8.4.3 Bro wsing

The Search&BrowsingTool does not only o�er retrieval features, but, as the name
suggests,additionally o�ers the functionalit y of browsing through the contents of
local and online lecture databases.Browsing is performed as a search without spec-
ifying a keyword and thus delivers any lecture (indices) as result. The presentation
of the indices and accessingcontent (replaying or downloading lectures or accessing
the script) stays the same.Additionally the SBT o�ers the possibility of comparing
the local lecture database with the lectures that are available in the online archive.
Via HTTP requesta web servicedelivers the lectures which are available for down-
load. In synchronization with the recordingsthat are found on the local �le system,
an overview displays the list of available lectures and marks which of them are al-
ready locally available. The user can now select missing lectures and initiate their
download.
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8.5 Searchabilit y by Web Search Engines

Searchability by conventional search enginesby generatingelectronic lectures,which
are indexable by websearch engines, is also a desirable feature in order to improve
the retrievabilit y of such learning material [Mertens and Rolf, 2003]. Until appropri-
ate standard formats or metadata models are available, we suggestmaking use of
the data formats that are currently indexed by websearch engines, which are textual
documents. Due to the recognition artefacts, our search basesare not suitable to be
presented but neverthelessgive a meaningful abstract description of the presented
content. Integrating the search basesand other metadata as appropriate METAtags
into html documents, which enablesthe speci�cation of, for instance, the author, a
content description and keywords, allows web search engines to index such textual
content. As such indexable meta tags can be added to the automatically generated
html scripts as well as to the download pages,the suggestedsearchabilit y by con-
ventional web search enginescan be achieved. If a page of one of our html scripts
is referred as a result in regard to a performed web search, the user will not seethe
textual content, which is hidden in the meta tags but neverthelessbe led to this re-
sult, but rather the pixel-basedpresentation of it, which is equally su�cien t (to the
user). If a download page is presented as a web search result it might not be evident
why this pageis presented. Thereforea meaningful short description is advisablebut
we currently do not seehow this can be fully automated. However, teachers(or their
sta� ) probably can be asked to deliver at least a short course description, which
commonly is available at their web pagesanyway.

8.6 Summary

This chapter consideredthe CriterionC8:InformationRetrievaland CriterionC5:Meta-
data. Screen recording o�ers a 
exible technique for lightweight lecture recording and
automated indexing compensatesfor many drawbacks causedby the missing struc-
ture. In order to provide ful l text search for pixel-based recordings we suggestthe
use of optical character recognition in order to extract search bases from the elec-
tronic lectures. Instead of accessingvarious sourcedocuments of arbitrary document
formats, our approach enablesus to derive a search base directly from an electronic
lecture. The processof storing slide imagesas input for the optical character recog-
nition , the extraction of text (and coordinates) and the association of search base
parts with indices is performed semi-automatically. Providing an appropriate pro-
gramming interface, the character recognition could be fully integrated to provide
full-
edged electronic lectures with indexing structures and ful l text search without
manual post-processing.

During playback students can specify keyword(s) to initiate ful l text searches. The
results refer to slide indicesof matching pagesand are presented asclickable thumb-
nails, which are linked to the corresponding position within the recording. Applying
an optical character recognition application that providesXML output (or appropri-
ate other formats) with coordinates, eventhe occurrencesof the keywordswithin each
slide (image) can be emphasized(including underlining the matching substring).



8.6 Summary 183

In order to �nd relevant recordings within large databasesof electronic lectures,
additional retrieval features are required. Cross lecture search is addressedin the
form of an online search that is implemented as a PHP script and is available at
our web archive. Extending the currently available static representation of search
results to a dynamic versionwill improve the usability. Another approach of provid-
ing crosslecture searchability is shown with the development and implementation of
the Search&BrowsingTool. It categorizes the archived electronic lectures by use of
metadata, which is provided by the recordedlecturesor related web pagesand o�ers
di�eren t graphical representations, the views, for di�eren t category levels and num-
bers of entries within these levels. As the Search&BrowsingTool supports di�eren t
search bases(local, online and o�ine) the environment furthermore provides dif-
ferent possibilities to accessthe found entries by download, replaying or presenting
static images.Furthermore, we have discussedpossibilities to provide searchability
be conventional websearch engines.

A consistent naming of all related �les is essential for any automated processing
or to achieve an interlinkage between various elements. In order to avoid error-
prone manual naming, we have intro duced an easy to use lecture pro�ling system,
which automatically namesall �les to �t a predetermined scheme. Moreover, each
pro�le provides the parameters that are required to perform lecture recording within
the TeleTeachingTool environment. And �nally the pro�les contain someadditional
metadata, like lecture titles or teachers' names, which can be used to enrich the
representation of search results and which are neededto categorizethe hundreds of
lectures available in our archive.

The presented work is designedto be usedin our TeleTeachingTool environment but
canbeadapted for other recording tools or lecture archives.However, the useof stan-
dardized metadataand interfaces, describinghow to perform full text search and how
to accesscontent, would bebene�cial to createa commonly applicable infrastructure.
This thesis doesnot intent to provide a sophisticated wide ranged metadata model
nor to addressdetailed retrieval issuesfor largedatabases(of electronic lectures) but
rather provesthat the 
exible screen recording approach doesnot necessarilycon
ict
with searchableelectronic lectures. By providing the basic retrieval features for pixel-
based recordings in the form of a search base, structured recordings and someuseful
metadata, we give the basis to apply research results that previously were valid for
symbolic recordingsonly. For instance, [H•urst, 2003] claims that the establishedre-
trieval systems,which are commonly designedto processlarge textual databases,are
not suitable to handle slide presentations and thereforehe discussesthe classi�cation
and presentation of search results for sequences of slides. Another retrieval aspect
for electronic lectures is the retrieval of spoken words. [H•urst, 2003] suggestsapply-
ing speech recognition to the audio stream and extract an audio transcript of the
recordedverbal narration. Audio retrieval is not a dedicated topic of screen record-
ing but rather can be applied to any other recording approachesand is addressed
further in [Garofolo et al., 2000, Hauptmann and Wactlar, 1997, Thong et al., 2000,
H•urst et al., 2003].

In summary, we have diminished another drawback of the 
exible screen recording
approach by developing and implementing a system that producespixel-based but
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neverthelesssearchablelecture recordings, and this in an automated fashion. Hence,
we have further improved the usability of pixel-based electronic lectures.



9

The TeleTeachingT ool

The TeleTeachingTool (TTT) o�ers an implementation of most of the ideas and con-
cepts that are suggestedin this thesis and wasdeveloped for everyday usagein close
relation to our own requirements and experiences.The TTT is a lecture recording,
transmission and replaying environment with integrated automated post-processing
functionalit y basedon 
exible , pixel-based desktopcapturing technology but unlike
other screenrecorders,the TTT o�ers advancednavigational featuressuch as slide-
based navigation and visible scrolling and furthermore enablesful l text search. Each
electronic lecture that is producedwith the TTT consistsof three streams:the audio
stream that preservesthe teacher's verbal narration, the (optional) video stream that
shows a video of the teacher, and the desktopstream that delivers the framebu�er
updates. We use standard formats for audio and video transmission and recording.
The desktopstream is transmitted by use of a modi�e d RFB protocol in order to
achieve a higher degreeof scalability as suggestedin Chapter 4. The desktoprecord-
ing (�le ending \ .ttt ") consists of a header and logged messagesas suggestedin
Chapter 5 (plus optional extensions).

In order to prove the ease of use and the intuitive operation of the TTT environ-
ment, we will �rst describe how to use the TeleTeachingTool from a student's and
a teacher's point of view and addressthe (optional) post processing and publish-
ing possibilities. Furthermore, we give some usagescenariosof how we are using
the TTT environment in order to record lectures. Afterwards, we addressthe Java
Media Framework (JMF), which is used to capture, handle and replay the audio
and video streams and furthermore, we give a speci�cation of the �le format for
recording the desktopstream.

9.1 TTT View er for Studen ts

The menu bar of the TeleTeachingTool consistsof di�eren t main entries, which are
entitled \ Student", \ Teacher" and \ Post Processing", and relate to certain groups of
peopleand tasks.
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A student can either open and replay an asynchronous electronic lecture, i.e. a pre-
viously recorded lecture, or connect to a synchronous electronic lecture, i.e. a live
transmission.

9.1.1 Asynchr onous Electr onic Lectur es: Repla ying recorded lectures

After selecting the \ Student! open..." menu entry (Figure 9.1), a �le request dia-
log is prompted and the student can specify which recording should be replayed.
Afterwards that recording will be loaded and the replay will be initiated.

Fig. 9.1. Opening a recorded lecture

Figure 9.2 displays the Replay GUI of the TTT. The recordedpresentation (includ-
ing the annotations) is dynamically replayed within the main window. The teacher
video (if available) is shown in the top left corner above the thumbnail overview,
which displays small preview imagesof the recognizedindices (t ypically correspond-
ing to slides). If no video is available or if the video is turned o�, the additional
spaceis taken by the thumbnail overview. The thumbnail overview emphasizesthe
currently presented slide by a red border, which is automatically updated in relation
to the replayed sequence.The user can watch other indices by useof the scroll bar
and accesseach slide simply by clicking the corresponding thumbnail (slide-based
navigation).

The control bar at the bottom provides the standard controls, which are play/pause
(depending on the current state), stop (reset replay to the beginning) as well as
accessingthe relative previous and next index. The main part of the control bar is
occupied by the timeline slider, which represents the timeline of the lecture from
the beginning (left) to the end (right). The knob of the slider represents the current
playback time and its position is automatically adjusted in relation to the replayedse-
quence.The student can set the replaytime to any point in time (within the lecture's
duration) just by clicking the corresponding position on the timeline. Furthermore,
the student can drag the knob along the timeline in order to browse through the
lecture by visible scrolling, i.e. the display is updated instantaneouslywhile dragging
the knob. Left of the timeline slider are two labels representing the current replay
time and the duration, respectively.

The controls in the right bottom corner provide possibilities to adjust the repre-
sentation of the playback window as well as the volume. The volume controls are
only presented after pressing the volume button and allows the volume level to be
adjusted via a slider or to be temporarily muted. The other control buttons are used
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Fig. 9.2. Replaying a recorded lecture

to switch between the windowed and the ful lscreen mode and to hide (or display
again) the thumbnail overview and the video component. Furthermore, the scaling
of the main window (which displays the lecture) can be adjusted, either by selecting
one of the a prede�ned scaling levels, which are \ 50%", \ 75%", \ 100%", \ 150%",
\ 200%" or \ auto" (i.e. automatic adjustment according to the window's size), or by
specifying the scaling level manually, i.e. by entering the desired level. If the main
window is smaller than the (probably scaled) resolution of the lecture, the student
can selectwhich subregionshould be displayed.

Full text search is initiated by entering a search pattern (a string) in the search
�eld , which is displayed above the thumbnail overview. A ful l text search will be
performedwhile entering characters, i.e. the search results will be updated whenever
the next character is entered. The search results are presented within the thumbnail
overview. Previewimagesof all matching indices will be displayed and, if supported
by the lecture, the corresponding matchesare emphasizedwithin the thumbnails and
the main window. The corresponding slidescan be accessedby clicking on a search
result in the thumbnail overview or the next search result will be presented whenever
performing the (same) search again by hitting the \ enter" key (in the search �eld )
or by pressingthe search button left of the search �eld . Selectingthe index tab at the
top of the search �eld will redisplay again all indices within the thumbnail overview
(instead of the search results only). The user can switch back to the search results
by selectingthe appropriate tab.
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9.1.2 Synchr onous Electr onic Lectur es: A ttending liv e lectures

Via the \ Student! connect..." menu entry (Figure 9.3), the student caneither specify
a TTT Server manually or select an entry from a list of previously used or pre-
assignedTTT Servers.

Fig. 9.3. title

If connecting manually, a Connect Dialog (as shown in Figure 9.4) will appear and
askfor the name (host) and port of a TTT Server and furthermore o�ers the possibil-
it y of choosingwhether the transmission should be provided asunicast or multicast.
Multicast is preferable but might not work for all network connections(seeSection
4.2.10on page74).

Fig. 9.4. Connection dialog

If a connection to the speci�ed TTT Server can be established,the live replay will
start. Sincenavigational controls aremeaninglessfor liveattendance,the Live Replay
GUI will comprise the main window (which displays the lecture and annotations),
the video component (that displays the live video of the teacher), the volumecontrols
and the controls for the scaling, the ful lscreen mode and to enable/disable the video
component.

9.2 Teacher Comp onent: Presenting and Recording

The presentationand recording processis initiated by selectingthe \ Teacher! present
& record" menu entry as shown in Figure 9.5.
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Fig. 9.5. Starting the presentation and recording process

Now the pro�le dialog will be opened (Figure 9.6). For a quick start it is typically
su�cien t to specify only the VNC Server, which delivers the desktop that should
be presented, by entering its host name and port . However, the teacher can adjust
additional parameters. It can be selectedwhether the lecture and the video should
be recordedor not, and the namesof the teacher and the lecture or coursecan be set.
The lecture name will be usedas the pro�le name and all options are automatically
stored within this pro�le and loaded whenever that pro�le is selectedagain (by use
of Java's own preferencesbacking store/registry). In order to present and record the
next lecture within the sameseriesit is su�cien t to select the appropriate lecture
name as shown in the left screenshotin Figure 9.6 and the coressponding lecture
pro�le will be loadedimplicitely and any �elds will be �lled with the previously used
valuesof that pro�le. There is no needto explicitly store and load lecture pro�les.

The teachers' namesarealsocachedand canbeselectedfrom the list whenever a new
pro�le is generated.As most teacherswill usethe sameparametersfor their di�eren t
courses,they can select an already speci�ed pro�le and generatea new pro�le just
by changing the name of their lecture. A new lecture pro�le will automatically be
stored under the new name. Note that the other (old) pro�le will stay unmodi�ed.

In order to reduce the number of parameters that must be speci�ed in order to
initiate a recording processand to provide consistent naming, the TTT setsthe title
of the lecture and the �lename of the producedrecording(s) accordingto a prede�ned
name scheme,which regards the lecture and teacher names, the current date and a
sequencenumber (if recording more than one lecture (part)).

As entering and selectingparameters in the pro�le dialog is rather intuitiv e and as
any storing and loading of lecture pro�les is performed automatically, there is no
needto intro duce the concept of lecture pro�ling to the teachers. In fact, it is even
not required that they know the presenceof such a concept. The next time they
start the TeleTeachingTool they will notice that the parametershave beencached.

Neverthelessthe TeleTeachingTool o�ers the option to import and export pro�les if
they should be transferred to another machine or stored permanently . Furthermore,
pro�les can be removed from the list. These features are accessiblevia appropriate
menu entries, which are shown in Figure 9.7.
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Fig. 9.6. Lecture parameters and pro�les

Fig. 9.7. Imp ort and export of lecture pro�les

9.2.1 Presen tation Con trols

After the teacher has speci�ed the sessionparameters or selectedthe appropriate
lecture pro�le , the connection to the VNC Server and, if enabled,the audio and/or
video devices are initialized. The teacher will seea presentation GUI as shown in
Figure 9.8. In the main window the presented desktop will appear, which can be
controlled by use of the mouse and the keyboard like any other desktop. Mouse
movements, menu selectionsor any applications are presented dynamically within
the main window.

The control bar above of the main window provides the annotation controls (left
hand side) and the recording controls (to the right). The reconnect button (outmost
right) can be used to reset the connection if any network problems occur. Beside
the reconnect button is a button to switch betweenthe windowed and the ful lscreen
mode, which typically is preferred as it removesany bordersand thus provides more
spacefor the presentation.

Starting a recording is initiated by simply pressing the red recording button and
stopped by clicking the stop button (only enabledwhile recording is in progress)left
of the recording button. After the recording processis terminated the teacher can
instantaneously replay the recorded sessionby pressing the play button or initiate
another recording processby pressingthe recording button oncemore. Note that the
sequencenumber of the �lename will automatically be increasedby one.
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Fig. 9.8. Presenter GUI

Typically, the presented VNC desktop is controlled via keyboard and a pointing
device like any other desktop. Furthermore, the pointing device can be used to
annotate the desktop, which can show, for instance, a slide presentation. Hence,
we need to switch betwen the interaction and the annotation mode, which can be
done by the outmost left button (always showing the current selection). Note that
any key pressesare always forwarded to the presented desktop. Hence,the desktop
can be controlled via keyboard while the annotation mode is enabled.This is very
useful as, for instance, the pointing device can be used to annotate a presentation
while the keyboard can still be used to switch to the next slide without disabling
the annotation mode.

The other annotation controls are structured in color buttons and mode buttons.
Clicking on either of thesebuttons will automatically switch to the annotation mode
(as typically the selectionwill be followed by annotating). The available paint modes
are (from left to right) freehand, highlight, line, rectangle and delete. The highlighting
mode is usedto focusthe attention of the audienceand the other modesare intended
to add comments or sketches. Annotations are always applied in the currently se-
lected color mode. While in the deletemode any previously madeannotation can be
deleted by selectingit with the pointing device.While in annotation mode, clicking
at any point that correspondsto an annotation will remove the completeannotation,
becauseeach annotation is applied as one object and thus no partial annotations
can be removed. The button left of the mode buttons is the clear button that can
be used to remove all currently visible annotations from the screen.Furthermore,
all keys that are typically used to switch to another slide (the page-up/down and
arrow key) automatically initiate the removal of all current annotations since the
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annotations are typically meaninglessto another slide. Annotations are recorded
and dynamically replayed in the sameorder and time scaleas they were presented
or deleted during the live lecture.

The whiteboard button in the center of the control bar switchesbetweenthe desktop
and the whiteboard, which is a blank white pagethat can be usedfor additional an-
notations. Note that there are di�eren t setsof annotations for the desktop and each
whiteboard page.Hence,the whiteboard can be annotated independently of the pre-
sentation (or any other application), which enablesproviding additional comments
on-demand.

As typically all key pressesare forwarded to the presented desktop, the TeleTeach-
ingTool de�nes only a few key shortcuts. The keys and functions are:

F9 switchesto the next color mode;
F10 switchesto the next paint mode;
F11 switchesto the next \ task" at the presented desktop;
F12 switchesbetweeninteraction and annotation mode.

Note that \ F9" and \ F10" will implicitly activate the annotation mode (if not ac-
tivated yet). \ F11" simulates a so called \ task switch", which (for most desktop
systems)is typically causedby the key shortcut \ ALT+T AB" and enablesthe active
window to be selectedwithout using the pointing device(which otherwise is usedto
activate an application by clicking on the corresponding window or task bar entry).
The selection is typically performed by pressingthe \ TAB" key multiple times (in
order to selectthe next window) while the \ ALT" key is held down and selectingan
entry by releasingthe \ ALT" �nally . However, performing this procedurewhile con-
trolling a remote desktop within the TeleTeachingTool results in switching between
the local applications and not between the remote ones. Neverthelessthis feature
would be very useful to switch betweenapplications very fast (for instance the pre-
sentation and a simulator or a programming editor) Therefore, the TeleTeachingTool
simulates a hold down \ ALT" key when pressing the \ F11" key. The presented re-
mote desktop will typically show a task switch menu then. By pressing the \ F11"
key multiple times, the teacher can select the desired entry . The simulated \ ALT"
will be releasedwhenever any key other than \ F11" or a mousebutton is pressed.
Hence,switching betweentwo applications can be performed by two key presses.

9.3 Post Pro cessing and Publishing

Most post processing aspects are performed automatically by the TeleTeachingTool
or are automated, i.e. will by performed on requestwith little manual input. When-
ever a recorded lecture is loaded which has no indexing structure (i.e. slide indices)
and/or doesnot contain slide preview images for the thumbnail overview, the TTT
will automatically analyze the recording and compute the indices and thumbnails
(as described in Sections7.3, 7.4 and 7.5). The computed indexing structure and the
thumbnails can be stored permanently as part of the electronic lecture then.
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Additionally , the TTT will automatically load, check for compability and integrate
any search base �les (if available). A search base �le is an ASCII text or an XML
�le of the same name as the recorded lecture but with the �le ending \ .txt " or
\ .xml " (seeSection 8.1.1 for supported search base formats). The TTT will test if
the number of text pages that are stored in the search base matches the number
of slide indices and, if loading an XML search base,if the XML structure matches
the expected scheme.Provided it matches, the search base is integrated and can be
stored permanently aspart of the electronic lecture within to desktop�le (�le ending
\ .ttt ").

Note that loading the search base�le and the computation of indices and thumbnails
are not only available during explicit post processing, but will rather be performed
whenever necessary, for instance, whenever a student replays a recorded lecture that
does not contain indices and/or a search base (see Section 9.1.1). However, it is
preferable to distribute lecture �les with integrated indexing structures, thumbnails
and (optionally) search base for students' convenience.

9.3.1 Automated Post Pro cessing

The TeleTeachingTool o�ers explicit post processing of recorded lectures, which is
typically performed oncefor each recordedlecture beforepublishing it and typically
takesno more than a few minutes. A recordedlecture is openedfor post processing
by selectingthe menu entry \ Post Processing! open.." (Figure 9.9) and choosingthe
appropriate lecture by useof a �le requestdialog.

Fig. 9.9. Opening a �le for post processing

Then the lecture will be loaded and the indexing structure and the thumbnails are
computed automatically. When the computation is �nished, the post processingdi-
alog will open. If loading an unmodi�ed lecture, i.e. one that has not been post
processedbefore, the post processingdialog will commonly look as given in Figure
9.10. The \ Info " tab displays some metadata that reveals the title , the date, the
duration, the number of indices and the resolution of the lecture. The title is read
from the lecture �le and typically is preset by the lecture pro�le , which was usedfor
recording (Section 9.2). Without applying a lecture pro�le , commonly the title is set
to the name of the recorded VNC server. If desired or necessary, the user can edit
the title .

The \ Thumbnails" tab shows the status of the thumbnails, i.e. whether the lecture
contains thumbnails or, as presented in Figure 9.10, if the thumbnails have been
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Fig. 9.10. Post ProcessingDialog

computed but are not permanently stored to the lecture �le, which is emphasizedby
the red color. In fact, any modi�ed but not stored elements are colored in red (i.e.
title, thumbnails and search basestatus). A (re)computation of the thumbnails can
be initiated by pressingthe compute button.

The last tab that relatesto the lecture �le is the \ Full Text Search" tab. It revealsthe
current status of the search base, i.e. whether a search baseis available and of what
kind (ASCI I text only or XML with coordinates, seeSection 8.1.1 for formats). As
mentioned above, matching search bases�les are automatically loaded if available.
Furthermore, the name of a search base �le can be speci�ed in the text �eld or via
a �le requestdialog and than imported by pressingthe import button. Any modi�ed
elements will be permanently stored within the lecture �le by pressing the store
button.

An additional feature of the TTT is the possibility of creating an html script with an-
notations for each recordedlecture. An html script consistsof a thumbnail overview
and linked slide screenshots(Section 7.5.1). The screenshotscan be used as input
for an external optical character recognition (OCR) application. However, the TTT
also can store screenshotsthat are optimized for optical character recognition issues
(Section 8.1.3). The user can select whether to compute and store an html script,
OCR input or both by pressing the corresponding button in the \ Script " tab (or
storing nothing by not pressing any button). The output will be written to sub-
directories in the samedirectory in which the lecture �le is located. Moreover, the
directories and any image and html �les will automatically be named according to
a consistent naming scheme, which will respect the �le name base of the lecture �le ,
i.e. samename but di�eren t �le endings and possibly additional sequencenumbers
(referring to indices). Afterwards, the html script can be published (e.g. copied to a



9.3 Post Processingand Publishing 195

web server) and the OCR input can be read by the OCR software and the resulting
name can then be imported as the search base for the lecture as described above.

9.3.2 Post Pro cessing W ork
o w

Although recorded lectures can be distributed and replayed without post processing,
wesuggesta few post processingstepsin order to createful l-
e dged electronic lectures
for the students' convenience.Quick post processingof recordedlectures is typically
performed as follows.

1. op en lecture via the \ Post Processing! open.." men u entry
(indexing structure and thumbnails will be computed automatically)

2. press the \ HTML+OCR " button
(createshtml script and OCR input )

3. create sear ch base:

a) open OCR application and initiate readingand recognition of the OCR input

b) store the output of the OCR application
(using the samename as the lecture �le but ending \.txt" or \.xml")

4. press the \ Imp ort " button
(reads a search base �le with the preset naming; specify �le name otherwise)

5. press the \ Stor e" button
(createsa ful l-
e dged electronic lecture)

Note that stepfour only imports the search base,i.e. readsand parsesthe search base
�le and interlinks the search baseparts with indices. Step �ve is necessaryin order
to integrate the read search base as well as the computed indexing structure and
thumbnails into the desktop�le , so that these features will be available to students
(without additional computation or reading a seperate search base �le on startup).

Details concerningthe supported search base�le formats (ASCI I text only or XML
with coordinates) and OCR applications are discussedSection 8.1.1.

These�v e stepscan typically be performed in lessthan �v e minutes for automated
character recognition and in about 10{15 minutes if making somemanual corrections
during or after the recognition process.If omitting the creation of a search base, post
processing can even be achieved in about one or two minutes, but note that a ful l
text search can only be performed if a search base is available (either as a separate
search base �le or integrated within the desktop�le )
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9.3.3 Publishing

Afterwards the recorded lecture can be published. The TTT does not support the
publishing of lectures as an integrated feature yet. Currently we use a script that
packs the audio, video and desktop�le asoneZIP archive and copiesthe ZIP archive
to our web server. Furthermore, the script copiesthe html script and the search base
�le to the appropriate directories of our webserver, sothat they are respectedby the
online ful l text search. Besidespacking and copying, the script checks the consistent
naming and lists the information neededto create the appropriate entries at the
download page.The script is listed in Appendix C.

In future, publishing should alsobe addressedby the TTT in order to provide a more
complete environment. The packing can easily be integrated. Copying �les to a web
server requires some con�guration possibilities in order to specify the server and
the appropriate directories. We suggestadding these con�guration parameters to
the corresponding lecture pro�le or storing them as an additional publishing pro�le .
The automated listing within the download page can be realized by reading the
current page(i.e. the corresponding html �le) and adding the new entry to a certain
position within the �le, for instance by storing a special mark hidden within an
html comment. Afterwards the document can be copied back to the web server.
Another possibility would be to implement a dynamic download page analogousto
the dynamic online ful l text search. In fact, our web server already o�ers a dynamic
listing of all available html scripts. As a download page should reveal additional
information such as �le sizesand duration or should link courserelated materials or
the teacher's web page, the script must be extendedcorrespondingly.

Instead of providing an own web server with proprietary services,an interface to
support an Learning Management System such as CLIX Campus [CLIX, 2006] is
worthwhile in order to provide a single addressfor students where they can �nd all
courserelated information and materials, including the recorded lectures.

Furthermore, a coursecan be distributed as a self-contained DVD, which does not
only contain the edited lecture �les, but alsoadditional coursematerial, the automat-
ically generatedhtml scripts and the TeleTeachingTool software. Additionally , these
DVDs are bootable and contain a self-starting linux operating system (KNOPPIX
[Knopper, 2006]), which commonly supports (almost) any hardware. Any necessary
software including the TeleTeachingTool is preinstalled and precon�gured on the
DVD's operating systemand on systemstartup a courseoverview will be presented
within a browser with direct links to replay any of the recordedlectures.

In order to create such a course DVD rather quickly, we have produced a DVD
template, which contains the operating system including any software and provides
a special folder for the course related data. In order to produce a self-contained
lecture DVD, it is su�cien t to usethe DVD template and copy the recordedlectures
and any additional materials to the special coursefolder. Afterwards an ISO image
�le of the DVD is created, which can be burned to DVDs.
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9.3.4 TTT to Flash Con verter

Distributing electronic lectures in a standard �le or streaming format is preferable
as no software installation is necessary[Lauer and Ottmann, 2002]. However, most
standard video formats and compressioncodecsare designedto compress\ real world
video content" and are not suitable in order to compress\ computer-based content"
such asslide presentations [Hogrefeet al., 2003, Lauer and Ottmann, 2002] and fur-
thermore it is very di�cult or even impossible to integrate enhancednavigational
and retrieval features to standard video formats.

One wide-spreadvideo and animation format that is especially designedto compress
computer-basedcontent is Adobe Flash (formerly Macromedia Flash) [Flash, 2006].
In a diploma thesis one of our students developed and implemented a protot ype
of a converter that transfers recorded lectures from the TTT format to Flash
[Nopoudem, 2006]. The converted lecture will look like the exampleshown in Figure
9.11.

Fig. 9.11. TTT Flash Movie

The converter implementation extendsthe infrastructure of the TeleTeachingTool in
a way that each messageobject is extendedby an additional writeToFlash()method
and therefore it should be an relative easy task to integrate the converter into the
TTT. In fact, converting is performed in almost the sameway as creating the html
scripts and thus the Flash converter functionality might be added by placing an
additional create 
ash button to the post processingdialog (Figure 9.10).

The current implementation of the Flash converter for TTT recordingssupports the
basicplayback functions start, stop and pauseand furthermore slide-based navigation
via a thumbnail overview. A slider for timeline navigation and visible scrolling is
currently not available within the resulting Flash movies. Furthermore, ful l text
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search is not supported. Nevertheless,by implementing a conversion of TTT/RFB
messagesand implementing the basicnavigation functions, the diploma thesisproved
that TTT lectures can be transformed to a wide-spread (quasi) standard format.
Extending the converter to create full-featured electronic recording is suggestedas
future work.

9.3.5 TTT Editor

Although the lightweight lecture recording approach discouragesextensive manual
post processingand editing, it is sometimesuseful to have at least somerudimen-
tary editing features. For instance, cutting the beginning or end of recordings as
sometimesteachers will start the recording too early or stop them several minutes
after the actual end of the lecture. Furthermore, lectures may be cut and concate-
nated so that the resulting pieceswill relate to certain topics instead of re
ecting a
90 minute lecture period.

An exchangestudent from the School of Computer Science,The Queen'sUniversity
of Belfast, hasdeveloped and implemented an editor for TTT recordings asa master
thesis [Bankhead, 2005]. Due to the requirements of the university, the TTT Editor
was implemented as a stand alone application. In contrast to the TTT implemen-
tation, which processeslectures asmessagestreams plus additional structuring data
such as the timestamps that correspond to slide indices, the editor implementation
uses indices as the major data structure and each index object contains a set of
messages.

Fig. 9.12. TTT Editor
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A screenshotof the TTT Editor is shown in Figure 9.12. The TTT Editor o�ers
a replay engine that supports most replay features of the TeleTeachingTool (see
Section9.1.1)exceptvisible scrolling. The main window displays the recordedlecture
and the control bar at the bottom o�ers both the control elements (such as the
timeline slider and other replaycontrols) and alsoadditional controls to set markers
for editing purposes.

The areaon the right hand sideof the GUI displays oneof four function tabs, which
can be selectedby the appropriate tabs at the top of the area. Besidesthe two tabs
that are known from the TTT replay GUI, the thumbnail overview (Figure 9.12 to
the right) and a representation of search results (also via thumbnails), the editor
o�ers two more tabs, the \ Detail " and the \ Marker " tabs (Figure 9.13).

Fig. 9.13. TTT Editor detail tab (left) and marker tab (righ t)

The \ Detail " tab represents the list of indices and for each index a list of the asso-
ciated annotation events. Individual indices can be deleted or modi�ed. The index
timestamp can be adjusted, i.e. set to another position, the index title can be set
and the search base can be edited manually (currently only ASCII search basesare
supported; seeSection 8.1.1 on page 162). Note that the TTT currently does not
display index titles, which might be usedto create a table of contents. Furthermore,
new indices can be generatedby choosing the appropriate timestamp and pressing
the \ Insert " button at the bottom of the tab. Additionally , the listed annotations
canbe deletedand, in future, possibly the editor will alsosupport editing and adding
annotations. In this regard, the annotating tools of the TTT can simply be added
to the editor's GUI. However, one has to consider whether additional annotating
should be done while replaying the lecture or during pause mode. Annotations can
be placed exactly timed in pause mode, but since all annotations will refer to the
sametimestamp, placing many annotations in pausemode will result in a simultane-
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ous appearanceof all annotations during later replay, which might irritate students.
[Lienhard and Zupancic, 2003] suggestlimiting annotating featuresduring replay to
setting static textual annotations (\ PostIts") instead of placing dynamic annota-
tions.

The TTT Editor supports markers, which can be set in order to specify certain
points for splitting lectures or cutting parts out of it or to mark positions, which
could be usedto place additional indices. The \ Marker " tab, which is shown on the
right hand sideof Figure 9.13, lists all currently set markers including the start and
end marker. Markers are also visualized by small vertical marks in the timeline at
the bottom of the GUI. Markers are placed by setting the current playback time to
the desiredposition and pressingone of the three marker buttons, which resetsthe
start or end marker or placesa new intermediate one, respectively. The buttons are
avaliable within the \ Marker " tab (at the top), but are also available in the control
bar at the bottom, which is useful to placemarkerswhenever oneof the other tabs is
displayed. Setting a certain time can be doneby timeline and slide-based navigation,
by pressingthe pausebutton during replay or by explicitly setting the desired time
in minutes, secondsand milliseconds by use of a special time seek dialog, which is
also shown in Figure 9.13 (in the middle of the right screenshot).

Fig. 9.14. TTT Editor: File Menu

After manipulating indices and setting appropriate markers, the recorded lecture
can be saved. If the start and end markers have been adjusted, i.e. if timestamps
other than zero and the duration of the lecture have beenassigned,the lecture will
be correspondingly cut at the beginning and/or the end. Furthermore, a lecture can
be split into several piecesby placing appropriate markersand selectingthe \ Save&
sub divide" entry in the \ File" menu, which is shown in Figure 9.14. The beginning
and end of the lecture will be cut and each sub division will result in an own lecture
�le . Concatenating two or more �les is done by selecting the \ File! Concatenate"
menu entry and choosing the appropriate �les in the concatenate dialog asshown in
Figure 9.15. Note that any splitting, cutting and concatenating operations will not
only a�ect the desktoprecording but the audio and video �les as well.

Normally we do not edit our recordedlectures but rather usethe editor only to cut
a lecture whenever the beginning or end of the recording signi�can tly di�ers from
that of the lecture or to combine two parts of a lecture if the lecture wasinterrupted.
Furthermore, we edited the course\Compilerbau" of Prof. Dr. Helmut Seidl, which
wasrecordedduring the summersemester2005,in order to demonstratehow to split
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Fig. 9.15. TTT Editor: Concatenating Dialog

a lecture into meaningful chunks that relate to the coursestructure, i.e. chapters and
topics, rather than to the presentation schedule, i.e. two 90 minute lectures a week.
The edited courseis available to students in the form of a self-contained DVD (as
described in Section 9.3.3).

9.4 Transmitting Liv e Lectures

The TeleTeachingTool provides synchronous live transmission of VNC sessionsas
suggestedand described in Chapter 4. To achive this, a TTT Server transforms
the RFB messagestream, which is received from a VNC Server, to TTT messages
which are then sent to the students' TTT Clients. The TTT Server parses(to process
distinct messages;Section 4.2.6), splits (to respect packet limits; Sections4.2.4 and
4.2.5) and packetizes (as UDP datagrams; Section 4.2.7) the incoming messages.
Additionally , the TTT Server will sent an audio and (optionally) a video stream.

Starting a TTT Server is initiated by selectingthe \ Server! Start TTT-Server" menu
entry as shown in Figure 9.16. Note that this and any further screenshotsin this
section show an older version of the TeleTeachingTool, becausethe server function-
alit y is currently not fully implemented in the redesignedversion of the TTT (but
will be in future).

Fig. 9.16. TTT Server
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Selecting the menu entry will open the server options dialog, which is displayed in
Figure 9.17. The simple options dialog is intended to enablea quick start of a TTT
Server and hides additional parameters,which are automatically set to meaningful
default values. In order to run a TTT Server it is su�cien t to specify the host
name and port of the VNC Server that delivers the desktop to be transmitted
(and recorded),and furthermore to enabletransmitting and optionally recording by
selecting the appropriate check boxes at the bottom of the simple options tab. The
default audio and video devices will be usedand the server will be accessableby the
students under the host name (of the machine) and a preassignedport (commonly
port 33229)as listed at the top of the dialog box. The TTT Server is started by the
\ ok" button.

Fig. 9.17. TTT Server: simple options dialog

The advanced options dialog providestweakingof the preassigneddefault parameters
and is accessedfrom the simple options dialog by pressingthe \ advanced>>" button.
The advanced options dialog consistsof three di�eren t tabs which relate to the source,
transmission and recording parameters, respectively.

In the source tab (Figure 9.18, left) the input sourcesare assigned,which are the
desktop of a VNC Server (analogousto the simple options) and the audio and video
devices, which can be selectedfrom the list of all determined devices.Additionally
the color depth can be assigned,which will be used for transmission and recording
the desktop.

Fig. 9.18. TTT Server: advanced options dialog
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The screenshotin the middle of Figure 9.18 shows the transmission tab with preas-
signedrandomly generatedmulticast groups and ports for desktop, audio and video
transmission. Each value can be manually edited. Furthermore, this tab enablesthe
sizeof the video that shows the teacher to be set and the time-to-live 1 (ttl) in order
to specify the range of the transmission. Furthermore, the port of the TTT Server
can be manually adjusted at the top of the dialog. Note that the host name cannot
be edited, becauseit is the host name of the machine on which the TTT Server is ex-
ecuted.Changing the namerather requiresa modi�cation of the network properties
on a lower level (network and operating system).

Finally, the recording tab (right hand side of the �gure) o�ers the possibility to
enableor disable the recording of the three data streams(desktop, audio and video)
as well as to adjust the size for the recordedvideo (of the teacher).

The user can switch between the simple and advanced options dialog as required.
Any value will be preserved until edited, even after terminating and restarting the
TeleTeachingTool. Furthermore, any options can be explicitly saved to a �le and
loaded again by selecting the appropriate function within the `File" menu of the
dialog. In future, the server parametersshould be integrated into the lecture pro�ling
concept (Section 9.2).

1 The time-to-live (ttl) speci�es the maximum number of transmissions for each network
packet (datagram) while traversing the network, i.e. the ttl of a datagram is reduced by
every host on the route to its destination and if it reacheszerobeforethe datagram arriv es
at its destination, then the datagram is discarded. In the caseof multicast delivery, the
ttl de�nes the range of the transmission from local networks (ttl of 0{2) to continental
or world wide delivery
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9.5 Usage Scenarios

We are using (variations of) the TeleTeachingTool sincethe winter semester2001/02
and have recordedabout 400 lectures over recent yearsat the Universit•at Trier and
the Technische Universit•at M•unchen. We have used the TTT in di�eren t set-ups
which will be described here.

A absolutely transparent recording environment was used while recording the Lec-
ture \ Informatik III " by Prof. Dr. Johann Schlichter. He usea tablet PC to present
his slides by use of a standard web browser. Slides were annotated by use of an
electronic pen and an Java applet. During the lecture the desktop was exported to
a TTT Server running on another machine, which was also connectedto the audio
and video equipment of the lecture hall. The tablet PC was also connectedto the
beamer in order to present the slides to the audience.This scenarioenabled Prof.
Schlichter to give his lecture in the sameway as would have been the casewithout
recording. Sincewe achieved the highest degreeof transparency and 
exibilit y.

A very similar set-up is usedat the Universit•at Trier in order to record the lectures
given by Prof. Dr. Hans-J•urgen Bucher. Instead of a tablet PC, Prof. Bucher uses
an ordinary labtop. Again the PC of the teacher was accessedremotely by a TTT
Server in order to be recorded.Since the used laptop doesnot provide appropriate
input devicesfor annotating purposes,we also placed an electronic tablet into the
lecture hall, which presented the samedesktop but within a TTT Teacher Client.
As this client provides the built-in annotation tools of the TTT, Prof. Bucher can
annotate his slides. However, he preferred to control is desktop directly instead of
remotely, i.e. generally he useshis own familiar laptop but whenever he required an
annotation feature, he usedthe electronic tablet.

In order to record the lecture of Prof. Dr. Helmut Seidl we use a rather di�eren t
solution. Instead of usinga laptop assourceof the desktoprecording,werather usean
o�ce PC, which is remotely controlled. In fact, this o�ce PC is placedin Prof.Seidl's
o�ce and is the machine he usesduring his working hours. Other than the previously
described scenarios,this machine doesnot export the standard desktop, but a VNC
Server is started in the background and exports an own virtual VNC desktop,which
is accessedby a TTT Server which is executedon a machine placed in the lecture
hall. Again we provide an electronic tablet and the TTT's annotation features for
annotating the slidesand other presented content. The bene�t of this set-up is that
the teacher neednot to carry his laptop to the lecture hall. Furthermore, he can use
any application which are available on his o�ce PC and he can prepare a lecture,
i.e. he can select the slide he intents to present �rst. In fact, the VNC server is
never terminated in our set-up and therefore the presentation can be initiated the
day before the lecture is given. Consider an lecture which takes place early in the
morning, but everything is already prepared the day before. The lecture can be
started be just connecting to the o�ce PC.

This three scenariosshow the di�eren t possibilities our lecturing environment o�ers.
Which of thesescenariosshould be useddependson the available hardware and the
preferencesof the teacher.
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9.6 Java Media Framew ork (JMF)

The audio stream (verbal narration) and video stream (showing the teacher) are
not encoded within the messagestream/ desktop stream (encoding the desktop
presentation), but are rather delivered and recorded by use of suitable standard
media formats, such as the Real-time Transport Protocol (RTP), which de�nes
a standardized packet format for delivering audio and video over the Internet
[Schulzrinne et al., 2003]. During the initialization phase(i.e. whenever a client con-
nects to the TTT Server) the IP addressesand ports are speci�ed, describingwhere
to receive additional media streams. For asynchronousreplay (of previously recorded
lectures) the additional media streams are determined by appropriate �lenames
(same as the desktop �le but di�eren t endings). Since this thesis focuseson the
recording, transmissionand automated post-processingof computer-basedpresenta-
tions, i.e. the presented virtual desktop, and not on capturing, encoding and replay-
ing of audio and video streams,we prefer to usean existing environment instead of
implementing the appropriate functionalities.

The Java Media Framework (JMF) [JMF, 2006] is an optional packagefor the Java
platform, which can capture, playback, stream and transcode multiple (standard)
media formats, i.e audio, video and other time-based media. Hence,JMF is a full-
featured framework that can be integrated into Java applications by use of the
Java Media FrameworkAPI (application programming interface). Nevertheless,the
framework might be replaced by any other appropriate package that is accessible
from within Java applications or, as the implementation of the ideas that are de-
scribed in this thesisdoesnot necessarilyneedto be implemented in Java, any other
languageas well.

In order to provide a full-featured recording environment, audio and video streams
must be captured, recorded,transmitted and replayed in a synchronously and asyn-
chronously manner. The capturing of media streamsis not directly integrated in the
JMF core package. Instead JMF accessescertain (maybe platform dependent) cap-
turing packagessuch as JavaSound, video4linux (v4l) or video for windows (VFW),
which commonly support typically usedhardware. Platform dependent libraries can
only be accessedby the JMF in the appropriate performance pack versions, which
are available for several operating systems.Note that replaying of almost any sup-
ported data formats and codecscan be handled by the platform independent cross
platform version.

Regarding the formats and codecs,we prefer standard formats (Criterion: C9d) and,
since we do not intend to implement any codecs(which can be integrated into the
JMF), we will useonly thosecodecsand formats that are supported by and available
for the JMF. From the available video formats2 only the h.263 codec is capableof
producing acceptable data transfer rates and �le sizes(about 70{90 Mbyte for a
video of 90 minutes at a resulotion of 176� 144pixels). All other supported formats
produce �les of several hundred Mbytes. Unfortunately , more \up-to-date" codecs
like MPEG-4 / DivX are currently not supported by the JMF.

2 The complete set of formats is listed under http://ja va.sun.com/products/ja va-
media/jmf/2.1.1/formats.h tml
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The variety of available audio formats and codecsis higher and most codecsachieve
suitable compressionrates to produce acceptable �le sizes.As with video record-
ing and transmission, the bandwidth consumption and �le sizesfor audio streams
should be as low as possible.However, a reducedsound quality cannot be tolerated
(Criterion: C1 Verbal Narration). Note that \CD quality" and \stereo sound" is not
necessaryto capture the verbal narration of a teacher, but a distorted speech with
dropouts or nasal reproduction must be avoided. By analyzing the produced data
rate (and thus the �le sizesand bandwidth consumption) and the sound quality of
the recordedspeech, we have chosenMPEG-1 Audio Layer 3, commonly known as
mp3, at 22,050Hz, 16-bit, Mono as a suitable codec.Lowering the rate or recording
to 8-bit noticeably reducesthe sound quality and thus is not acceptable.Record-
ing the teacher's speech in stereo is not necessary. As JMF does not support mp3
for transmission purposes,we must use another codec for synchronous electronic
lectures. We have found � law at 8000 Hz, 8-bit, Mono to be suitable. The other
available codecsresult either in a lower quality or higher bandwidth consumption.

Asynchronous electronic lectures are recordedto �les. The supported video �le for-
mats are QuickTime (mov) and AVI (audio video interleaved). Due to a bug in
the then available version of JMF, AVI replay was only possibly up to 35 minutes
and 47 seconds(causedby an integer over
ow ). Hence,we usedQuickTime. As the
JMF cannot record mp3 audio within a QuickTime video we record one �le for each
stream.

For synchronous transmission the JMF supports the real-time transport protocol
(RTP), which de�nes a standardized packet format for delivering audio and video
over the Internet [Schulzrinne et al., 2003] and is commonly used by many video
conferencingsystems. If compared to other streaming media formats, the bene�t
of rtp is that no noticeable bu�ering is necessaryand therefore rtp transmissions
achieve rather short round-trip times and therefore are suitable for a two-sidedcom-
munication.

9.6.1 TTT/JMF In terface

The interface between the JMF and the TTT can be limited to a few functions
in order to synchronize the desktop handling with the media streams, which are
processedby the JMF. In particular the following functionalit y is required for the
server and recording component of the TTT:

� accessingaudio/video capture devices,

� initializing, starting and terminating the recording of audio/video streamsand

� initializing, starting and terminating the transmission of audio/video streams.

The student component requires:

� receiving and replaying of transmitted audio/video stream,
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� reading and replaying (including start, stop and pause)of recordedstreams,

� requesting the current replay time (to synchronize desktop replay) and

� setting the replay time (to enablerandom access).

JMF provides the class javax.media.Manag er as the access point for obtaining
system dependent resources,which is used to create instances of (implementing
classesof):

javax.media.proto col .Dat aSour ce the origin of a media stream;
javax.media.Playe r replays a media stream;
javax.media.Proce ssor transforms a media stream

(e.g. encoding and decoding) and
javax.media.DataS ink sepci�es the output for a media stream.

The TTT recording and transmitting components create a DataSource for the se-
lected audio and video capture devices. In order to support di�eren t outputs (e.g.
for recording and transmission), the media stream of the DataSource is multiplexed
and handed to appropriate Processor s. Each Processor encodesthe media stream
accordingto the given format speci�cations (e.g. � law/rtp, 8000Hz, 8-bit, Mono for
our audio transmission)and deliversthe encodedstreamto an appropriate DataSink ,
which is either related to an output �le or an output socket.

Replaying is doneby creating an appropriate DataSource, which is either associated
with a recorded �le or an input socket (which is connectedto the output socket of
the TTT server). A Player is created for such a DataSource. This Player o�ers
certain controlling methods and, in the caseof a video stream, a visual component,
which can be displayed by the TTT. A DataSink is not required during replay.

The synchronization between the audio and the video stream is accomplishedby
the JMF. The desktopstream is synchronized to the audio stream by comparing the
timestamp of the next message(of the desktopstream) against the current replay
time of the audio stream. Typically the timestamp will be larger and the message
will be delayed accordingly. If the audio replay has already passedthe timestamp,
the messagewill be replayed instantaneously. Randomaccessis performedby setting
the replay time of the audio and video streams accordingto the speci�ed timestamp,
computing the current state of the desktopframebu�er (as described in Section5.3)
and setting the �rst messagethat exceedsthe given timestamp as next messageto
be processed.No synchronization is required for synchronous transmissions. In fact
the audio, video and desktopstreams are replayed as they arrive.

9.6.2 Limitations and Problems

Although the Java Media Framework provides a meaningful infrastructure in or-
der to capture, playback and stream standard audio and video formats, there are
somedrawbacks. The supported codecs,especially the video codecs,are rather out-
dated. Support of newer, more advanced and better compressingformats such as
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ogg, h.323, h.264 or MPEG-4, is missing.Furthermore, recording an audio stream is
rather problematic regarding the synchronization. The recorded audio streams are
sometimestoo short. The reason is that small pausesmay occur during which no
audio is recordedand which are mostly generatedby high system loads on systems
that use onboard sound devices.Although these pausesare no longer than a few
milliseconds, they add up over a lecture of about 90 minutes to several secondsor,
in the worst case,even minutes. During replay the synchronization betweenthe au-
dio and the desktop stream (video as well) will be �ne at the beginning but will get
worsetowards the end. Hence,in order to producesynchronousrecordings,hardware
that will not be a�ected by this problem must be used, which can be troublesome
due to the high number of possiblehardware combinations. Typically stand alone
sound adapters are better suited than today's commonly usedonboard solutions.

In order to provide a workaround, the TeleTeachingTool checks during replay
whether the data streams are of equal lengths. If not, the desktop replay rate will
be slightly increasedso that the replay duration matches the duration of the au-
dio stream. However, the pausesare not necessarilyequally distributed throughout
the duration and therefore this is only a slight improvement but at least limits the
asynchronism to a few seconds,which is an improvement while replaying progresses
towards the endof the electronic lecture. Nevertheless,the replay of the video stream
will still be asynchronous. The JMF API o�ers a method to set the replay rate of
media streams, but unfortunately only a rate of 1.0 is implemented for the given
formats. Another solution was suggestedby Prof. Dr. Wolfgang Slany (Technische
Universit•at Graz). He usesthe TeleTeachingTool for recording his lectures, but ad-
ditionally records the audio stream with another audio recording tool. Afterwards
he edits (cuts) the beginning of the audio stream to provide synchronous replay.
However, manual post-processingis necessary.

Sincethe developer of the Java Media Framework, which is Sun Microsystems,Inc.,
doesnot focus much e�ort on improving this framework, for instance by supporting
newer, more meaningful codecs and formats, we might watch out for an alterna-
tiv e. In fact the latest update on the JMF web pagesis dated \No vember 2004".
QuickTime for Java [QTJava, 2006] o�ers accessto the QuickTime API for Java ap-
plications, but doesnot support the linux operating system.The open sourceproject
Freedom for Media in Java (FMJ) [FMJ, 2006] aims to reimplement and improve
JMF while preserving compatibilit y with the JMF API, but is still in progress.

9.6.3 Summary

In summary, the Java Media Framework o�ers (almost) all of the functionalit y that
is required to build up an environment for recording and replaying asynchronous
electronic lectures as well as to transmit and receive synchronous onesand there-
fore is a suitable basis to implement the TeleTeachingTool in order to approve the
ideasand concepts,which we suggestedin this theses.Currently , the TeleTeaching-
Tool usesJMF to record mp3 audio and h.263/QuickTime video �les and transmits
� law/rtp audio and h.263/rtp video streams. As the available encodings are rather
limited and somehow \outdated" and furthermore the current implementation of the
Java Media Framework has somedrawbacks, another possibility to integrate audio



9.6 Java Media Framework (JMF) 209

and video streamsshould be preferred to provide a more stable and satisfying lecture
recording environment in the future.
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9.7 File Format Speci�cation

The desktoprecording (�le ending \ .ttt ") produced by the TeleTeachingTool con-
sists of three parts: a header , which speci�es certain parameters (analogousto the
initialization provided by a VNC Server), optional extensions that may contain
indexing structures, thumbnails and search bases, and the main body that storesthe
logged messages.

Since the TTT is derived from the VNC, the TTT format shows many analogies
to the RFB protocol speci�c ation [Richardson, 2005]. Unlike the RFB protocol, the
TTT protocol enablesreading (and skipping) of (potentially unknown) messagetypes
without parsing them and thus enablesfaster processing of recordedlectures.

9.7.1 Header

The header is derived from the initialization phase of the RFB protocol
[Richardson, 2005] and analogousstarts with the protocol version:

No. of bytes Type Description
12 byte array protocol version [TTT 001.001\n ]

Unlike the RFB protocol, the TTT encodes/compressesany subsequen t data (in-
cluding extensionsand body) that follows the protocol version by useof a zlib de
ate
stream in order to reducethe �le size.

The initialization is the same as the ServerIntialization of the RFB protocol
(for details and the meaning of the parameters see RFB protocol speci�c ation
[Richardson, 2005]):

No. of bytes Type Description
2 short framebu�er-width
2 short framebu�er-height
1 byte bits-per-pixel
1 byte color-depth
1 byte big-endian-
ag
1 byte true-color-
ag
2 short red-max
2 short green-max
2 short blue-max
1 byte red-shift
1 byte green-shift
1 byte blue-shift
3 padding
4 int name-length
name-length byte array name-string

Now a possibly empty list of extensions follows, where an extension length of zero
bytes indicates the end of the list:



9.7 File Format Speci�cation 211

No. of bytes Type Description
4 int length-of-extension
length-of-extensionbyte array extension

The header endswith the time/date when the recording wasstarted (in milliseconds
sincemidnight, January 1, 1970UTC):

No. of bytes Type Description
8 long startime

9.7.2 Extensions

The TTT protocol provides an extensibility by o�ering the concept of extensions,
which enablethe integration of additional data, such as indexing structures, without
modifying the protocol header or the messagetype speci�c ations.

Currently the TTT suports the following two extension types:

Type 1: index table extension
Type 2: sear chbase extension

Each extension must start with a byte specifying the extension-type and is followed
by type speci�c data. Sinceeach extension is precededby its size (seeheader), any
unknown extensioncan be skipped (ignored).

Index Table Extension

The index table extensionstoresthe indexing structure of a recording and optionally
contains thumbnails (preview images)and ASCII search basesfor the indices.

The index table extension starts with:

No. of bytes Type Description
1 byte extension-type [1]
2 short number-of-indices

followed by number-of-indices \ index entries":

No. of bytes Type Description
4 int timestamp (milliseconds sincebeginning)
1 byte title-length
title-length byte array title-string
4 int searchbase-length(no searchbaseif zero)
searchbase-lengthbyte array searchbase-string (ASCI I)
4 int thumbnail-size (no thumbnail if zero)
thumbnail-size byte array thumbnail-image (png image)
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Search Base Table with Co ordinates Extension

The search base table extension stores a search base with coordinates (in order to
emphasizesearch results) for each index entry of a recording.

The search basetable extension starts with:

No. of bytes Type Description
1 byte extension-type [2]
2 short number-of-indices
8 double coordinate-ratio

Note that the number of indices of the search base table extension must match the
number of indices listed by the index table extensions. The coordinate-ratio is re-
quired to translate the given coordinates to pixel coordinates (by multiplying the
coordinate by the ratio), becauseScanSoft's Omnipage, which we use to generate
the search bases(seeSection 8.1.1), producescoordinates that relate to a dpi mea-
surement (dots per inch) instead of pixels.

The extensionheader is followed by number-of-indices \ search baseentries":

No. of bytes Type Description
2 short number-of-words

followed by number-of-words \ word entries":

No. of bytes Type Description
2 short word-length
word-length byte array word-string (ASCI I)
2 short x-position
2 short y-position
2 short width
2 short height

9.7.3 Bo dy

The body of a TTT �le contains a sequence of messages, which is terminated by the
end of �le (\ EOF"). Each messagestarts as follows:

No. of bytes Type Description
4 int message-length
1 byte encoding (messagetype)

where the encoding is one of the following:
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value Description
0 EncodingRaw
1 EncodingCopyRect
5 EncodingHextile

17 EncodingTTTCursorPosition
18 EncodingTTTX Cursor
19 EncodingTTTR ichCursor
20 AnnotationRectangle
21 AnnotationLine
22 AnnotationFreehand
23 AnnotationHighlight
24 AnnotationDelete
25 AnnotationDeleteAll
33 EncodingWhiteboard
64 EncodingFlagUpdate

128 EncodingFlagTimestamp

The EncodingFlagUpdate and the EncodingFlagTimestamp can be combined (\ OR"
operator) with any other encoding. The EncodingFlagUpdate is only relevant for
transmitted lecturesand revealsthat a messagecontains potential ly outdated updates,
which will only be displayedby clients with an uninitialized framebu�er assuggested
in Section 4.2.12(reusing non-incremental keyframe strip es).

If the EncodingFlagTimestamp is set, the encoding is succeededby the timestamp
of that message(otherwise the timestamp will be carried over from the previous
message):

No. of bytes Type Description
4 int timestamp (if TimestampFlag is set)

Framebu�er Up date Enco dings

In order to provide direct access to the rectangle headers, we store individual rect-
angles instead of messagesthat contain sequences of rectangles (as suggestedin
Section 5.1.2). Furthermore, we have placed the encoding �eld in front of the co-
ordinates and dimensions(unlik e the RFB protocol). The RFB rectangle encodings
are usedas TTT encodings unlessthey do not �t in our 1 byte encoding-�eld (since
the RFB protocol uses4 bytes), which is the casefor the cursor pseudoencodings:
(EncodingXCursor [-240] and EncodingRichCursor [-239]).

Any framebu�er update rectangle or cursor encoding starts as follows:

No. of bytes Type Description
2 short x-position
2 short y-position
2 short width
2 short height
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and will be succeededby encoding related data according to the corresponding RFB
encodings as speci�ed in the RFB protocol speci�c ation [Richardson, 2005].

Note that any encoding related data can be read without parsing due to the sizetag
that precedeseach message.The length of the encoding related data is the length
of the messageminus the length of the header. Reading rectangleswithout parsing
their content is meaningful, becausemany rectangle processingalgorithms (for in-
stance the slide detection) can be performed by use of the rectangle headersonly.
Furthermore, the size tags enableskipping of messagesof unknown encoding type.

Enco dingTTTCursorP osition

In order to specify the position of the cursor (shape), the width and height �elds are
not necessary:

No. of bytes Type Description
2 short x-position
2 short y-position

AnnotationRectangle, AnnotationLine and AnnotationHighligh t

Thesemessagetypesonly di�er in their graphical representation (and obviously the
encoding �eld ). The format of all three types is:

No. of bytes Type Description
1 byte color (of a prede�ned color table)
2 short start-x-position
2 short start-y-position
2 short end-x-position
2 short end-y-position

where either a line or a rectangle, respectively, will be drawn (in the given color )
from the start position to the end position. A line is a straight line betweenthe two
points and a rectangle contains the two speci�ed points ascornersand will be drawn
parallel to the axes.In caseof a AnnotationHighlight, the rectangle will be �l led in
a translucent color, so that the underlying desktop framebu�er is emphasizedbut
still visible.

AnnotationF reehand

A freehandannotation consistsof a sequenceof points, which are connectedby lines,
and starts as follows:

No. of bytes Type Description
1 byte color (of a prede�ned color table)
2 short number-of-points
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followed by number-of-points \ point entries", where each point consistsof:

No. of bytes Type Description
2 short x-position
2 short y-position

AnnotationDelete

No. of bytes Type Description
2 short x-position
2 short y-position

Note that not the singlepoint will bedeletedbut rather any annotations that contain
the point of deletion, i.e. that a�ect/pain t the pixel at the corresponding coordinate.

AnnotationDeleteAll

This messageinitiates the deletion of any currently shown annotations and needsno
further messagespeci�c data.

Enco dingWhiteb oard

Whiteb oard messagesare usedto switch betweenblank page(s), the whiteboard, and
the desktop and consistsof the following �eld only:

No. of bytes Type Description
1 byte page-number

where 0 relates to the desktop(whiteboard disabled) and larger valuescorrespond to
whiteboard pages(whiteboard enabled).
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Conclusion

The lightweight approach of recording and transmitting live lectures enablesthe cost-
e�cient production of multimedia-based learning materials for distance education
as well as for local students in order to study independent of time and place.

In general, there are two con
icting recording approaches:recording symbolic repre-
sentation and pixel-based screen recording. Symbolically represented documents typ-
ically o�er structured data and thus enhanced navigational features, editing and
searchable content, but restrict the teaching and recording processbecauseonly cer-
tain document formats and presentation applications can be supported. In contrast,
screen recording o�ers a very 
exible techniquefor the grabbing/recording processas
it allows virtual ly any material to be captured (on a pixel basis) displayed during a
presentation, but commonly supports only sequential replay and timeline navigation,
and lacks any retrievability.

The �rst main goal of this thesiswas the designand development of a 
exible, easy-
to-use recording and transmission environment, which does not restrict teachers in
their content production and presentation process,but rather can be seamlessly
integrated into an existing teaching environment in a transparent manner, so that
the teacher is not aware of the recording process.

Virtual Network Computing (VNC) was chosenas a suitable basis to create a 
ex-
ible environment. By remotely accessing/grabbingthe presented desktop via VNC,
lecture recording and transmission can be seamlesslyintegrated into almost any ex-
isting learning environment aslong asthe teacher usescomputer-based presentations.
Moreover, this approach does not restrict the teachers in their choice of presented
documents and applications.

In order to support a scalabledesktoptransmission, i.e. to support a large number of
simultaneously connectedstudents, we have additionally modi�ed the VNC infr as-
tructur e and its Remote Framebu�er (RFB) protocol by reducing the unnecessarily
hugenumber of di�eren t pixel formats and individual handling of clients. Moreover,
the transmission was transferred from connection-oriented TCP communication to
connection-lessUDP data transmission in order to make use of scalablemulticast
data transfer, which requires messagesplitting and regarding the e�ects of packet
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loss. By adding audio and video streams, which are captured and transmitted by
useof the Java Media Framework (JMF), this now scalable VNC environment can
be usedto deliver synchronous electronic lectures for distance learning.

In order to support the special requirements of an all-digital recording environment,
we enriched the presentation capabilities by adding an (optional) easyto useanno-
tation system, which can be usedto emphasizecertain presented elements during a
lecture in order to focus the attention of the audience.Such an annotation system
also enableson demand commenting and drawing of sketches,annotating presented
slidesand an additional electronic whiteboard, which are possibilities to replacethe
tradionally usedchalk and blackboards.

The secondmain goal was the automated production of ful l-
e dged asynchronous
electronic lectures. The VNC environment can easily be extended to record VNC
sessionsby logging timestamped messages.We have adapted the recording format
to enable direct access to messageand rectangle headers,which improves the us-
abilit y and performanceduring replay. As we have proved that random access can
be performed e�cien tly for our recording, we have given the basis for other naviga-
tional features. The main drawback of the screenrecording approach is the missing
structure of the producedelectronic lectures.Wehaveshown how analyzingthe pixel-
based recordings makesit possibleto regain a structure. Furthermore, the structuring
processis automated by providing empirically determined thresholdsfor slide and
animation detection. At �rst potential indices are derived and then classi�ed.

The index structure is used to provide slide-based navigation via a comfortable
thumbnail overview giving a meaningful visual representation of indices. The index-
ing structure also enablesthe automated generation of a lecture related script that
will include the annotations, which were made during the lecture but are typically
not included in published slides.

Moreover, we have discussedhow the indexing process can be performed on the 
y
during the live presentation, which enablesthe useosslide indices in order to access
previously presented slidesincluding the corresponding annotations. By performing
an e�cien t comparisonof framebu�er stateseven an interlinkageof annotations and
(pixel-based) content can be accomplished.

Retrievability of content is an important issuefor electronic lectures sinceit enables
students to locate and accesscertain topics of their interest. Textual (and any other)
content is stored pixel-based. Neverthelesswe suggesteda possibility to create a tex-
tual search basewhich allows to perform full text search for screen recorded lectures:
The indexing structure makes it possibleto addressa pixel-basedrepresentation of
recorded slides. Applying optical character recognition to automatically generated
slide imagesdelivers the textual content of each slide, which then is interlink ed with
the indexing structure of the recording. Hence,we can perform full text search and
receive accessablesearch results in the form of slide indices. If the character recog-
nition delivers the coordinates of the recognizedelements, we can even emphasize
the search results.

Furthermore, we have suggestedand implemented several solutions to enablecross
lecture searches in order to handle the huge number of electronic lectures within a
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databaseof lectures. Our own lecture recording archive currently contains about 600
hours of recorded lectures. The online ful l text search regardsall individual lecture
search basesand deliversthe nameand the indicesof matching lecturesfor any given
search pattern. With the Search&BrowsingTool we o�er a more comfortable cross
lecture search by classifying recordings according to metadata, such as name and
date. By providing various views, a suitable representation of search results can be
achieved.

Hence, we have overcome the limited navigational and missing retrieval features
of the screen recording approach. Another drawback is the missing scalability of
pixel-based content. Electronic lectures which are produced by use of symbolic rep-
resentations including vector fonts and vector graphics, can be scaled to any screen
resolution without loss in quality. Scaling pixel-based recordings will result in a loss
of quality. Currently , we do not seehow to eliminate this drawback. However, as
many lecture recorderseither use pixel-based input formats (to achieve more 
exi-
bilit y) or produce electronic lectures in a standard video format, which commonly
are also pixel-based, this drawback should not be that important.

In summary, the TeleTeachingTool o�ers a 
exible and easy to usesolution to lecture
recording and scalable transmission, which neverthelessproduceselectronic lectures
of manageable�le sizesand necessarynavigational and retrieval features. The an-
notation systemand the pro�ling concept increasesthe usability and comfort of the
system. Since almost all aspects of the content production and post-processing are
automated, the TeleTeachingTool produceselectronic lectures in a fast and e�cien t
manner.

10.1 Future Work

Currently the TeleTeachingTool o�ers already 
exible recording and automated post-
processing but the publishing process should also be automated. This requires an
appropriate interface to a lecture archive, i.e. a web server, a learning management
system or any other database.The cross lecture search may be extended to include
additional learning materials or the searchability of electronic lectures should be
enabled from within conventional search engines (perhaps within a learning man-
agement system). It might be useful to improve the content analysis of pixel-based
recordings(for instance by useof color histograms) in order to enablethe searching
of slideswith �gures or images.Retrievabilit y can be further improvedby integrating
support for audio retrieval by useof speech recognition.

Another meaningful approach of multimedia-based learning material is the
integration of digital student annotations as suggested by [Sch•utz, 2002,
Lienhard and Lauer, 2002, Lienhard and Zupancic, 2003]. Since TTT annotations
are handled on a separate layer anyway, the concept of annotation layering can
easily be added to the TTT protocol but an infrastructure for live annotating and
exchanging annotations must be added.Currently the TTT doesnot support textual
annotations, becausetypically the freehanddrawing feature is preferred over typing
textual notes during a live presentation. However, students probably will not have
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suitable input devicessuch asan electronicpen.Hence,the TTT's annotating system
should be extended to support textual annotations. Possibly other kinds of annota-
tions such as links to other materials (e.g. web pages)will also be meaningful. The
TTT protocol can be easilyextendedby adding additional messagetypes. Unlike the
original RFB protocol, which cannot handle unknown messagetypes or encodings,
the TTT protocol will simply skip any unknown messages,which is possibledue to
the size tag that precedeseach message.

Regardingthe online transmission,a protocol that respectsa givenbandwidth would
bepreferableinsteadof the currently usedprotocol, which generateshigh peakswhile
switching to another slide. Transmitting interlaced framebu�ers can be useful to
reducethe peaksand usethe idle times of the transmission.Furthermore, cooperative
work should be addressedby switching betweenmultiple simultaneously connected
desktops and supporting verbal communication between several participants and
thus provide an environment for an electronic classroom or electronic seminars.
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File sizes of recorded VNC Sessions

This appendix lists the �le sizes, the averageper minute sizesand the averagepixel
densities, i.e. the averagenumber of pixels that are modi�ed (updated) within a
minute, for real live lectures that were recordedthroughout the last yearsby useof
the TeleTeachingTool. Note that someerroneousrecordings(e.g. split due to network
failure) as well as the few lectures with other resolutions are not listed here.

A.1 8 bit recordings with up date strip es

The following courseswererecordedwith the �rst protot ypeof the TeleTeachingTool.
The recordingscontain Hextile encoded VNC sessionswith non-incremental update
stripes (12 strip es at a rate of 1

10 Hz and thus a 2 min period). No additional �le
compressionwas used. The resolution is 1024� 768 pixels (or slightly lessto make
spacefor control elements) at 8 bit per pixel.

The sessionsinclude mainly slide presentations and sometimesdynamic content (e.g.
animated simulations and programming examples). Annotations (if applied) and
pointer movements are generally stored pixel-based.

Course: " A bstr act Machines " (Seidl/Wilhelm, 2002):

name duration size density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ---
abstrakt_2002_04_16_tr.vnc 92 min 9.3 Mbytes 103 kbytes/min
abstrakt_2002_04_23_tr.vnc 85 min 10.0 Mbytes 121 kbytes/min
abstrakt_2002_04_30_tr.vnc 91 min 11.5 Mbytes 130 kbytes/min
abstrakt_2002_05_07_tr.vnc 97 min 13.9 Mbytes 147 kbytes/min
abstrakt_2002_05_14_sb.vnc 65 min 12.4 Mbytes 195 kbytes/min
abstrakt_2002_05_28_sb.vnc 71 min 33.5 Mbytes 483 kbytes/min
abstrakt_2002_06_04_sb.vnc 47 min 21.3 Mbytes 465 kbytes/min
abstrakt_2002_06_11_tr.vnc 86 min 11.3 Mbytes 134 kbytes/min
abstrakt_2002_06_18_tr.vnc 86 min 12.1 Mbytes 144 kbytes/min
abstrakt_2002_06_25_tr.vnc 84 min 10.3 Mbytes 125 kbytes/min
abstrakt_2002_07_02_tr.vnc 90 min 10.3 Mbytes 118 kbytes/min
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abstrakt_2002_07_09_tr.vnc 17 min 3.4 Mbytes 207 kbytes/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- -

average: 197 kbytes/min

Course: " Informatik I " (Seidl, 2001/02):

name duration size density
--------------------------- ----- ---- ---- ----- ---- ----- ---
info1_2001_10_30.vnc 78 min 3.4 Mbytes 45 kbytes/min
info1_2001_11_02.vnc 87 min 3.5 Mbytes 41 kbytes/min
info1_2001_11_06.vnc 86 min 3.4 Mbytes 41 kbytes/min
info1_2001_11_09.vnc 86 min 3.4 Mbytes 40 kbytes/min
info1_2001_11_13.vnc 81 min 2.4 Mbytes 31 kbytes/min
info1_2001_11_16.vnc 84 min 4.5 Mbytes 55 kbytes/min
info1_2001_11_20.vnc 87 min 14.2 Mbytes 168 kbytes/min
info1_2001_11_23.vnc 77 min 9.6 Mbytes 128 kbytes/min
info1_2001_11_27.vnc 88 min 16.8 Mbytes 195 kbytes/min
info1_2001_11_30.vnc 72 min 7.2 Mbytes 103 kbytes/min
info1_2001_12_04.vnc 88 min 15.0 Mbytes 175 kbytes/min
info1_2001_12_07.vnc 89 min 10.6 Mbytes 122 kbytes/min
info1_2001_12_11.vnc 85 min 17.7 Mbytes 214 kbytes/min
info1_2001_12_14.vnc 88 min 17.3 Mbytes 201 kbytes/min
info1_2001_12_18.vnc 88 min 18.3 Mbytes 213 kbytes/min
info1_2001_12_21.vnc 89 min 17.9 Mbytes 206 kbytes/min
info1_2002_01_08.vnc 57 min 0.8 Mbytes 15 kbytes/min
info1_2002_01_11.vnc 92 min 13.6 Mbytes 152 kbytes/min
info1_2002_01_15.vnc 90 min 17.9 Mbytes 204 kbytes/min
info1_2002_01_18.vnc 89 min 16.8 Mbytes 193 kbytes/min
info1_2002_01_22.vnc 89 min 12.7 Mbytes 146 kbytes/min
info1_2002_01_25.vnc 87 min 10.0 Mbytes 117 kbytes/min
info1_2002_01_29.vnc 88 min 17.1 Mbytes 199 kbytes/min
info1_2002_02_01.vnc 90 min 15.8 Mbytes 179 kbytes/min
info1_2002_02_05.vnc 89 min 14.5 Mbytes 167 kbytes/min
info1_2002_02_08.vnc 89 min 11.4 Mbytes 132 kbytes/min
info1_2002_02_12.vnc 86 min 14.5 Mbytes 173 kbytes/min
info1_2002_02_19.vnc 61 min 7.3 Mbytes 123 kbytes/min
--------------------------- ----- ---- ---- ----- ---- ----- ---

average: 134 kbytes/min

Course: " Me dienwissenschaft I " (Buc her, 2002):

name duration size density
--------------------------- ----- ---- ---- ----- ---- ----- ---- -
medien1_2002_04_16.vnc 87 min 9.9 Mbytes 117 kbytes/min
medien1_2002_04_23.vnc 88 min 13.7 Mbytes 159 kbytes/min
medien1_2002_04_30.vnc 87 min 16.9 Mbytes 198 kbytes/min
medien1_2002_05_07.vnc 86 min 12.8 Mbytes 152 kbytes/min
medien1_2002_05_14.vnc 91 min 15.8 Mbytes 178 kbytes/min
medien1_2002_05_28.vnc 78 min 6.6 Mbytes 86 kbytes/min
medien1_2002_06_11.vnc 84 min 16.8 Mbytes 205 kbytes/min
medien1_2002_06_18.vnc 94 min 17.1 Mbytes 186 kbytes/min
medien1_2002_06_25.vnc 95 min 12.7 Mbytes 137 kbytes/min
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medien1_2002_07_09.vnc 86 min 26.7 Mbytes 317 kbytes/min
medien1_2002_07_16.vnc 77 min 6.9 Mbytes 92 kbytes/min
----------------------------- ----- ---- ----- ---- ---- ----- ---

average: 166 kbytes/min

Course: " Technische Grund lagen des Elektr onischen Publizier ens im
WWW " (Meinel, 2001/02):

name duration size density
----------------------------- ----- ---- ----- ---- ---- -----
tgep_2001_10_30.vnc 66 min 7.3 Mbytes 114 kbytes/min
tgep_2001_11_06.vnc 80 min 12.8 Mbytes 164 kbytes/min
tgep_2001_11_08.vnc 74 min 2.8 Mbytes 39 kbytes/min
tgep_2001_11_13.vnc 72 min 6.8 Mbytes 97 kbytes/min
tgep_2001_11_15.vnc 87 min 4.3 Mbytes 50 kbytes/min
tgep_2001_11_20.vnc 90 min 6.4 Mbytes 73 kbytes/min
tgep_2001_11_27.vnc 70 min 3.1 Mbytes 46 kbytes/min
tgep_2001_11_29.vnc 78 min 4.3 Mbytes 57 kbytes/min
tgep_2001_12_04.vnc 50 min 3.9 Mbytes 80 kbytes/min
tgep_2001_12_06.vnc 82 min 4.6 Mbytes 58 kbytes/min
tgep_2001_12_11.vnc 70 min 3.9 Mbytes 58 kbytes/min
tgep_2001_12_13.vnc 78 min 3.7 Mbytes 49 kbytes/min
tgep_2001_12_18.vnc 74 min 2.9 Mbytes 40 kbytes/min
tgep_2002_01_08.vnc 81 min 12.7 Mbytes 161 kbytes/min
tgep_2002_01_10.vnc 83 min 6.4 Mbytes 80 kbytes/min
tgep_2002_01_15.vnc 69 min 3.3 Mbytes 49 kbytes/min
tgep_2002_01_17.vnc 77 min 4.4 Mbytes 59 kbytes/min
tgep_2002_01_22.vnc 76 min 4.2 Mbytes 56 kbytes/min
tgep_2002_01_29.vnc 87 min 9.3 Mbytes 110 kbytes/min
tgep_2002_01_31.vnc 77 min 5.7 Mbytes 76 kbytes/min
tgep_2002_02_05.vnc 61 min 4.8 Mbytes 81 kbytes/min
tgep_2002_02_07.vnc 76 min 6.0 Mbytes 82 kbytes/min
tgep_2002_02_14.vnc 79 min 6.7 Mbytes 87 kbytes/min
tgep_2002_02_19.vnc 78 min 6.6 Mbytes 87 kbytes/min
tgep_2002_02_21.vnc 70 min 8.2 Mbytes 121 kbytes/min
----------------------------- ----- ---- ----- ---- ---- -----

average: 78 kbytes/min

A.2 16 bit recordings with strip es and �le compression

The following courseswere recordedwith the TeleTeachingTool with additional zlib
de
ate compression(applied to the �le body). The recordings contain Hextile en-
coded VNC sessionswith non-incremental update stripes (24 strip esat a rate of 1

5 Hz
and thus a 2 min period). The resulution is 1024� 768pixels (or slightly lessto make
spacefor control elements) at 16 bit per pixel.

The following sessionsinclude mainly slide presentations and somedynamic content
(e.g. animated simulations and programming examples). Annotations and pointer
movements are generally stored symbolically.



224 A File sizesof recorded VNC Sessions

Course: " A bstr akte Maschinen " (Seidl, 2003):

name duration size density pixel density
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ----- -
abstrakt_2003_04_29.ttt 91 min 2.3 Mbytes 26 kbytes/min 1255 kpixel/min
abstrakt_2003_05_06.ttt 105 min 2.8 Mbytes 28 kbytes/min 2069 kpixel/min
abstrakt_2003_05_13.ttt 77 min 1.7 Mbytes 23 kbytes/min 1173 kpixel/min
abstrakt_2003_05_20.ttt 95 min 2.3 Mbytes 25 kbytes/min 1407 kpixel/min
abstrakt_2003_05_27.ttt 88 min 2.3 Mbytes 27 kbytes/min 1826 kpixel/min
abstrakt_2003_06_03.ttt 91 min 2.3 Mbytes 27 kbytes/min 2087 kpixel/min
abstrakt_2003_06_17.ttt 92 min 2.9 Mbytes 32 kbytes/min 2743 kpixel/min
abstrakt_2003_06_24.ttt 65 min 2.8 Mbytes 44 kbytes/min 2846 kpixel/min
abstrakt_2003_06_25.ttt 92 min 5.9 Mbytes 65 kbytes/min 7028 kpixel/min
abstrakt_2003_07_08.ttt 91 min 2.5 Mbytes 28 kbytes/min 1785 kpixel/min
abstrakt_2003_07_15.ttt 89 min 2.6 Mbytes 30 kbytes/min 1096 kpixel/min
abstrakt_2003_07_16.ttt 61 min 1.9 Mbytes 31 kbytes/min 1061 kpixel/min
abstrakt_2003_07_29.ttt 81 min 2.8 Mbytes 35 kbytes/min 2211 kpixel/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ----- -

average: 32 kbytes/min 2199 kpixel/min

Course: " A bstr akte Maschinen " (Seidl, 2004):

name duration size density pixel density
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ----- -
abstrakt_2004_04_19.ttt 73 min 1.9 Mbytes 27 kbytes/min 869 kpixel/min
abstrakt_2004_04_21.ttt 85 min 2.1 Mbytes 26 kbytes/min 1277 kpixel/min
abstrakt_2004_04_26.ttt 86 min 2.6 Mbytes 31 kbytes/min 1306 kpixel/min
abstrakt_2004_04_28.ttt 89 min 2.1 Mbytes 24 kbytes/min 814 kpixel/min
abstrakt_2004_05_03.ttt 90 min 6.2 Mbytes 71 kbytes/min 1658 kpixel/min
abstrakt_2004_05_05.ttt 88 min 2.4 Mbytes 28 kbytes/min 865 kpixel/min
abstrakt_2004_05_12.ttt 88 min 2.3 Mbytes 27 kbytes/min 1540 kpixel/min
abstrakt_2004_05_19.ttt 77 min 3.5 Mbytes 47 kbytes/min 10354 kpixel/min
abstrakt_2004_05_26.ttt 87 min 2.2 Mbytes 26 kbytes/min 1250 kpixel/min
abstrakt_2004_06_09.ttt 85 min 3.1 Mbytes 37 kbytes/min 2417 kpixel/min
abstrakt_2004_06_16.ttt 88 min 3.5 Mbytes 40 kbytes/min 2100 kpixel/min
abstrakt_2004_06_23.ttt 77 min 4.6 Mbytes 61 kbytes/min 5115 kpixel/min
abstrakt_2004_06_30.ttt 89 min 2.9 Mbytes 33 kbytes/min 1389 kpixel/min
abstrakt_2004_07_07.ttt 85 min 2.3 Mbytes 27 kbytes/min 1199 kpixel/min
abstrakt_2004_07_14.ttt 40 min 1.0 Mbytes 25 kbytes/min 1083 kpixel/min
abstrakt_2004_07_21.ttt 74 min 1.5 Mbytes 21 kbytes/min 1052 kpixel/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ----- -

average: 34 kbytes/min 2143 kpixel/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ----- -
ignoring abstrakt_2004_05_19.ttt average: 31 kbytes/min 1344 kpixel/min

Course: " Pr ogrammierspr achen " (Berlea, 2005/06):

name duration size density pixel density
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ----- ----
prgsprachen_2005_10_19.ttt 92 min 5.6 Mbytes 62 kbytes/min 1847 kpixel/min
prgsprachen_2005_10_26.ttt 87 min 5.7 Mbytes 67 kbytes/min 1747 kpixel/min
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prgsprachen_2005_11_02.ttt 89 min 5.1 Mbytes 58 kbytes/min 1895 kpixel/min
prgsprachen_2005_11_09.ttt 86 min 3.8 Mbytes 45 kbytes/min 1072 kpixel/min
prgsprachen_2005_11_23.ttt 87 min 6.8 Mbytes 80 kbytes/min 2072 kpixel/min
prgsprachen_2005_11_30.ttt 79 min 4.4 Mbytes 58 kbytes/min 1016 kpixel/min
prgsprachen_2005_12_07.ttt 84 min 4.4 Mbytes 54 kbytes/min 1410 kpixel/min
prgsprachen_2005_12_14.ttt 83 min 5.0 Mbytes 62 kbytes/min 1781 kpixel/min
prgsprachen_2006_01_11.ttt 83 min 4.1 Mbytes 51 kbytes/min 1210 kpixel/min
prgsprachen_2006_01_18.ttt 79 min 3.7 Mbytes 48 kbytes/min 1035 kpixel/min
prgsprachen_2006_01_25.ttt 81 min 4.8 Mbytes 61 kbytes/min 1357 kpixel/min
prgsprachen_2006_02_08.ttt 78 min 3.2 Mbytes 42 kbytes/min 799 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----- --

average: 57 kbytes/min 1436 kpixel/min

Course: " Informatik I " (Seidl, 2002/03):

name duration size density pixel density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- -
info1_2002_10_29.ttt 85 min 2.4 Mbytes 29 kbytes/min 659 kpixel/min
info1_2002_11_05.ttt 89 min 4.1 Mbytes 48 kbytes/min 1030 kpixel/min
info1_2002_11_08.ttt 88 min 3.9 Mbytes 46 kbytes/min 1003 kpixel/min
info1_2002_11_12.ttt 88 min 5.0 Mbytes 58 kbytes/min 1604 kpixel/min
info1_2002_11_15.ttt 77 min 8.6 Mbytes 114 kbytes/min 1937 kpixel/min
info1_2002_11_19.ttt 90 min 3.9 Mbytes 44 kbytes/min 1623 kpixel/min
info1_2002_11_22.ttt 90 min 3.5 Mbytes 40 kbytes/min 1326 kpixel/min
info1_2002_11_26.ttt 90 min 4.8 Mbytes 55 kbytes/min 1912 kpixel/min
info1_2002_11_29.ttt 89 min 2.4 Mbytes 28 kbytes/min 1036 kpixel/min
info1_2002_12_03.ttt 81 min 1.7 Mbytes 22 kbytes/min 882 kpixel/min
info1_2002_12_06.ttt 89 min 1.8 Mbytes 21 kbytes/min 863 kpixel/min
info1_2002_12_10.ttt 89 min 3.0 Mbytes 35 kbytes/min 940 kpixel/min
info1_2002_12_13.ttt 90 min 4.2 Mbytes 47 kbytes/min 1115 kpixel/min
info1_2002_12_17.ttt 91 min 3.7 Mbytes 42 kbytes/min 978 kpixel/min
info1_2002_12_20.ttt 90 min 3.4 Mbytes 39 kbytes/min 764 kpixel/min
info1_2003_01_07.ttt 79 min 2.8 Mbytes 37 kbytes/min 1033 kpixel/min
info1_2003_01_10.ttt 87 min 2.9 Mbytes 35 kbytes/min 798 kpixel/min
info1_2003_01_14.ttt 88 min 2.9 Mbytes 34 kbytes/min 854 kpixel/min
info1_2003_01_17.ttt 88 min 2.4 Mbytes 28 kbytes/min 1139 kpixel/min
info1_2003_01_21.ttt 88 min 2.8 Mbytes 33 kbytes/min 962 kpixel/min
info1_2003_01_24.ttt 89 min 2.9 Mbytes 33 kbytes/min 680 kpixel/min
info1_2003_01_28.ttt 91 min 2.7 Mbytes 30 kbytes/min 811 kpixel/min
info1_2003_01_31.ttt 90 min 5.1 Mbytes 58 kbytes/min 1309 kpixel/min
info1_2003_02_04.ttt 90 min 3.9 Mbytes 45 kbytes/min 1165 kpixel/min
info1_2003_02_07.ttt 89 min 4.3 Mbytes 49 kbytes/min 1038 kpixel/min
info1_2003_02_11.ttt 89 min 3.6 Mbytes 41 kbytes/min 1177 kpixel/min
info1_2003_02_18.ttt 79 min 4.0 Mbytes 52 kbytes/min 1269 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- -

average: 42 kbytes/min 1107 kpixel/min

Course: " Informatik I " (Seidl, 2004/05):

name duration size density pixel density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- -
info1_2004_10_21.ttt 48 min 1.8 Mbytes 39 kbytes/min 819 kpixel/min
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info1_2004_10_22.ttt 83 min 3.5 Mbytes 44 kbytes/min 1078 kpixel/min
info1_2004_10_28.ttt 89 min 1.9 Mbytes 22 kbytes/min 585 kpixel/min
info1_2004_10_29.ttt 83 min 1.8 Mbytes 22 kbytes/min 532 kpixel/min
info1_2004_11_04.ttt 88 min 3.6 Mbytes 42 kbytes/min 1039 kpixel/min
info1_2004_11_11.ttt 89 min 2.3 Mbytes 26 kbytes/min 1024 kpixel/min
info1_2004_11_12.ttt 86 min 2.2 Mbytes 26 kbytes/min 1013 kpixel/min
info1_2004_11_18.ttt 87 min 2.3 Mbytes 27 kbytes/min 1477 kpixel/min
info1_2004_11_25.ttt 86 min 3.1 Mbytes 37 kbytes/min 1017 kpixel/min
info1_2004_11_26.ttt 86 min 2.1 Mbytes 25 kbytes/min 1064 kpixel/min
info1_2004_12_03.ttt 87 min 1.8 Mbytes 21 kbytes/min 801 kpixel/min
info1_2004_12_09.ttt 84 min 3.0 Mbytes 36 kbytes/min 995 kpixel/min
info1_2004_12_10.ttt 85 min 2.9 Mbytes 35 kbytes/min 754 kpixel/min
info1_2004_12_16.ttt 78 min 2.8 Mbytes 37 kbytes/min 788 kpixel/min
info1_2004_12_17.ttt 86 min 3.0 Mbytes 35 kbytes/min 656 kpixel/min
info1_2004_12_23.ttt 86 min 3.3 Mbytes 39 kbytes/min 1487 kpixel/min
info1_2005_01_07.ttt 92 min 2.8 Mbytes 31 kbytes/min 787 kpixel/min
info1_2005_01_13.ttt 82 min 2.0 Mbytes 25 kbytes/min 587 kpixel/min
info1_2005_01_14.ttt 85 min 2.2 Mbytes 26 kbytes/min 666 kpixel/min
info1_2005_01_20.ttt 85 min 2.7 Mbytes 32 kbytes/min 841 kpixel/min
info1_2005_01_21.ttt 86 min 2.6 Mbytes 32 kbytes/min 817 kpixel/min
info1_2005_01_27.ttt 83 min 2.6 Mbytes 32 kbytes/min 823 kpixel/min
info1_2005_01_28.ttt 85 min 3.5 Mbytes 42 kbytes/min 771 kpixel/min
info1_2005_02_03.ttt 84 min 3.3 Mbytes 40 kbytes/min 934 kpixel/min
info1_2005_02_04.ttt 83 min 7.9 Mbytes 98 kbytes/min 2320 kpixel/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ---

average: 34 kbytes/min 947 kpixel/min

Course: " Informatik II " (Seidl, 2005):

name duration size density pixel density
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ---
info2_2005_04_12.ttt 86 min 3.7 Mbytes 44 kbytes/min 850 kpixel/min
info2_2005_04_15.ttt 84 min 5.3 Mbytes 65 kbytes/min 1067 kpixel/min
info2_2005_04_19.ttt 90 min 4.4 Mbytes 50 kbytes/min 1210 kpixel/min
info2_2005_04_22.ttt 88 min 4.0 Mbytes 46 kbytes/min 779 kpixel/min
info2_2005_04_26.ttt 88 min 3.3 Mbytes 38 kbytes/min 917 kpixel/min
info2_2005_04_29.ttt 88 min 2.3 Mbytes 27 kbytes/min 856 kpixel/min
info2_2005_05_03.ttt 90 min 2.3 Mbytes 26 kbytes/min 938 kpixel/min
info2_2005_05_06.ttt 88 min 2.6 Mbytes 30 kbytes/min 1007 kpixel/min
info2_2005_05_10.ttt 90 min 2.4 Mbytes 28 kbytes/min 918 kpixel/min
info2_2005_05_13.ttt 93 min 5.5 Mbytes 60 kbytes/min 1216 kpixel/min
info2_2005_05_20.ttt 85 min 3.0 Mbytes 36 kbytes/min 781 kpixel/min
info2_2005_05_24.ttt 89 min 4.0 Mbytes 46 kbytes/min 916 kpixel/min
info2_2005_05_27.ttt 82 min 2.9 Mbytes 37 kbytes/min 661 kpixel/min
info2_2005_05_31.ttt 90 min 3.4 Mbytes 39 kbytes/min 733 kpixel/min
info2_2005_06_03.ttt 88 min 3.5 Mbytes 41 kbytes/min 680 kpixel/min
info2_2005_06_07.ttt 85 min 3.0 Mbytes 36 kbytes/min 687 kpixel/min
info2_2005_06_10.ttt 83 min 2.8 Mbytes 35 kbytes/min 890 kpixel/min
info2_2005_06_14.ttt 88 min 4.6 Mbytes 54 kbytes/min 1055 kpixel/min
info2_2005_06_17.ttt 74 min 2.9 Mbytes 40 kbytes/min 710 kpixel/min
info2_2005_06_21.ttt 83 min 1.8 Mbytes 22 kbytes/min 585 kpixel/min
info2_2005_06_24.ttt 82 min 2.3 Mbytes 29 kbytes/min 651 kpixel/min
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info2_2005_06_28.ttt 86 min 3.5 Mbytes 42 kbytes/min 731 kpixel/min
info2_2005_07_01.ttt 87 min 3.8 Mbytes 44 kbytes/min 724 kpixel/min
info2_2005_07_05.ttt 86 min 3.1 Mbytes 37 kbytes/min 615 kpixel/min
info2_2005_07_08.ttt 84 min 3.1 Mbytes 38 kbytes/min 731 kpixel/min
info2_2005_07_12.ttt 73 min 4.0 Mbytes 57 kbytes/min 1680 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- -

average: 40 kbytes/min 868 kpixel/min

The following sessionsinclude pixel intensive slide presentations (e.g. animated
content, pixel-basedannotations, high colored pictures or scannednewspaper arti-
cles).

Course: " Me dienwissenschaft I " (Buc her, 2003/04):

name duration size density pixel density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----
medien1_2003_10_28.ttt 101 min 31.8 Mbytes 323 kbytes/min 842 kpixel/min
medien1_2003_11_04.ttt 95 min 17.7 Mbytes 191 kbytes/min 897 kpixel/min
medien1_2003_11_11.ttt 84 min 9.1 Mbytes 111 kbytes/min 640 kpixel/min
medien1_2003_11_18.ttt 92 min 9.1 Mbytes 101 kbytes/min 626 kpixel/min
medien1_2003_11_25.ttt 87 min 10.0 Mbytes 118 kbytes/min 606 kpixel/min
medien1_2003_12_02.ttt 92 min 21.9 Mbytes 244 kbytes/min 752 kpixel/min
medien1_2003_12_09.ttt 65 min 8.2 Mbytes 129 kbytes/min 762 kpixel/min
medien1_2004_01_06.ttt 94 min 12.4 Mbytes 136 kbytes/min 662 kpixel/min
medien1_2004_01_13.ttt 95 min 24.4 Mbytes 263 kbytes/min 800 kpixel/min
medien1_2004_01_27.ttt 68 min 22.6 Mbytes 341 kbytes/min 1237 kpixel/min
medien1_2004_02_03.ttt 89 min 15.0 Mbytes 173 kbytes/min 830 kpixel/min
medien1_2004_02_10.ttt 86 min 7.1 Mbytes 84 kbytes/min 673 kpixel/min
medien1_2004_02_17.ttt 89 min 17.4 Mbytes 200 kbytes/min 765 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ---

average: 185 kbytes/min 776 kpixel/min

Course: " Me dienwissenschaft II " (Buc her, 2002/03):

name duration size density pixel density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ---
medien2_2002_11_05.ttt 65 min 10.8 Mbytes 170 kbytes/min 713 kpixel/min
medien2_2002_11_26.ttt 70 min 12.5 Mbytes 183 kbytes/min 1036 kpixel/min
medien2_2002_12_03.ttt 93 min 22.2 Mbytes 244 kbytes/min 854 kpixel/min
medien2_2002_12_17.ttt 90 min 19.5 Mbytes 222 kbytes/min 936 kpixel/min
medien2_2003_01_07.ttt 92 min 30.8 Mbytes 343 kbytes/min 1006 kpixel/min
medien2_2003_01_14.ttt 94 min 25.2 Mbytes 274 kbytes/min 815 kpixel/min
medien2_2003_01_21.ttt 98 min 21.8 Mbytes 227 kbytes/min 560 kpixel/min
medien2_2003_01_28.ttt 93 min 17.8 Mbytes 197 kbytes/min 862 kpixel/min
medien2_2003_02_11.ttt 92 min 3.5 Mbytes 39 kbytes/min 638 kpixel/min
medien2_2003_02_18.ttt 82 min 11.3 Mbytes 141 kbytes/min 764 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ---

average: 204 kbytes/min 818 kpixel/min

Course: " Informatik III " (Schlic hter, 2005/06):

name duration size density pixel density
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--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ---
info3_2005_10_18.ttt 85 min 10.3 Mbytes 124 kbytes/min 1087 kpixel/min
info3_2005_10_24.ttt 73 min 7.5 Mbytes 106 kbytes/min 1132 kpixel/min
info3_2005_10_25.ttt 85 min 11.5 Mbytes 138 kbytes/min 1156 kpixel/min
info3_2005_10_31.ttt 87 min 9.4 Mbytes 110 kbytes/min 1013 kpixel/min
info3_2005_11_07.ttt 89 min 9.2 Mbytes 106 kbytes/min 922 kpixel/min
info3_2005_11_08.ttt 84 min 10.0 Mbytes 122 kbytes/min 1011 kpixel/min
info3_2005_11_14.ttt 89 min 13.0 Mbytes 149 kbytes/min 1347 kpixel/min
info3_2005_11_21.ttt 92 min 13.2 Mbytes 147 kbytes/min 1290 kpixel/min
info3_2005_11_22.ttt 89 min 14.2 Mbytes 164 kbytes/min 1292 kpixel/min
info3_2005_11_28.ttt 91 min 11.3 Mbytes 128 kbytes/min 1166 kpixel/min
info3_2005_11_29.ttt 88 min 15.8 Mbytes 184 kbytes/min 1550 kpixel/min
info3_2005_12_05.ttt 86 min 11.3 Mbytes 134 kbytes/min 1165 kpixel/min
info3_2005_12_06.ttt 90 min 10.8 Mbytes 123 kbytes/min 1174 kpixel/min
info3_2005_12_12.ttt 90 min 11.9 Mbytes 135 kbytes/min 1220 kpixel/min
info3_2005_12_13.ttt 90 min 18.6 Mbytes 212 kbytes/min 1582 kpixel/min
info3_2005_12_19.ttt 89 min 13.4 Mbytes 154 kbytes/min 1305 kpixel/min
info3_2006_01_09.ttt 86 min 10.8 Mbytes 128 kbytes/min 1134 kpixel/min
info3_2006_01_10.ttt 84 min 14.1 Mbytes 172 kbytes/min 1823 kpixel/min
info3_2006_01_16.ttt 80 min 9.3 Mbytes 120 kbytes/min 946 kpixel/min
info3_2006_01_17.ttt 87 min 10.1 Mbytes 119 kbytes/min 1108 kpixel/min
info3_2006_01_23.ttt 85 min 15.5 Mbytes 187 kbytes/min 1469 kpixel/min
info3_2006_01_24.ttt 89 min 13.8 Mbytes 159 kbytes/min 1318 kpixel/min
info3_2006_01_30.ttt 81 min 15.3 Mbytes 194 kbytes/min 1598 kpixel/min
info3_2006_01_31.ttt 86 min 12.1 Mbytes 145 kbytes/min 1190 kpixel/min
info3_2006_02_06.ttt 84 min 12.4 Mbytes 151 kbytes/min 1300 kpixel/min
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ---

average: 144 kbytes/min 1251 kpixel/min

A.3 32 bit recordings with �le compression but no strip es

The following courses were recorded with the TeleTeachingTool with additional
zlib de
ate compression(applied to the �le body). The recordings contain Hex-
tile encoded VNC sessionswithout non-incremental update stripes The resulution
is 1024� 768 pixels (or slightly less to make spacefor control elements) at color
depth of 24 bit but pixel valuesare stored at 4 byte per pixel (32 bit).

The sessionsinclude mainly slide presentations and some dynamic content (e.g.
animated simulations and programming examples).Annotations and pointer move-
ments are generally stored symbolically.

Course: " A bstr akte Maschinen " (Seidl, 2006):

name duration size density pixel density
--------------------------- ----- ---- ---- ----- ---- ----- ---- ---- ----- ---- ----- -
abstrakt_2006_05_18.ttt 89 min 2.2 Mbytes 25 kbytes/min 709 kpixel/min
abstrakt_2006_06_01.ttt 87 min 0.8 Mbytes 9 kbytes/min 286 kpixel/min
abstrakt_2006_06_08.ttt 67 min 28.7 Mbytes 439 kbytes/min 30071 kpixel/min
abstrakt_2006_06_22.ttt 82 min 1.1 Mbytes 14 kbytes/min 483 kpixel/min
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abstrakt_2006_06_29.ttt 85 min 1.9 Mbytes 23 kbytes/min 373 kpixel/min
abstrakt_2006_07_06.ttt 86 min 1.6 Mbytes 19 kbytes/min 648 kpixel/min
abstrakt_2006_07_13.ttt 91 min 1.2 Mbytes 14 kbytes/min 484 kpixel/min
abstrakt_2006_07_20.ttt 90 min 1.8 Mbytes 20 kbytes/min 546 kpixel/min
abstrakt_2006_07_27.ttt 29 min 0.4 Mbytes 16 kbytes/min 455 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----

average: 64 kbytes/min 3783 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----
ignoring abstrakt_2006_06_08.ttt average: 15 kbytes/min 442 kpixel/min

Without the pixel intensive lecture of the 2006/06/08 (which obviously is a massive
outlier) an averageof 17 kbytes/min and 498 kpixel/min are achieved.

Course: " Compilerb au " (Seidl, 2006):

name duration size density pixel density
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----
compiler_2006_04_26.ttt 89 min 0.6 Mbytes 7 kbytes/min 224 kpixel/min
compiler_2006_05_03.ttt 87 min 2.5 Mbytes 29 kbytes/min 1021 kpixel/min
compiler_2006_05_08.ttt 88 min 2.3 Mbytes 27 kbytes/min 492 kpixel/min
compiler_2006_05_15.ttt 88 min 1.3 Mbytes 15 kbytes/min 451 kpixel/min
compiler_2006_05_17.ttt 86 min 2.4 Mbytes 29 kbytes/min 547 kpixel/min
compiler_2006_05_22.ttt 89 min 4.0 Mbytes 46 kbytes/min 685 kpixel/min
compiler_2006_05_24.ttt 90 min 4.1 Mbytes 47 kbytes/min 786 kpixel/min
compiler_2006_05_29.ttt 85 min 14.9 Mbytes 180 kbytes/min 2392 kpixel/min
compiler_2006_05_31.ttt 88 min 2.2 Mbytes 26 kbytes/min 506 kpixel/min
compiler_2006_06_07.ttt 69 min 1.9 Mbytes 28 kbytes/min 499 kpixel/min
compiler_2006_06_12.ttt 85 min 2.4 Mbytes 29 kbytes/min 427 kpixel/min
compiler_2006_06_14.ttt 80 min 1.2 Mbytes 15 kbytes/min 393 kpixel/min
compiler_2006_06_19.ttt 89 min 1.8 Mbytes 21 kbytes/min 493 kpixel/min
compiler_2006_06_21.ttt 87 min 1.6 Mbytes 19 kbytes/min 445 kpixel/min
compiler_2006_06_26.ttt 74 min 3.6 Mbytes 50 kbytes/min 751 kpixel/min
compiler_2006_06_28.ttt 89 min 4.9 Mbytes 56 kbytes/min 917 kpixel/min
compiler_2006_07_03.ttt 87 min 4.1 Mbytes 48 kbytes/min 837 kpixel/min
compiler_2006_07_05.ttt 78 min 1.1 Mbytes 15 kbytes/min 370 kpixel/min
compiler_2006_07_10.ttt 88 min 3.4 Mbytes 39 kbytes/min 567 kpixel/min
compiler_2006_07_12.ttt 89 min 1.0 Mbytes 12 kbytes/min 306 kpixel/min
compiler_2006_07_17.ttt 86 min 1.0 Mbytes 12 kbytes/min 282 kpixel/min
compiler_2006_07_19.ttt 89 min 1.6 Mbytes 18 kbytes/min 404 kpixel/min
compiler_2006_07_24.ttt 82 min 2.5 Mbytes 31 kbytes/min 546 kpixel/min
compiler_2006_07_26.ttt 55 min 1.7 Mbytes 33 kbytes/min 667 kpixel/min
----------------------------- ----- ---- ----- ---- ---- ----- ---- ----- ---- ---- ----

average: 34 kbytes/min 625 kpixel/min





B

Message sizes by-byte and by-ar ea

This Appendix lists the messagesizein bytes and in proportion to the resolution of
the framebu�er of somerecordedlectures.

B.1 Einf •uhrung in die Informatik I [WS2004/05]

Prof. Dr. Helmut Seidl / Technische Universit•at M•unchen

1024x 768 (16 bit truecolor), 16 bits per pixel, 2 bytes per pixel
with keyframe strip es
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B.2 Medien wissenschaft I: Theorien und Metho den
[WS2003/04]

Prof. Dr. Hans-J•urgen Bucher / Universit•at Trier

1024x 768 (16 bit truecolor), 16 bits per pixel, 2 bytes per pixel
with keyframe strip es

 0

 50

 100

 150

 200

 250

 300

 0  10  20  30  40  50  60  70  80  90  100

siz
e 

in
 k

by
te

s

time in minutes

medien1_2003_11_04.kbytes

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50  60  70  80  90  100

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

medien1_2003_11_04.areas



236 B Messagesizesby-byte and by-area

 0

 50

 100

 150

 200

 250

 300

 0  10  20  30  40  50  60  70  80  90  100

siz
e 

in
 k

by
te

s

time in minutes

medien1_2003_11_11.kbytes

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50  60  70  80  90  100

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

medien1_2003_11_11.areas

 0

 50

 100

 150

 200

 250

 300

 0  10  20  30  40  50  60  70  80  90  100

siz
e 

in
 k

by
te

s

time in minutes

medien1_2003_11_25.kbytes

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50  60  70  80  90  100

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

medien1_2003_11_25.areas



B.2 Medienwissenschaft I: Theorien und Methoden [WS2003/04] 237

 0

 50

 100

 150

 200

 250

 300

 0  10  20  30  40  50  60  70  80  90  100

siz
e 

in
 k

by
te

s

time in minutes

medien1_2003_12_02.kbytes

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50  60  70  80  90  100

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

medien1_2003_12_02.areas

 0

 50

 100

 150

 200

 250

 300

 0  10  20  30  40  50  60  70  80  90  100

siz
e 

in
 k

by
te

s

time in minutes

medien1_2004_01_06.kbytes

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50  60  70  80  90  100

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

medien1_2004_01_06.areas



238 B Messagesizesby-byte and by-area

 0

 50

 100

 150

 200

 250

 300

 0  10  20  30  40  50  60  70  80  90  100

siz
e 

in
 k

by
te

s

time in minutes

medien1_2004_01_13.kbytes

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50  60  70  80  90  100

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

medien1_2004_01_13.areas

 0

 50

 100

 150

 200

 250

 300

 0  10  20  30  40  50  60  70  80  90  100

siz
e 

in
 k

by
te

s

time in minutes

medien1_2004_02_03.kbytes

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50  60  70  80  90  100

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

medien1_2004_02_03.areas



B.3 Abstrakte Maschinen im •Ubersetzerbau [SS2004] 239

B.3 Abstrakte Maschinen im •Ub ersetzerbau [SS2004]

Prof. Dr. Helmut Seidl / Technische Universit•at M•unchen

1024x 768 (16 bit truecolor, BigEndian), 16 bits per pixel, 2 bytes per pixel
with keyframe strip es

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 0  10  20  30  40  50  60  70  80

siz
e 

in
 k

by
te

s

time in minutes

abstrakt_2004_04_19.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

abstrakt_2004_04_19.areas



240 B Messagesizesby-byte and by-area

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

abstrakt_2004_04_21.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

abstrakt_2004_04_21.areas

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

abstrakt_2004_04_26.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

abstrakt_2004_04_26.areas



B.3 Abstrakte Maschinen im •Ubersetzerbau [SS2004] 241

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

abstrakt_2004_05_05.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

abstrakt_2004_05_05.areas

 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

abstrakt_2004_05_12.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

abstrakt_2004_05_12.areas



242 B Messagesizesby-byte and by-area

B.4 Compilerbau [SS2006]

Prof. Dr. Helmut Seidl / Technische Universit•at M•unchen

1024x 768 (24 bit truecolor), 32 bits per pixel, 4 bytes per pixel
no keyframe strip es

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_04_26.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_04_26.areas



B.4 Compilerbau [SS2006] 243

 0

 50

 100

 150

 200

 250

 300

 350

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_05_08.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_05_08.areas

 0

 200

 400

 600

 800

 1000

 1200

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_05_17.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_05_17.areas



244 B Messagesizesby-byte and by-area

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_05_22.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_05_22.areas

 0

 100

 200

 300

 400

 500

 600

 700

 800

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_05_24.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_05_24.areas



B.4 Compilerbau [SS2006] 245

 0

 100

 200

 300

 400

 500

 600

 700

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_05_29.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_05_29.areas

 0

 50

 100

 150

 200

 250

 0  10  20  30  40  50  60  70

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_06_07.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_06_07.areas



246 B Messagesizesby-byte and by-area

 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  10  20  30  40  50  60  70  80  90

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_06_12.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_06_12.areas

 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  10  20  30  40  50  60

siz
e 

in
 k

by
te

s

time in minutes

compiler_2006_07_26.kbytes

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60

af
fe

ct
ed

 a
re

a 
(%

)

time in minutes

compiler_2006_07_26.areas



C

Publishing Script

We usethe following script in order to pack and publish our electronic lectures:

#!/bin/bash

echo
echo "***************************"
echo "* Recording Info *"
echo "***************************"
echo
test -s $1.html/index.html &&

(grep title $1.html/index.html | cut -d "<" -f 2 | cut -b 7-)

echo
tttinfo $1

echo
echo "***************************"
echo "* Files *"
echo "***************************"
echo
ls -l $1*
echo
test -s $1.ttt || echo $1.ttt not found
test -s $1.ttt.orig || echo $1.ttt.orig not found
test -s $1.mp3 || echo $1.mp3 not found
test -s $1.mov || echo $1.mov not found
test -s $1.txt || echo $1.txt not found - ASCII Searchbase
test -s $1.xml || echo $1.xml not found - XMLSearchbase
test -d $1.html || echo $1.html not found - HTMLScript folder

echo
echo "***************************"
echo "* HTMLScript *"
echo "***************************"
echo
test -d $1.html || echo html script missing: $1.html
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test -d $1.html &&
(scp $1.html/thumbs/*.png

ziewer@ttt.uni-trier.de:/usr /loc al/h ttpd/ htdo cs/se arch /thu mbs/;
scp $1.html/images/*.png

ziewer@ttt.uni-trier.de:/usr /loc al/h ttpd/ htdo cs/se arch /ima ges/;
scp $1.html/html/*.html

ziewer@ttt.uni-trier.de:/usr /loc al/h ttpd/ htdo cs/se arch /htm l/)

echo
echo "***************************"
echo "* Searchbase *"
echo "***************************"
echo
test ! -s $1.txt && test -s $1.xml &&

java -cp /home/ziewer/workspace/TTT3 /clas ses ttt.XMLHandler -txt $1.xml
test -s $1.txt || echo searchbase missing: $1.txt - ASCII Searchbase
test -s $1.txt && scp $1.txt

ziewer@ttt.uni-trier.de:/usr /loc al/h ttpd/ htdo cs/se arch /sea rchbase/
test -s $1.xml || echo searchbase missing: $1.xml - XMLSearchbase
test -s $1.xml && scp $1.xml

ziewer@ttt.uni-trier.de:/usr /loc al/h ttpd/ htdo cs/se arch /sea rchbase/

echo
echo "***************************"
echo "* Backup Original *"
echo "***************************"
echo
echo backup original recording to server ttt.uni-trier.de
scp $1.ttt $1.mp3 $1.mov ziewer@ttt.uni-trier.de:/data /ttt /
test -s $1.ttt.orig && scp $1.ttt.orig ziewer@ttt.uni-trier.de:/dat a/tt t/
test -d $1.orig && scp -r $1.orig ziewer@ttt.uni-trier.de:/dat a/ttt /

echo
echo "***************************"
echo "* Zip Archives *"
echo "***************************"
echo
echo zip $1.zip
test -e $1.zip && rm -f $1.zip
zip $1.zip $1.ttt $1.mp3
echo zip $1_v.zip
test -e $1_v.zip && rm -f $1_v.zip
zip $1_v.zip $1.ttt $1.mp3 $1.mov
echo
ls -hl $1.zip
ls -hl $1_v.zip

echo
echo copy zip to server ttt.uni-trier.de
scp $1.zip $1_v.zip ziewer@ttt.uni-trier.de:/data /webspace
ls -hl $1*zip



C Publishing Script 249

echo
echo "***************************"
echo "* Finished *"
echo "***************************"
echo

echo
echo "***************************"
echo "* Recording Check *"
echo "***************************"
echo
echo "Missing files:"
test -s $1.ttt || echo $1.ttt not found
test -s $1.ttt.orig || echo $1.ttt.orig not found
test -s $1.mp3 || echo $1.mp3 not found
test -s $1.mov || echo $1.mov not found
test -s $1.txt || echo $1.txt not found - ASCII Searchbase
test -s $1.xml || echo $1.xml not found - XMLSearchbase
test -d $1.html || echo $1.html not found - HTMLScript folder

echo
echo "Titel ok?"
test -s $1.html/index.html &&

(grep title $1.html/index.html | cut -d "<" -f 2 | cut -b 7-)
echo
echo "Download Sizes:"
ls -hl $1.zip
ls -hl $1_v.zip
echo
echo "Length of recoding:"
tttinfo $1
echo
echo "Rememberto edit download page:"
echo " ziewer@ttt.uni-trier.de:/usr/l ocal/ http d/ht docs/ reco rding s/*. html "
echo

Note that ttt.info lists the durations of the audio,video and desktop streams.
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