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Abstract

This thesis describesthe automated production of multimedia-baseal learning mate-
rials. Recording of real live lectures enablesa lightweight and cost-e ective way of
creating electronic lectures The exible screen grabbingtechnolayy can capture vir-
tually any material preserted 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 thesisthe designand developmen of a exible and easy-to-uselec-
turing environment on the basisof Virtual Network Computing (VNC) is explained.
The VNC infrastructure and protocol is adaptedto build up an ervironment that of-
fers s@lable transmission of live lectures and is capable of supplying a large number
of distance studernts in parallel. Furthermore, the suggestedsystem provides com-
fortable lecture recording in order to produce electronic lectures for asynchionous
replay at any time later. These electronic lectures presene the verkal narration of
the teacher and any material or applications preseried during a lecture including
additional annotations (e.g. adding freehand drawings by use of an electronic pen).

Unlike other pixel-tasal recording environments the suggestedsystem o ers slide-
basel navigation and full text search. This is achieved by automated post-processing
which generatesappropriate indexing structures and search basesby analyzing the
recordedlectures. Seweral analysing conceptsare intro duced and comparedby eval-
uating recordedlectures of di erent preseration styles.

Furthermore, animplementation of the suggestecconceptsand ideas{ the TeleTeach-
ingTool { is presenied and usagesanarios are givenin order to approve the usability
and the advantageof the system.
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Intro 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 sciertic and working
life but also the social behavior and everyday life. Traditional universities re ect
this trend and the possibilities of new technologiesby widening their well known
campus-basedteaching and learning scenariosto embrace new media technologies.
In recent yearsvarious new terms have beenintroduced, for instance e-learning (or
elLearning), tele teaching, virtual universities, distance learning, et cetera,with some-
times overlapping meaningsbut also addressingvery di erent subtopics. There are
various di erent e-learning scenarios,all of which havein commona computer-tased
enhancemeh of teaching and/or learning areas, mainly in senseof more exibility
in time (self-studying) or space (circumverting a spatial separation of 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 asynchronous communication in
an open community, computer-tased training (CBT) or web-fasel training (WBT),
i.e. learning by executing special training programson a computer, or learning man-
agementsystems (LMS), which provide the managemen and delivery of learning
content and resourcesto students. Often the di erent subtopics are combined, for
instance, a learning managementsystem can deliver computer-basel training mod-
ules or provide accesso a forum.

Our involvemert in the area of e-learning started with the project Universitarer
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 Investmert Program) of the Bundesministerium fur
Bildung und Forschung (BMBF, German federal department for education and re-
seard). The project started in early 2001and endedin 2004.1ts aim wasa (partial)
virtualisation of the computer sciencestudy for the following two reasons:

\F or a growing number of studerts, a full-time attendance study is dicult or
impossibleto assistin due to family or occupation reasons.A partially virtual

curriculum with coursesthat are not dependert on time and place can enable
these students to participate in an up to standard Computer Sciencestudy.
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For students from the FernUniversitat (distance teaching university) Hagen, this
cooperation o ers the possibility to make use of the other universities' variety of
o ers and take part in their courses."[ULI, 2004

During this virtualization processthe task of most of the individual project part-
ners was to create learning materials. Generally the di erent universities did not
develop complex CBT/WBTs due to the high \pro duction costsfor rich-media con-
tent ... [which] range between 50,000and 100,000EUR per weekly lecture hour"
[Lauer and Ottmann, 2003. Typically the rather cost-e cient recording of real live
lectures and presertations was preferred. Sud 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 elemers.

The special challengein our sub-project of ULI wasthat at the Universitat Trier we
intended to record our lectures for asynchionous replay and additionally wanted to
provide a synchmonous transmission to our sub-project partners at the Universitat
des Saarlandes Saarbrecken. Furthermore, the materials that are preseried in our
lectures should not be limited to slide presenations but additional material such as
visualizations or programming examplesshould also be supported. Sincewe did not
nd a suitable piece of software tting theserequiremerts, we started the develop-
ment of our own solution, called TeleTeachingTool (TTT), which is preserted in this
thesis. We rejected other applications for various reasons:ithey wereeither limited to
a single operating systemor presenration application, did not support recording and
transmitting in parallel, did not support live transmission with a short round-trip
time (neededfor live feedbad), did not properly work or wereunstable, or supported
no high-quality transmission or recording of the preseriation content.

The TeleTeachingTool originally emergedfrom various independert applications,
which should be combined in one single system.In the beginning we usedvideo con-
ferencing techniques and applications, in particular the Robust Audio Tool (RAT)

[RAT, 2004 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 presertation (for instance by useof a network editor that en-
abled the simultaneous accesso onedocumert for multiple participants). We added
desktoptransmission which was archived pixel-basel and thus independert of the
preseried content, which providesa high degree of exibility . At rst, we transmitted

screenshots of the preserted desktop periodically by using system calls. Due to the
poor performanceand high bandwidth consumption of this approad, we rather socon
decided to switch to virtual network computing (VNC) [Richardsonet al., 1999,

which provides remote accesgo a virtual desktop via a network. Both project part-

ners, i.e. Saarbracken and Trier, were connectedto the samedesktop and thus sav
the samepresenation, and furthermore were connectedby use of video conferenc-
ing applications. The TeleTeachingTool replaced these individual componerts and
thus provided an integrated ervironment. 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 requiremerts and experiments aswell asin relation to external
suggestionsand related researd publications. In the beginning, we have focused
on the teacdher's corvenienceby deweloping a system which enablesrecording and
transmissionof live lecturesbut without in uencing or limiting the teacherin her/his
choice of preseration applications and materials. Thus, we postulated as a main
designgoalthat the recording and transmission processshould be transparent to the
teacher. In order to respect the special needsof digital preseration recording, we
furthermore added additional annotation and whitetmard components, which enable
preseried elemeris to be emphasizedand thus focus the attention of the audience,
and enable notes and sketchesto be added on demand. Additionally , our researt
addressedthe salability of lecture transmissionsin order to support a high number
of simultaneously connectedonline studerts.

Recording live lectures typically produces electronic lectures of about 90 minutes
ead. Typically a course consists of about 10{25 lectures resulting in about 15{
35 hours of learning material. Hence, o ering only sequential playlback of recorded
lectures is not sucien t. In order to o er students the possibility of locating and
accessingcertain prede ned accesgoints (such aschapters or slides) or to seard for
a particular topic, electronic lectures must rather support navigational and retrieval
features Commonly a symimlic representation of content, which presenesdocumert
structures (e.g. table of content, slides), textual cortent (e.g. sequencesof ASCII
characters) and images (e.g. vector graphics), is neededin order to support, for
instance, full text search or slide-kasal navigation (i.e. direct accessto ead slide)
[Lauer and Ottmann, 2003. For pixel-basel recordings the navigational and retrieval
features are rather limited. On the other hand, a pixel-basal presentation recording
approach o ers a much higher degreeof exibility asany preseration content canbe
presened. Recording ervironments that presene the symtolic representation of the
preserted content are very limited in their exibility , becausesud systemstypically
need accessto the sourcedocumerts and support only a few documert types and
often require the useof a certain presertation application. Hence,we typically have a
exible recording ervironment that is rather limited in its navigational and retrieval
capabilities or a systemthat producesfull- e dgel electronic lectures but restricts the
teacher while preserting.

In order to generate full- e dged electronic lectures by use of a exible recording
environment this thesis states two main gaals. The rst oneis the designand de-
velopmen of a exible, easy-to-userecording and transmission environment, which
doesnot restrict teachersin their content production and presertation 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-baseal recordings in order to
create full- e dgad electronic lectures and thus extend the usability of the exible
recording technique In orderto keepthe bene t of the cost-e cient lightweightlecture
recording approach, the production of suc full- e dgel electronic lectures must be
automated asfar as possible.
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1.1 Qutline

After this introduction, 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 necessanto reach our main goalsby building a criteria catalog
that can be usedto compare and classify lecture recording systems.

Virtual network computing (VNC) and its remoteframebu er (RFB) protocol asthe
basis of our recording systemare 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 ernvironment to t our requiremerts,
but ensuring compability with the original VNC server componerts sothat our sys-
tem can accessa remote VNC desktop. In particular, we will discusshow to achieve
a distance learning environment by improving the salability 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 sessiongChapter 5). While discussingthe recording aspects, we
will comparedi erent recording formats regarding their suitabilit y for recording and
later replay.

Chapter 6 addressesannotations, i.e. preseration related electronic note taking and
focusing the attention of the audience,as a meaningful feature of a computer-aided
lecture preseration ervironment and how annotation featurescan be 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-taseal recordings that were produced by the exible screen recording tech-
nology. Di erent solutions for content analysis and prediction (e.g. slide detection)
are described, evaluated and comparedin order to nd well-suited algorithms that
enable an automated structuring of pixel-baseal electronic lectures as the basis for
appropriate navigational features Furthermore, we will addresshow to presert the
navigational structures and how to navigate and thus accesghe parts of an electronic
lecture that relate to certain corntent. The retrievability of pixel-baseal recordings is
addressedin Chapter 8. At rst we provide a applicable possibility for creating
sarch-lasesthat are suitable to perform full text searches within screen recorded
lectures Furthermore, we extend the seardability to perform crosslecture searches
and addresshow to present and accesshe 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 usagesceenarios for the recording,
transmitting and post-processingof electronic lectures. Finally, a conclusion and
suggestionsfor future work will be givenin 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 presentationsin order to create electronic lectures
Moreover, this work focuseson presenation-lik e teaching styles, which are common
not only in computer sciencebut in many other natural sciencesand economics.
A lecturer preserts someinformation in the form of slides or by writing it up on
a blackboard, accompaniedwith verbal narration to explain the corntents. In other
domains sudh as languagesor humanities the requiremerts and thus the teaching
styles can be very di erent.

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, requiremerts and restrictions of the transition from traditional to elec-
tronic teaching styles will be followed an explanation and comparison of di erent
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 researt approacheswithin the given context. Fi-
nally, an overview of existing systemsis given, including our own implemenrtation,
the TeleTeachingTool, with regard to the ascertainedcriteria.

2.1 Electronic Lectures

In the senseof Brusilovsky, an electronic lecture \preserve[s]a lecture as an elemen
of web-basededucation replacing real lectures" [Brusilovsky, 200d. This is a very
vague concept, so we have to take a closerlook 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 requiremerts 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 presentations ,
respectively.

An electr onic textb ook o ers a hierarchically structured represenation of material,
which usually consistsof text, augmerted with gures. It is commonly provided in
the form of HTML %. The cortent is organized similarly to a printed textbook with
its subdivision into chapters, sectionsand subsections.The hierarchical structuring
implies special hier archical navigation , which includes links to all subordinate
sections,alink to the higher level section,and a link to the beginning of the electronic
documern. 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 sequettially structured elec-
tronic presentations : 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 presenation is modeled
after a guided museumtour.

An electronic lectur e is \a sequenceof slides extended with audio or au-
dio/video narration" [Brusilovsky and Miller, 200Q. In our sense the concept
of mainly static slides should be loosenedto include dynamic elements .
[E elsb erg and Geyer, 1999 requestthe possibility of using (and recording) media
other than text and still imagesas crucial componerts of modern computer-based
teaching, because\motion and interaction really make the di erence between pa-
perbasedteachware and computer-basedteachware" [E elsb erg and Geyer, 1998§.
Dynamic elements canbe animations, simulations or any other applications used
in addition to somepreseration software. In other words, talking about electronic
lectures we include any material and elemens used during modern multimedia en-
hanced presentations In the following discussionwe will usethe term slide not only
in the meaning of corvertional static slides, but alsoto refer to presentation
content in general containing any material, media or application preseried by a
teacher. Moreover, sincethis thesisis not concernedwith guided tours, we usethe
terms electr onic lectur e and electr onic presentations synonymously.

[Brusilovsky, 200Q distinguishes synchronous and asynchionous (electronic) lec-
tures. Synchr onous lectur es provide accessto real lecture halls from a distance.
Live presenations 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), perhapsby students, who could not attend real lectures, or to rework the
preserted content. Synchronously preserted lectures can also be recordedand thus
turned into asynchonous lectures

"1 Hyper Text Markup Language (HTML)
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Common digital media typesare audio and video streams. In caseof electronic lec-
tures audio presenesthe verbal narr ation of teachersand, if required, questions
or explanations of students aswell. If talking about video we think of a live video
Imed in the lecture hall mainly showing the teacher. We do not intend to Im
preseriation content, becausesimply videotaping lectures does not lead to accept-
able quality of the Imed blackboard or slides[Lauer and Ottmann, 2003. Besides
audio-only and video enhancedelectronic lectures, Brusilovsky furthermore classi-
es high-quality video, which \requires special recording equipmert, preferably a
studio with a blue screenand se\eral hours of processingtime for [...] one hour of
lectures"” [Brusilovsky, 200Q. 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, 2003.

This thesis rather focuses on so-called lightweight course production
[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,200]. Nevertheless such low-c ost recordings can be re-
worked, edited, enhancedand combined with other material and thus be the basis
for enhancedWBTs. Our aim is preserving a live presenation to achieve valuable
additional learning material, but not at the cost of the real lecture. The processof
recordingis calledlectur e recording or presentation recording . Thoseterms are
not only usedin to mean\recording to a le for later asynchronousreplay”, but also
to refer to \the act of grabbing a presenation's content (for synchronous transmis-
sion and/or for recording to a le)", which can be called presentation grabbing
as well. If only the synchronous or asynchionous caseis meart, we will explicitly
note which one or use non-ambiguous terms, sud as (the noun) recording and
le or transmission and broadcast, respectively. Furthermore, this thesis will
mainly concerirate on recording a presenation's content (in the senseof what is
displayed on the presertation computer or preseried to the live audiencevia video
projector) and not on audio and video (in the senseof a camera Iming the lec-
turer), becauseaudio and video recording stays almost the samefor the dierent
preseriation recording systems.At best, preseration grabbing/recording should be
transparent [Ziewer and Seidl, 2002, which meansthat lecturers neednot even be
aware of the recording processat all. Transparency concernsnot only the presen-
tation, but alsothe 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
preseration software. Suggestionsto achieve tr ansparent recording are discussed
in Section2.3.

Textual narration may be sucient for edited guided tours (as mertioned above)
or accordingly designed CBTs/WBTs. For recording real live presentations we
rather assume the lecturer's vertal narration to be recorded, because \with-

out this, an essetial and substartial part of the information will be missing"
[Lauer and Ottmann, 2003. On the other hand Lauer and Ottmann state that for
recording traditional preseriations \the importance of integrating live video should
... hot be overestimated" [Lauer and Ottmann, 2003. Although the video providesa
visual impression as well as a feeling of the instructor's presence,t usually conveys
comparatively little information when consideredalongsidethe amount of data it
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consumeg(but this might be di erent for special purposepresenations, e.g.shawing
experiments). [Scutz, 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 use of 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 cheded and adjusted (if needed)during playback. In order to
explain the importance of syncironization, [E elsb erg and Geyer, 1999 suggestan
example of a teacher explaining an algorithm where data padkets o w over a graph
represerting 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 represerting the packet ow. Hence,the
dynamics of the algorithm are explained by annotating the graph and thus, without
reproducing the dynamics of the annotations in the recording, essetial information
is lost.

In order to syndironize replay [Brusilovsky, 200Q requests \video/audio streams
[...] to be divided into the smallest meaningful chunks, which usually correspond to
[...] a pieceof a slide" and \synchronization meansthat ead audio or video chunk
has to be assciated with a corresponding portion of the slide preseration. Re-
call that Brusilovsky considersa presenation to be a sequene of static slides but
we additionally allow dynamic content, which acts more like a stream. We do not
recommendphysial partitioning of media les accordingto determined chunks as
this would causea huge amount of I/O handling during accessingprocessesin fact
timestamps , which are non-ambiguous due to the sequertial 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 essetial elemeris 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 represeriing the time scale of an electronic lecture
from beginning to its end. If any arbitrary time within the time scalecan 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., 199§. [Brusilovsky, 200qJ sug-
gestssequettial playback without ne-grained \chunking”" (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 presenations to rework certain
topics. Thesestudents are mainly not interestedin watching recorded presertations
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
shaowed that navigating through coursecontent is preferred over sequettial playback
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[Zupancic and Horz, 2002 Schetz, 2003. Manual postpr oduction is not seenas
an appropriate solution for indexing asthis would con ict with our lightweight course
production approac. 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-
prehensiwe overview about various types of annotations is given by [Scutz, 2003,
who lists, for instance, textual notes cross links (within a documert or to other
documerts), adding audio or movie clips, freehand drawing (by use of an electronic
pen, emphasizing of certain elemers in order to focus the attention of the audi-
ence,et cetera. Such annotation can either be placed by teachersor by studerts and
furthermore can be placed during a live lecture or afterwards. The most common
caseis that a teacher annotates the presered slides during the lecture by adding
aditional commerts or sketchesand furthermore highlights the most important as-
pects. [Lienhard and Lauer, 2002 Lienhard and Zupancic, 2003 suggestannotation
layering in order to handle studerts' annotations besidesthose of a teacher.

2.1.2 Usage Scenarios and Benets

Recall Brusilovsky's de nition of an electronic lecture as \[preserving] a lecture as
an elemern 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 replacereal lectures under
any circumstances.There are two approachesto accesselectronic lectures: the syn-
chronous and the asynchionous 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 accessinghe corresponding streams. Generally,
such transmissionsare unidir ectional, becauseotherwise a sophisticated accessman-
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 asynchionous electronic lectures more or less
suer from a delay causedby postproduction and publication of the recorded lec-
tures. At leastthe data must be copiedto a server and a web pagehasto be updated
to enabledownloading. For perfectly automated publication processesud a delay
might be a few minutes only, but in the majority of casesit takes somehours or
even days from the time of recording until the asyndironouslecture is accessibleor
students. That can be critical for weekly exercisesand assignmetts.

Another synchmonoussaeenario is a dedicatedtwo-point transmission betweenlecture
halls aswe did during the ULI project [ULI, 2004 (seelntroduction, page1l) in col-
laboration with the Universitat desSaarlandes A lecture wasgivenat oneof the two
locations alternately and transmitted to the other lecture hall. A feedbak channel
transmitted a live video of the distant audienceand was alsousedto 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 sceenarios.
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Fig. 2.1. Electronic lecture scenarios

Preserving traditional presenations for asyncronous 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-
whete. Furthermore, appropriate asyndironous 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 full text search or slide basel navigation, respectively, can be usedto
locate and recall special elemers and topics in any recordedlecture.

Brusilovsky claims that \many faculty consider electronic lectures the best sub-
stitute for classraom lectures claiming that neither textb ooks, nor handouts can
adequately replace an up-to-date lecture done by a leading researter or profes-
sional" [Brusilovsky, 200Q. Moreover, such electronic lectures presene the live at-
mosphereof the classraom and the teaching style of a lecturer for distance studernts.
[LaRoseet al., 1997 claim that web lectures are at least as e cien t as regular lec-
tures. Electronic lecturescanbe utilized independert of time and place.Other advan-
tagesare \fast and e cien t navigation through a lecture, fast retrieval of multimedia
cortent, and courseand lecture indexing" [Jackson et al., 2000.

Sometypical scenariosfor the useof electronic lecture are givenin 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 presertation recording, all mean-
ingful elemerts of alive preserations must be presened. [Lauer and Ottmann, 2007
declare recording of all relevant media streams occurring in a live sessionas their
ultimate goal of presenation recording. We agreewith them that simply videotap-
ing lectures does not lead to acceptable quality of the Imed blackboard or slides
(unless high resolution video recordings are practicable in future) and, according
to [E elsb erg and Geyer, 1994, that documernt 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 dicult to read during playback [Ishii and Miy ake, 1991 and video compres-
sion enaodings, sudh as MPEG-2 [Mitc hell et al., 1994, are not suitable for com-
pressingarti cial high-contrast imagessud 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 elemeris of interest must be cap-
tured and digitized in an appropriate quality. Therefore we have to identify sudc
elemens and suggesthow to translate them into the \ digital world".

Audio and Video:

Obvious essential elements of a preseration are slides and verkal narra-
tion of a teacher. A live video showing the teacher is not mandatory
[Lauer and Ottmann, 2002 Schetz, 2003, but newverthelessworth recording, as it
can presene gesturesand facial expressions.Digitizing and recording audio and
video streams are an everyday businessfor today's computers, but there should be
a well considereddecisionabout which formats to use and which codecg should be
applied to achieve compression(as uncompressedrecording would lead to seweral
Mbytes or, in the caseof video, even Gbytes of data). \The audio hasto be of high
quality, becauseit hasto transport a huge amount of information" [Schetz, 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 connectionwith a ws and gaps). The
most common audio 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-
pressionis 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 encading and
decading on a digital data stream or signal
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codecs,e.g.H.261 and its successoréncluding the now widespreadH.323 or H.264,
are optimized for exactly that purposeof real time coding asthey are designedfor
videoconferencing. Streaming media codecs,suc as Real Video or Windows Media
Video, evenful Il other designrequiremerts such as supporting di erent 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 preserations for asyncronous
oine usage.

Recall that we do not intend to Im the presenation content (e.g. slides), due to
insu cien t quality. Thus, no special high tech camerasare required to record video
asthey will always exceedthe intended output quality. Tecnicians operating cam-
eras may disturb the natural ow of a live presenation and, due to the additional

costs, are not in accordancewith our low-cost lightweight approach. In most casesa
small xed camerais satisfactory. Remotely cortrolled camerasor so-calledpan-tilt

deviees which recognize movemerts and automatically adjust themselhes, can be
usedas well. Either digital video input via Firewire 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 sucient to connectthe recording
system to the existing equipmert. For smaller presenation rooms, where no voice
amplifying is required, obviously a dedicated microphone must be added. It depends
on the preferencesof the lecturer if xed microphones, headsetsor other wireless
microphonesshould be used.

Overhead Slides:

As documert camerasare inappropriate technology in an all-digital environment
[E elsb erg and Geyer, 199§, we demand presenations to be computer-bound. How-
ever, the use of computer-basedpreseriation 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 consened
in their original format or in the form of pixel-tasal slide images The way in which
cortent is stored hasa crucial impact not only on the recording process,but alsoon
the playback featuresthat can be o ered by electronic lectures. Storing presena-
tion content is a core elemen of this thesis and therefore demandsa more detailed
discussion,which is givenin a separatesection (Section 2.2).

Blac kb oard and Overhead Notes:

Digitizing traditional blackboard-and-chalk lecturesin 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, 2003, which does not conform
with our lightweight approach. We suggesttwo approaches(which can be combined)
of transition towardscomputer bound lectures: computer-basel slides or an electronic
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whitetoard. Teaderstend to just copy their notesfrom their draft to the blackboard
(or overhead). In such a casethe use of slidesis appropriate. The content can be
preparedin advanceand is then only presened instead of completely written during a
lecture, which resultsin lesstime for writing and moretime for explaining. Especially
drawing complex sketchesto explain simpleissuesis e ectiv e but ine cien t. Think of
drawing graphsto explain graph manipulating algorithms. Small graphs consisting
of only afew 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 essetial 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 as deriving mathematical proofs. Sometimesdynamics can
be achieved be so-calledoverlays which are a seriesof slides, where eat slide con-
tains a little more information than the previous one. Overlays are subsequetially

displayed until the complete slide is visible, allowing verbal explanations of parts
without shawing too much in advance.For mathematical proofs or creating content

while interacting with students this approacd is not applicable, becauseslide cre-
ation would be very intricate or not possibleat all. In such casesthe blackboard
can be replacedby an electronic equivalert, often called an electronic whitetoard. As
everybody can easily gure out by trying to write her/his name within some sim-
ple drawing software, the commonly used mouseis not an appropriate input device
to replace chalk or overhead markers. Special hardware is rather required enabling
teachersto write and draw with pen-style input devices.Suc hardware can range
from monitor-lik e sizes(e.g. tablet PCs or Wacom's Cintiq interactive pen display
series [Wacom, 200€6) to screendiagonalsof seweral meters (e.g. SMART Board in-

teractive whitetoards [Smartboard, 2006). Sinceeverybody is familiar with handling
a pen, the usageof sud input devicesshould be obvious and intuitiv e. Personalpref-
erencescan be served by small overhead-like or larger blackboard-like realizations.
We haveto admit that the amount of noteswhich can be handled by the limited area
of such boardsis restricted, but hopefully will increasein future such asis described
by the digital lecture hall approach [Muehlhaeuserand Trompler, 2003, e.g. by use
of seweral beamerswhich display a history of the last few slides.

The use of sudh 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 presenations. Prepared slidescan be annotated while giving
explanations (recall the graph o w algorithm example given earlier in this chapter).
The focus of the audience can be attracted to essetial keywords and important
details by emphasizing(e.qg. highlighting or underlining) them. This is very similar to
annotating overheadslidesin the non-digital world with cornvertional non-permanent
pens,but without the nasty cleaningafterwards (if slidesare intendedto be reused).
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Emphases:

The usageof traditional emphasizing/pointing devicessuc as laser pointers, sticks
or penslying on overheadslides, will get lost during the digitizing process.At the
most, the live video shawing the teacher may capture pointing actions. However,
we stated that the video should be an optional elemert and, moreover, encaling
important information in the video should be avoided [Schutz, 2003, as studernts
may get confusedabout which media to concerrate on. During a live preseration
their main focusis bound to the lecturer, led by her/him with somepointing device
and only brie y interrupted whenewer a new slide appears’. Replaying an electronic
lecture (irrespective of whether it is synchronous or asyndironous) the studerts'
main source of information is not the small live video, but the recorded computer-
basedpreseriation. Thus, their attention is focusedon slidesand other presertation
cortent. 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 piece of
information on the recordedhigh quality slide is obviously not reasonable(seeFigure
2.2). Particularly asthe slidesmight be unreadablein 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 presenation slides.We already suggestedunderlining by useof freehanddrawing
as a possibility for gaining focus in the previous paragraph. Advanced annotation
objects suc astextmark er-style drawings or boxes can also emphasizecortent. Al-
ternativ ely, a dedicatedpointer such asa large arrow canbe used.In an early stageof
our e-learning researd we have experimented with such an enlarged mousepointer
for the purposeof marking, but we experiencedthis to be not very useful. The ap-
proach works ne aslong asthe teacher placesthe pointer carefully. But wheneer
the lecturer movesthe mouseonly as computer mousewithout being aware of the
special emphasizingfunction, she/he causeshe 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 momert to allow students
to survey the newly preserted slide.
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Dynamic Content and External Applications:

Dynamic elemerns in the form of animations or simulations as well as annotations
(like freehand notes) are very meaningful and should be presened in a suitable
way to allow dynamic replay. However, animations and additional applications used
during a presertation have no courterpart in the traditional blackboard or overhead
teaching scenario. They are digital per se. Preserving and dynamically replaying
sudh content is discussedin Section2.2.

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

Table 2.1. Elements of traditional and digital presertations

Table 2.1 sumsup the aforemertioned suggestionsand shows an overview of how to
transfer elemerts of traditional preserations to a digitizable counterpart in order
to be presened as part of an electronic lecture. Di erent recording approacheswill
be explained and comparedin Section2.2. A detailed explanation of the recording
processusedin our approach is givenin Chapter 5.
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2.2 Symbolic Representation vs Screen Recording

Section 2.1.3 shoved how to transfer certain elemers of traditional lecturesto the
digital world, but leaving out details concerninghow to accessand presene the pre-
serted content (such as slides, annotations, animations and external applications).
This section addresseshe recording, or more precisely the grabbing process,with
focus on presenration content. Recall that the term recording is also usedin the
senseof \grabbing" (for syndronousaswell asfor asyncronouselectronic lectures).
Audio/video grabbing stays the samefor di erent recording approachesand has al-
ready beendiscussedin the previous sectionsas far asis necessaryfor that stage of
the thesis. Furthermore, we addresscomputer-baseddigital recording only, because
\simply videotaping lectures|...] lead[s]to unacceptablequality of the Imed black-
board or slides" [Lauer and Ottmann, 2003. Note that the availabilit y of increased
computing power, appropriate storage capacities, very fast network connectionsand
high-resolution cameras,may enablethe Iming of a blackboard preseriation 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, 2007 distinguish three di erent alternativ esfor preseration
recording software:

1. existing presenation systemswith added recording functionalit y;
2. screengrabbing / output grabbing;

3. speci cally designedtools for presering and recording coursecontents.

Although designing a new piece of software o ers more possibilities for address-
ing special requiremerts, we do not seethe necessiy of separating between adding
recording featuresto an existing presenation software or designing a new presen-
tation software supporting sudc 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, 2003. Thus, we distinguish two groups of lecture recording
applications, which di er in the way they accessand store preserations:

1. symholic recorders preserving symtolic information ;

2. screen recorders storing pixel-basal data.

The screengrabbing class of Lauer and Ottmann stores lecture content as pixel
data and matchesour classof screen recorders. Those recordersgrab and consene
the output of a preseration independert of the underlying presenation software or
the formats of the preseried documerts. On the other hand, symtolic recorders are
closely connectedto (and normally integrated with) the presenation software and
therefore can presene all the features of the original presenation by storing the
symbolic information of the preseried input documert plus events occurring during
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the presenation process.Regardingthis, the classi cation can alsobe seenasinput
versusoutput grabbing

Somepreseriation software recordersstore static pictures of slides only, these pic-
tures are then pixel-based. Nevertheless,suc recordersgain symbolic information
from the adheren presenation software and presene them as part of the produced
recording. Sudh hybrid solutions are therefore counted as menmbers of the class of
symbolic recorders,becausethey have accesgo symbolic content during the record-
ing process.That is alsoreasonableas many presenation software applications sup-
port input documerts composedof sequence®f pixel imagesanyway.

Symbolic Represen tation

Symbwlic representation formats, such as PDF, store graphical content as vector
data and textual content as sequencesf characters with information about color-
ing, font style and size. In order to generate a visible (or printable) output, the
symbolic information hasto be interpreted. The interpretation canbe modied e.g.
using di erent colors for visually impaired peopleor another font can be usedif the
speci ed one is not available or not wanted. Furthermore, symbolic represenation
o ers scaling. Vector graphics can be scaledand font sizescan be adapted to t

the resolution of the viewer's machine. Symbolic information will be interpreted not
only during live preseration, but also during any replay, which enablesindividual

scaling (and other personal interpretation options). Symbolic recordings presene
documernt structures, which not only allows slidesto be distinguished but, equipped
with adequatetimestamps, alsoenablesaccesdo individual slidesand thus provides
slide-tasel navigation. The textual content can be searded and edited, which allows
information retrieval (full text seard), correction of scribal errors or insertion of
additional explanations. Furthermore, symbolically represened recordings normally
result in smaller le sizes.

As the symbolic data must be accessiblein order to be presened, the recording
processmust be closely connectedto the presening process.Therefore, the recorder
functionalit y is commonly integrated into the presertation software (either asadd-on
or by design). Thus, recorderscan accesgresenied documerts and applied actions,
e.g. switching to another slide. During the recording process(a copy of) the source
of the presenation (the input documen) is tagged with syndironization data, e.g.
timestamps referring to actions. During replay, actions can be applied to the sources
again. For instanceallist of pairs, ead consistingof a slidereferenceand a timestamp,

can be usedto replay corresponding slides at appropriate positions in the timeline

in syndhronization with the audio playback.

However, the technique of symbolic recording is rather restricted concerning the
input formats and applications to be recorded. Teaders are restricted to using
a speci c piece of presenation software, becausethe recorder is a part of that
software and, if only one platform dependert implementation is available, is also
bound to a single operating system. As a consequencethe supported input formats
are restricted by the presenation 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 mib) only. Import Iters (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 preseriation only. The parallel use of multiple software applications
(e.g. preserter and browser) during a lecture is rarely supported or not possibleat

all. AOF allowsthe running of external applications, but the recorderonly presenes
which application was started and when. During playback the application is started

at the appropriate time, but runs asyncronously thenceforward without further syn-
chronization. Thus, a recording doesnot really presere what happenedduring live
preseration, but rather the playback engineonly initiates a rerun of the preserted
application or, to be more precise,an application of the samename asthe preserted
application. Moreover, the application must be available during playback time, which

demandsthat any special applications are copied with the electronic presertation

and installed on students' machines. Even more se\ereis that the recorder doesnot

presene the input applied by the teacher to the external application. Consider a
teacher opening a browser and manually entering an URL* 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 presertation. Additional problematic issuesare deleted or modi ed web pages,
outdated links or the unavailability 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 documerts assaiated to corresponding
playback applications, suc asFlash animations, that can be distributed to studernts
(technically and legally) can be usedin a meaningful way.

Dynamic elemeris and annotations, which are handled by the presenation software
itself, can be accessednd presened by an integrated recorder, at least theoretically.
Advancedpresenation software, such as MS PowerPoint, o ers a vast variety of dy-
namic elemers (e.g. animations, slide crossfadingor even JavaScript® programs),
but additionally integrated recorder plug-ins rarely support these features. Some-
times not even freehand annotations are presened by the plug-ins. On the other
hand, especially designedsymbolic recorderswith built-in preserters mostly o er a
built-in annotation system and provide dynamic annotation replay, but are often
limited in their capability to integrate other dynamic elemens.

In summary, symtolic representation o ers good editing, navigational and retrieval
features, which makesit very useful for postprocessingand playback demands, but
rather restricts lecturersin the content creation phaseaswell asduring the presena-
tion processDisplaying and recording dynamic elemeris may not be fully supported
and a meaningful usageof external applications is almost impossibledue to the loss
of applied inputs. As a consequencelecturers may be forcedto changetheir teaching
styles, which contravenesour transparent approac (Section 2.3). 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 language compliant to the ECMAScript Language
Speci cation [Ecma, 1999
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createdbut now incompatible setsof slidesis impossibleor needsat leasta (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 preseration and replay it exactly asit wasdisplayed on the
screenduring the live presenation. Screenrecording provides losslesshigh quality
accesdo apresertation machine's desktop. Storing pixel data is very exible asit al-
lows everything happening upon a presener's screento be presened, independerily
of the applications used. Teaders are free to run any presenation software, which
makesany input documert formats accessible There is (almost®) no limit concern-
ing the recording of additional applications. In contrast to the symtolic recording
approad, screen recording o ers real replay of what happenedduring the presera-
tion without demanding data transfer or the installation of software which was/is
used during preseration. Furthermore, any annotation system of any presertation
software can be recorded and all dynamic elemeris like animations, annotations as
well as pointer movemerts are retained.

Unfortunately, this exibilit y is alsothe primary drawbadk of this approac. Screen
recorders are independert of presenation software and annotation systems and
therefore have no accesso documert structures, textual cortent or any events caused
by the presenation software. The inaccessibility of input documerts and everts in-
hibit comfortable navigational, post-processingand retrieval features. Convertional
screenrecordersonly o er video-like editing options (e.g. cutting and concatenating),
sequettial playback and at best timeline navigation.

In orderto consenea lecture, a screenrecorderneedsto digitally accesghe 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
hugeamourts of data. Grabbing a screenof 1024 768pixels at 32bit color depth and
20fpsleadsto 3600Mbyte per minute. Standard picture compressingalgorithms may
not be su 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 represenation in respect of pedagogicalissuesare
crucial, but alsoits visual represenation regardingimagequality. A low quality video
transmission of the speaking teacher is no problem. We recognizewho is talking,
his/her gesturesand movemerts even if some details are missing. Applying lossy
compressionto the content of slide, on the other hand, canresult in illegible text or
indistinct sketchesand tables as demonstrated by Figure 2.3, where the lossy area
wasachieved by applying JPEG compressionwith very low quality settings, or Figure
2.2, which shows a video screenshot of a Imed presenation. Evenif 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 represertation generally exceedsrecording capacities
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of 90 minutes is awkward and tiring (evenif the lecture is interesting). As standard
video compressionalgorithms are designedto encale 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
compressedle” [Lauer and Ottmann, 2007 if applied to the contents of a graphical
desktop.
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Fig. 2.3. Lossy vs losslesscompression

During ordinary slide presenations the screencontent is rarely altered. Changes
occur only whenewer the teacher switches slides, except for maybe a clock or the

mouse pointer, which causessmall parts of the screento changefrequertly. Hence,
two bitmaps represerting two sequetial frames will rarely dier very much from

ead other, which o ers large potential for compressionby storing frame di erences

only. The TechSmith Screen Capture Codec [TSCC, 200§ used by the commercial
screenrecorder Camtasia Studio [Camtasia, 2009 is especially designedfor lossless
and e cien t compressionof screencorntent. 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 reducesthe

memory consumption, but also reducesthe quality. Instead of a smooth playback,

pointer movemerts 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 whenewer necessaryto presene
dynamics but reduced frame rates elsewhere,would be preferable but are rarely

supported. Most compressionalgorithms support dierent, but xed, frame rates,

selectablein advance of recording only.

Another approach for conservingthe graphical output can be output grabbingin a
more general sense.Instead of recording bitmaps it is also possibleto store trans-
mission protocol information, asis 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 Inter active Media
(RTP/I) [Mauve et al., 2001. Protocol information is tagged with synchronization
data and replayed similarly to the symbolic represeniation approach. However, de-
pending on the recorded protocol, no documert content and structures are stored,
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but rather messagedescribing screencorntent. Such evert-based recording is not
constrained by a predetermined xed frame rate, but rather storesdata on demand,
which o ers more exibilit y concerningthe trade-o between preserving dynamics
and achieving small le sizes.

| Symbolic Representation | Screen Recording |

Presen tation dedicated presertation software any
Soft ware with integrated recorder
Input restricted by presertation any
Formats software
External limited or not supported any
Applications
Annotations built-in annotation system of any (recorder built-in and

presertation software presertation software)
Dynamic dynamic annotations; others are | any (limited by frame rate)
Elemen ts rarely supported
Retriev al seardable (full text seard) |
Na vigation slide-based timeline only
Editing content editable video-lik e editing only

(cut and concat)

Scalabilit y scalable fonts and vector |

graphics

Table 2.2. Symbolic Represenation vs ScreenRecording

Table 2.2 preseris an overview of the comparison between the two recording ap-
proaches.In summary, we have exible recording, i.e. a exible ervironment that sup-
ports the recording of arbitrary content and applications, versusstructured record-
ings, i.e. asyndronous electronic lecturesin 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 [Lecturnity, 2004,
a commercialdescendan of AOF [AOF, 2004. This recorderstoressymbolical data,
but o ers an integrated screengrabbing utilit y to capture external applications on
demand. In fact there are two recordersintegrated in one ervironment. Unfortu-
nately, whene\er teachers leave the slide preseriation (recorded by the symbolic
recorder), then they haveto explicitly initiate the screengrabbing processby starting
the screenrecording componert and selectingwhich application hasto be recorded.
It is certainly much easierto usethe coupled screenrecorder than two stand-alone
solutions. However, as the usageof other applications is possiblewithout recording
them, teacherstend to forget to start the recording process.In such casesonly the
verbal narration, but no application, is recorded.Furthermore, this approac hasstill
limited navigational and retrieval options for screenrecordedparts and is meart for
teachers who rarely use additional applications.

Another approach is given by tele-TASK [Sdillings and Meinel, 2002
teleTASK, 2004. 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 presene everts
from the presernation 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 preseration software dependen
plug-ins (currently only PowerPoint is supported. Furthermore, transparency is
reduced, becausethe teacher must install and remenber to start the plug-in prior
to recording.

Our researd followed an alternativ e approach. Starting with a exible screenrecord-
ing system, the produced electronic lectures are enriched with structure to provide
navigation functionality (Chapter 7) and integrate retrieval options (Chapter 8) by
automated post-production independert of the presenation (or any other) software
which was used.
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2.3 Ligh tweight Pro duction and Transparent 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
versatile digital material with negligible additional cost" [Kandzia and Maass, 2001,
is a preferable solution for producing digital learning material in a cost-e ective
way. High quality studio productions demanda lot of preparation to selectand cre-
ate teaching contents. Special technical equipmert and many manual resourcesare
neededduring production and post-production. \Exp eriencegainedin se\eral large-
scaleprojects in Europe has shown that production costsfor 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 researd, but updating content
is not easyto achieve in such a high quality production process.Lightweight record-
ing of regular live lecturesin order to create electronic lecturestremendously reduces
production costs, but still o ers meaningful digital learning material. Furthermore,
lightweight recording enableslarge archives of electronic lectures to be built up in a
short time and thus delivers a basisfor virtualizing teaching processes.

As lightweight course production 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, preseration grabbing/recording should
be transparent to lecturers [Ziewer and Seidl, 2003. In other words teachers are not
aware of the recording processat all, but are free to perform their preferred tradi-
tional teaching styles. Thus, the preseriing processstays the same,no matter if a
lecture is recordedor not. A transparent recording technique not only doesnot disturb
teachers willing to apply modern teaching approaces, but also will reach a larger
group of teachers becauserecording is not dominated by laborious preparation and
complexoperation. The familiar act of preserting is entirely su cien t to achieve elec-
tronic lectures. Such an approac conformsto [Muehlhaeuserand Trompler, 2003,
who advocate a smmth 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 correspondsto [Schetz, 2003 who
said that \the main goal ... is not to produce the best e-learning content, but to
produceit very easily". Certainly, somerequiremerts and restrictions are inevitable.
In order to achieve valuable electronic lectures only computer-tasal presenations
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 equipmert 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 considerablyfrom 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 microphone and an adequate
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system of loudspealkers. In this caseit is su cien t to connectthe recording system
to the existing equipmert. 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 equipmert of the lecture hall and thus receivesthe sameinput. The wireless
scenariois even easierto integrate asit doesnot matter where the static equipmert
and the recording devicesare located. Somelecture halls provide a special room for
technical equipmert in the back, others have the ampli ers installed at the front
desk or maybe ewven integrated within the speaker devices.Additionally , recording
approaches di er in their requiremerts and possibilities. Some recording systems
are integrated within the presertation software and recording takes place at the
preseriation machine. Other scenariosconsist of seweral macdhines, which can be
locally distributed.

For smaller preseriation 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 wireless microphonesshould 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 discouragedasthey
heavily in uence a lecture becausethey restrict teachersin their movemerts.

A simple solution with one microphoneis su cien t for recording the teacher's talk.

Questions from students are a little problematic. Highly equipped lecture rooms
with integrated microphonesfor eat studert are only available in rare researt sce-
narios. Therefore, questions as well as any other verbal output from studerts are
not captured by microphonesand thus get lost during the recording process.As a
consequencethe 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 unamplied voice is hardly audible in a lecture hall with a capacity of
seweral hundred students. Handing a microphoneto 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 answersin a way sothat it will make sensewithout exactly knowing the
guestion.

Video

The video equipmert provided by most lecture roomsis limited to visual presena-
tion (video projector, overhead projector 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 cant is the placing of the camerasothat 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 cameraaccording to any small movemerts
of the teacher will obviously be a disruptiv e factor. A technician also doesnot t
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into our low-cost lightweight production approadc, which claims to limit manual
resources.In most casesa small xed camerais satisfactory as it is not intended
to produce high quality video material. Remotely controlled camerasor so-called
pan-tilt devices,which recognizemovemens and adjust themselwes automatically,
may be usedif camerapanning is required.

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

Presentation Content

Transparert recording in the senseof preseration content grabbing must accessand
presene whatever is presened to a local audiencein a real lecture hall. Computer-
based presenation 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-basedpresenation
software in fullscreen mode is common practice. To achieve absolute transparency
this should stay the same. Integrating the recording processinto a presenation
ernvironment can be handled by di erent approadces di ering in their placemen
relative to the presering computer (i.e. the computer that is locally presert in the
lecture hall and is connectedto the video projector):

I. Output Recording: In order to presere what is projected onto the wall, it would

be straightforward to Im 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 preseration computer as this is the input for the video projector. Suc output

recording can be achieved by use of special digitizing hardware, such as AdderLink

IP8 [AdderLink, 2004, which is connectedto the graphical VGA® output of the

presertation machine in the sameway asthe video projector is. Due to the hardware
costsit 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 piece of
software or drivers.

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

Il. Parallel Recording: Presenation software with integrated recording functionalit y
also o ers software solutions for lecture recording. While displaying presenation

" 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

® Video Graphics Array (VGA): an analog computer display standard
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cortent on screen(and thus via video projector to a local audience),the presertation
software will also store the content plus additional media streams (audio and/or
video) for later replay. Such background recording doesnot in uence the presenation
processaslong asthe recording processdoesnot consumetoo much processingtime,
which possibly could slow down the presenation. As discussedin Chapter 2.2, such
preseration software recorderscan accessand store the symbolic represenation of
input documerts and thereby presene structuring aswell astextual content.

lll. Input Recording: Another approad is available for distributed infrastructures,
such as a videoconferencingenvironment or a set-up where the preserting machine
accessethe preseried content located on another computer via a network. A recorder
accessethe data transfer betweenthe content providing and the presening machines
(e.g. interposedas proxy). The data transfer can be loggedand replayed later in the
sameway. Moreover, it can be interpreted in the sameway a preseration software
would do and then handled asin the parallel solution (just without presering the
cortent). Note that those di erent tasks are not necessarilydistributed to di erent
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 presenation content to the presert-
ing computer, but redirect the output of a presenation to the presering machine.
This means,the preserting machine located in the lecture hall and operated by the
teacher is not performing the preseration. In fact, it works as a client accessinga
sernver which runs the presenation software. Thus, the output of the presenation
is transferred from the sener to the computer in the lecture hall, which presens it
to the teacher and the local audience.The input of the preserting computer is the
output of the machine that performs the presenation. Recording such data trans-
mission obviously doesnot o er accesgo input documerts or events causedby the
preseration software. Hence,only pixel data is stored.

Controlling

In somecircumstancesa looseningof the transparent conceptis inevitable. This is
the casewhenewer the integration of additional features demandssome cortrolling
possibilities. Obviously someuserinterface for interacting with the systemhasto be
integrated into the recording or preserting software, respectively. However, the pre-
sertation system should stay as transparent as possibleand the ease-of-useof new
features should have rst priority in order not to disrupt the natural ow of a live
preseration. Therefore, simple but e ectiv e user interfacesmust be developed and
integrated only. Too many separatewindows or di erent user interfacesfor slightly
di erent scenariosconfusesteachers and students [E elsb erg and Geyer, 1999. Re-
specting the smaoth transition approad, no lecturer should be forced to use addi-
tional features, but should freely decideif and whento do so. Individual con gura-
tion of a common adequate standard user interface can provide more exibilit y by
allowing cortrolling elemeris to be added or removed.

Examples of additional features are controlling the recording process,which obvi-
ously is not neededin preseration-only environments, or annotation systems,which
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can be meaningful for the local live presertation as well (recall the graph ow al-
gorithm example from Section 2.1.1). If recording is not controlled by a technician
in the badkground, but rather teachers themseles initiate and stop the recording
processat leastonestart/stop button or keyboard shortcut must be available. Omit-
ting buttons and using shortcuts only has the benet of not disturbing the visual
represertation of slides, but starting and stopping the recording processcan easily
be forgotten. If somegraphical userinterfaceis presert anyway (e.g. for annotations
or slide control), an additional button doesnot matter. If the recording processis
performedby useof dedicated hardware, buttons are probably provided in hardware

instead.

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

For annotation systemsthere must be an option to chooseand placeannotations, and
usually one can selectan annotation mode and maybe the coloring. At best, inter-
actions should be accessiblevia a single click. The menu style annotation cortrols of
MS PowerPoint hasalmost no a ect upon the visual preseration itself (Figure 2.4),
but unfortunately always requirestwo clicks to switch betweenpaint modes(one to
open the controls and oneto selectthe mode) and the color selectiondemandseven
a secondlevel menu (Figure 2.5).
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Fig. 2.5. MS PowerPoint 2003's annotation cortrols (opened)

Werather suggestthat annotation tools should be accessiblén a comfortable way, at
bestby a singleuserinteraction. A toolbar with the most frequertly usefunctions will
suitable. A hardware solution is o0 ered by SMART Technolaies Their whiteboards
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are supplied with seweral electronic pens and the teacher can usedierent pensin
order to chosedi erent colors [Smartboard, 2004.

Navigational and retrieval features are certainly crucial usagecriteria of electronic
lectures, but must not demandadditional work to be doneduring a live presertation
by the lecturer. [Li et al., 20004 suggestto selectany headlinesduring a presenation
in order to produce navigational marks which can be accessediuring later replay.
Howewer, this might irritate the teacher and also the studerts. The teachers' tasks
and thus the user interface should rather be limited to whatever is required for
preserting and recording purposesonly.

In fact the cortrolling user interface is meaningful to the teacher and within the
recording context only, but unfortunately will also be preserted to the local au-
dience. Special hardware, so-called scan corverters, or even many of todays video
projectors allow clipping of video output in order to display a selectedsectiononly. If
the graphical userinterface of the presenation/recording software is located at the
border of the presertation area (which is advisablein 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 usedas the input device. The electronic lectures which
are produceddo not su er from unwanted graphical userinterfaces,becauseonly the
preseration 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 smaoth transition (from traditional to
e-teading), giving guidelinesto produce electronic lecturesin a fast, easyand com-
fortable (for the teacher) way. As those are no true-or-false criteria, the term strate-
gies might be more appropriate. To summarize, those strategiesand guidelinesare:

I. Lightweight Pro duction
Producing electronic lectures should be fast and inexpensiw, i.e.:
a) producing electronic lectures by recording real live lectures,
b) reducing manual and technical resources,
¢) utilizing highest possibledegreeof automation.

Il. Transparency

The recording processshould not (negatively) inuence the natural ow 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 preseration software and documerts,

b) recording in the background,
c) seamlesshardware integration (concerningtype and placemert),

d) if additional userinterfacesare inevitable, keepthem concise.

I1l. Smooth Transition

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

a) ease-of-usdat bestin a familiar style),

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

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

In addition to these basestrategies giving ideas and hints for how to achieve cost-
saving and teacher friendly content production processesa detailed criteria and
feature catalog for both production and replay of electronic lecturesis needed.The
aim is to compareexisting ervironments 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 implemertations to loosen restrictions and
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eliminate aws and, consequetly, suggestsolutions to achieve more suitable and
corveniert electronic lectures.

There are essential features which are indispensableto achieve meaningful replay,
and desirable features o ering very useful aspectsto enrich the value of an electronic
lecture. Rating the features depends on user preferencesand some features might
conict with others. Hence,we cannot designa 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,becausehey are almost the samefor any kind of presenation recording
environment.

Obvious essential features for slide-based electronic lectures (stated by
[Lauer and Ottmann, 2002 Brusilovsky, 200Q) are:

LO1 Verbal narration:
audio recording of the teacher's voice
LO2 Static slides:

storing slidesdisplayed during presenation and slide replay synchronizedto 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 recordedslides. 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 sud a way.

Beyond this elemenary functionality, [Lauer and Ottmann, 2007 list nine criteria
for the evaluation and comparison of presenation recording systems:

LO3 Represen tation of contents:

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

a) information retrieval (e.qg. full text seard)

b) scalability

c) later manipulation of content

d) reducedamount of data comparedto video formats
LO4 Dynamic capture and replay of annotations:

a) preservingthe dynamics of teacher's handwriting and other graphical anno-
tations
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b) assaiate annotations with slides(sothat annotations disappearwhen a slide
is changedand made visible again when returning to that slide later during
presertation)

LOS5 Structured overview of recordings:

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

b) o ering comfortable navigation by accessingstructured elemeris
LOG6 Visible scrolling during replay:

a) browsingthrough 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 documents:
a) small le sizesappropriate for downloading
b) platform-independen format
c) standard web-basedformat
d) streaming ability

e) losslesscompressionof slidesand presertation 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 integration 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 bestbe achievedif represeried symbolically)
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LO11 Turning records into 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 coursein a web-basedlearning
managemen systemor on distributable storage media

[Lauer and Ottmann, 2003 addressedasyndronous electronic lectures only, but
[Kandzia et al., 2004 recall and summarizethose 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 neededto add further syndironous aspects. Rework
mainly concernsthe intertwining of symbolically represeried content and features,
such as scalability, structuring and retrieval. The represeration of content certainly
has a crucial impact on somefeatures, but the featuresare what we demandin the
rst place. Enabling any of those features without using symbolically represered
content is su cien t aswell. Therefore our criteria catalog should rather list informa-
tion retrieval LO3a and scalability LO3b as individual featuresindependert of the
corntent represeriation aspect. The same holds for structured recordings (already
listed separately), manipulation of content (listed twice LO3cand LO10b and data
amourt (also listed twice LO3d and LO73).

In addition to dynamic annotations, the aspect of dynamics should be extendedto
capturing and replaying any dynamic elemens including pointer movemerts, ani-
mations and interactions with arbitrary software (coveredindirectly by LOS8).

Real-time random accessLO6b is a condition preceden to enable visible scrolling
LO64a but is bene cial for any kind of navigation (e.g. accessingslides) and hencea
desirablefeature of its own.

[Mertens and Rolf, 2003 suggestthe following features of an ideal recording tool
(partly derived from [Lauer and Ottmann, 2002 Brusilovsky, 200Q):
MR21 Adv anced navigation
such as structured overview (LO5) and visible scrolling (LO6)
MR2 Animations
reproduction of animation (e ects) as part of a slide preseriation
MR2 represerts animations, which are provided aspart of a slide presenation within
a presertation software. These could be simple fade-in/fade-out e ects applied for
slide changing, but alsoany other sophisticated animations usednot only for the ef-

fect, but rather for educationalissues.Mertens and Rolf include reproduction of such
animations (or animation e ects), becausesystemslike Lecturnity [Lecturnity, 2009
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corvert slidesto proprietary formats, which may not support all kinds of animations
and features of the original documert. Mertens and Rolf suggestdecomposing an
animated slide into a sequenceof seweral (sub)slidesto reproduce such animations.
However, this is also a conversion of slides, which may support more e ects, but
again may be incomplete. The drawbadk of converting slidesis that the corversion
algorithm is most probably outdated for any new releaseof the original slide format.
Nevertheless,reproducing animated slidesinstead of supporting static slidesonly is
a desirablefeature for a lecture recording environment.

MR3 Capture of hand-written  annotations
MR4 Full text search
Annotations (MR3) and full text seard (MR4) are analogousto LO4a and LO33
respectively.
MR5 Line based addressabilit y
accessingdines rather then slides (as in [Brusilovsky, 2000Q)
MR6 Line based synchronization
syndironize audio and video streamsaccordingto accessedines
Navigational features (MR1) are covered more precisely by Lauer and Ottmann
(LO5 and LO®6), but line-basal navigation (MR5 and MR6) (also suggested by
[Brusilovsky, 200Q) delivers an additional aspect, which is hardly fullled by any
of today's recording systems.Line-basedaddressability and synchronization can be

mergedto a singlefeature becauseoneis uselesithout the other. In fact, line-based
navigation and slide-basednavigation are subtopics of a structured overview/access

(LOS).
MR7 Metadata

incorporation of metadata in the recordeddocumert (e.g. keywords, coursede-
scription, languageof course)to make recordeddocumerts accessibldor content
managemeit

MR8 Post-editabilit vy
in the meaning of LO10
MR9 Screen recording
whene\er a lecturer switchesto another program
Demanding a screenrecording feature mixes represeration of content and the in-

tended feature of an ability to record additional applications other than the presen-
tation software (analogousto LO8b). Admittedly pixel-basedrecording 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 presenation software, the animation feature (MR2)
is covered per se.

MR10 Searchabilit y by conventional search-engines

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

The seardability by convertional seard engineso ers an additional and mean-
ingful retrieval aspect not addressed by Lauer and Ottmann. Additionally,
[Jackson et al., 2000 state seardability 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 seard for in a video, which mainly shows a speaking teacher. Furthermore,
they suggestseardability not for a single electronic lecture only, but for an entire
library of coursesaswell, which, for sure, is a meaningful aspect. Such seard func-
tionalit y is somehav a looseningof MR10, becauseretrieval is enabledfor large data
bases,but not necessarilyby use of converntional seard 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 supplemenal elemeris (MR11) are not listed
by Lauer and Ottmann. However, the group of Prof. Ottmann (the dewelopers of
the Authoring On The Fly (AOF) system[AOF, 2006) discusseghe integration of
studert notes[Lienhard and Lauer, 2002 Lienhard and Zupancic, 2003, which can
also be seenas supplemerial elemerts.

Brusilovsky, who has suggested the integration of supplemeral elemens
[Brusilovsky, 2000, also states retrievability of those elemeris, e.g. searding key-
words, commernts or links to additional resources(which he calls annotations dif-
ferent from our term). A very similar ideais o ered by [Jackson et al., 2004, who
suggesta supplementaryinformation window with extra readingsor links. Another
feature suggestionby [Jackson et al., 200Q is to o er studerts the possibility of in-
teracting with their learning environment. They suggestelectronic note-taking in the
form of text and graphical annotations, post-its (to tag information) aswell as cap-
tioning short audio or video clips, all of which canbe led under the vaguefeature of
o ering supplemenal elemeris (MR11). A ne-grained classi cation of supplemenal
elemens cannot be achieved*® due to unequal requiremerts and very diverseappli-
ance of such additional elemerns throughout dierent e-learning systems.In fact,
psydological 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 discussionis not required throughout
this thesis



2.4 Criteria and Features 35

2.4.1 Criteria Catalog

Merging the dierent aspects and feature lists with our own experiencesgained
throughout the last few years, we suggestthe following catalog of criteria for evalu-
ation and comparisonof presertation 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 presene experiments Imed via camera;video
may be omitted to reduce bandwidth usageor le size

C3 Presentation Content

concerningdegreeof full-featured support and presened dynamics

a) Format of preseration documerts

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

b) Supported preseration software

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

¢) Supported additional applications

ability to presene arbitrary applications (e.g. browser) in addition to a slide
preseration (incl. menus and pointer movemerts)

The distinction between supported documert formats and presenation software is
recommended,becausesupporting certain input formats regardsthe processof cre-
ating teaching material, but the secondaspect addresseghe act of presering itself.
Although a presenation recorder supports a certain documert format, it does not
necessarilysupport the teacher's choice of presentation software. Consider a teacher
who producesteaching material with the often used MS PowerPoint, but usesthe
recording software Lecturnity [Lecturnity, 200§. The teacher propably is familiar
with PowerPoint not only for creating but also for presening slides, but must use
Lecturnity's integrated preserting functionality. This may annoy someteachersand
thus possibly prevent them recording their lectures. On the other hand, support-
ing the teacher's choice of presertation software o ers transparency and ease-of-use
during recording as the teacher is familiar with the handling. Of coursesupporting
the teacher's commonly usedpreseration software implies that her/his presenation
documerts are supported as well (unlessthe 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 documerts.
C4 Annotations

a) Type of annotations

such as freehand notes, graphical objects, textual and audible annotations,
referencesand other supplemenal elemeris

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)

¢) Annotations assaiated with slides (or other elemers)

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

d) Student note-taking

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

C5 Metadata

incorporation of metadata in the recordeddocumert (e.g. keywords, languageof
course, course description) to make recorded documerts accessiblefor content
managemen, alsoregarding the format of metadata

C6 Post-pro cessing
a) Video-like editing
cutting and concatenating
b) Content editing
editable slide cortent 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, sequetial replay
must be possibleto make useof the created electronic lectures, but this alone would
not be su cien t for a top-quality learning environment. Rather advancednavigation
and retrieval aspects must be addressed:



2.4 Criteria and Features 37
C7 Navigation

a) Structured electronic lectures

regarding granularity (e.g. slide-, line-, element-lased navigation) and rep-
resertation (e.g. thumbnail overview, table of contents) of identi able and
accessableslemerts

b) Random Access

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

¢) 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 demandedto achieve meaningful visible scrolling and
is suitable for other navigation features such as slide-basednavigation. However,
accessingthe beginning of) slidescanbe achievedwithout supporting random access
(e.g. storing separate les for ead slide).

C8 Information  Retriev al

a) Seartable content

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

b) Range of seardability
supporting retrieval within single electronic lectures, databasesof archived
lectures or via convertional web-seart engines

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

C9 Format of Pro duced Electronic Lectures
a) Losslessreproduction
replay content without lossin quality
b) Scalability
scaling content without lossin quality to t to di erent screenresolutions
c) Streamability

d) Format
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standard formats are preferableto proprietary ones
e) File sizeand bandwidth
supported bandwidths for streaming; le sizefor downloading
C10 Platform Indep endency

platform independert recording, post-production and replay

Many issuesa ect syndironous and asyndironous electronic lectures in the same
way. Navigational and retrieval features concernasyndronous aspects. In addition,
special requiremerts of synchronous lectures are handled in the last item of our
criteria catalog:

C11 Synchronous Electronic Lectures
a) Addressedparticipants

uni- or bidirectional (audio/video feedbad 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) Syndronization

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
(maybe specialized)evaluations, but rather it o ers a good overviewmost readerscan
probably agreewith. The suggestedcriteria catalogis derived from the recommenda-
tions of various other researd results [Lauer and Ottmann, 2002 Brusilovsky, 200Q

Kandzia et al., 2004 Mertens and Rolf, 2003 Jackson et al., 2000, which have been
mergedwith our own experiencesfrom recert years. Most items are congruert with

featureslisted by other researters, but somehave beenreformulated, combined or
segmeted 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. Consequetly this catalog revealsthe most
important features and criteria useful to evaluate and compare lecture recording
systemsin di erent aspects.

Note, that the importance of the criteria may be di erent accordingto the intendet
e-learning scenario. For example, retrievability is very important to locate certain



2.4 Criteria and Features 39

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

Virtual Network Computing (VNC) [Richardson et al., 199§ is a remote desktop en-
vironment providing accesdrom a client machine to a desktop on a server machine.
VNC was deweloped at the Olivetti & Oracle Researt Lab (ORL), which was ac-
quired by AT&T in 1999and sincethen called AT&T Laboratories Cambridge. As
part of AT&T's global restructuring of researd, the industrially funded part of the
Cambridge Laboratory was closedin 2002. Howewer, the original inventors of VNC,

the team around Andy Hopper, professorof Computer Tednology at the Univer-
sity of Cambridge, cortinued to develop and maintain VNC under a newly founded
compary called RealVNC [RealVNC, 200§. BesidesRealVNC there are other full-

featured VNC implementations, for instance TightVNC [TightVNC, 2004, Ultra-

VNC [UltraVNC, 20064 or OSXvnc [OSXvnc, 2006, which o er various enhance-
mernts like e cien t compressionalgorithms, encryption or le transfer. There are
also numerous VNC client implementations or special purposeseners (e.g. export-

ing a single application or a graphical user interface only). Except for somespecial
featured versionsof RealVNC, all these implemertations are freely available, both

as executablesand sources.

3.1 The VNC Environmen t

In the VNC environment a serer machine, called VNC server, supplies an ertire
desktop ervironment 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
protocolssuc asthe X Window system,the RFB protocol is totally independen of
operating systems,windowing systemsand applications. Thus, it allows crossplat-
form usagebetweenarbitrary operating systems,e.g.accessinga Microsoft Windows
desktopfrom a Linux machine or an Apple Macintosh from Sun Solaris. Besidesvar-
ious VNC implemertations for seeral operation systems,a client implemented as
a Java applet o ers accessto any VNC Sener 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 Framebuer Proto col (RFB)

The Remote Framebu er (RFB) protocol is currently available in its version 3.8
[Richardson, 2004, which is badkwards 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 represerts a changefrom onevalid framebu er state
to another. The protocol is demand-driven by the client. That is, an update is only
sen 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 encading schemes,givesthe protocol an adaptive quality. A slow client and/or
network resultsin fewer framebu ers. Furthermore, the RFB protocolis a thin client
protocol that makesvery few requiremerts 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 userinterface 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 encaling with which the pixel data will be sert. There are
various pixel formats and encading schemesto compressthe pixel data, giving a
large degreeof 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 encalings.

In the second phase, the normal protocol interaction, the two participants com-
municate by exchanging messagesThe protocol de nes se\eral client-to-server and
server-to-client messagesmainly to notify ead other about input evernts and frame-
bu er changes,respectively. If the RFB protocol is set upon a stream-orierted data
transfer, such as TCP/IP ! (as is the casefor VNC), skipping messagesr 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, messagesre intended to be
read sequetially and in total.

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

! Transmission Control Protocol [Postel, 1981k / Internet Proto col [Postel, 19814
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pixel changeswithin the framebu er (represering the applications). Whenewer a
client requeststo update a rectangular areaof the framebu er, the serer transforms
and encales 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 rectangles of 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
sener usually respondsto a requestby sendinga framebu er update. Note however
that there may be an inde nite period betweena requestand an update and that
a single framebu er update may be sert in reply to seweral requests,combining the
requestedareas.

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

framebuffer non-incremental
=35

e LI

incremental - modified pixels
% updated pixels

updated
areas

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

Figure 3.1 shaws an example of a framebu er with somemodi ed pixels (top left).
The arearequestedby the client is marked by a rectangle. The non-incremertal up-
date (left) contains many pixels that have not beenmodi ed (sincethe last update).
For the incremertal 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 se\ven
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rectanglesand thus possiblyresultedin an overheadcausedby rectangleheaders.The
granularity of partitioning is a trade-o between processingtime and the achieved
compressionratio and varies among se\eral server implemertations.

3.2.1 Common VNC worko w

The RFB protocol speci cation [Richardson, 2005 doesnot exactly designate how
to use messageslt demandsthat the communication must start with the initial
handshaking phaseand proceedto the normal interaction stage afterwards. At this
stage,the client cantheoretically sendwhichever message# wants, and may receive
messageg$rom the serner asa result. Practically the commonVNC client and server
implementations follow a certain work o w (see Figure 3.2). At rst, the client

initial hand- secondary initialization interaction loop

shaking phase

.~ o
2 i I 2 Incremental full
S §’ 8& 3 s update request
£ I &0
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protocol £ £ 0 o3
initialization 25 /|58 [f28
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client message

|:| server message

Fig. 3.2. Work o w of common VNC implementations

partial framebuffer
updates

overrides the server's pixel format settings and speci es which encalings are ac-
cepted by sendinga SetPixelFormat and a SetEnamdings messagerespectively. This
is done before any other messages sert, and in particular before any framebu er
update request. Setting properties beforeany pixel data is interchangedassureshat
the client receivesonly pixel data it can decade, which is crucial becausemessages
that cannot be parsed or messagesf unknown types cannot be skipped due to
missing messagedelimiters. As the next step in the work o w, the client requests
a non-incremertal update of the complete framebu er by sending an appropriate
Framebu erUpdateRequest The sener responds by encading all pixel values of its
framebu er and transferring the resulting Framebu erUpdate messageo the client,
which allows the client to initialize its copy of the framebu er. Now the client's and
sener's framebu ers are syndironized. 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 incremertal way. Thus the sener has the option to send
smaller rectangular parts only, which are su cien t to keepthe 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 serner's framebu er occurs. After
the client hasreceived, decaded and displayed a framebu er update, the next itera-
tion of the loop is executed,starting with another incremertal update requestof the
complete framebu er. Soto speak, the common implementations make use of full
areaupdate requestsonly, oneinitial non-incremertal requestand always incremen-
tal onesthereafter. During the loop, input evernts (KeyEvent and PointerEvent) are
sert wheneer they occur.

3.2.2 RFB Message Types

The RFB protocol distinguishes client to server and server to client messagesAll
messagedegin with a messageype byte, followed by any message-seci ¢ data.

Clien t-to-serv er messages

The protocol speci es six client to server messagdypes:

typ e|message name
SetPixelFormat
SetEncadings

Framebu erUp dateRequest
KeyEvernt

PointerEvert

ClientCutT ext

OOk~ WNO

A client can setits properties by sending message®f the type SetPixelFormat and
SetEnadings, which specify color depth and other format issuesand a list of accepted
encalings, respectively. As those mainly occur immediately after the handshaking
phase,they can be seenas part of the initialization.

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

KeyEvent and PointerEvent forward user input everts to the sener. A KeyEvent
consistsof 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
represerting which buttons are currently pressed.Sud events are used for both
pointer movemerts and button pressesA movemert results in events with di erent
coordinates, but without any change of the button mask. A button pressand 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
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coordinates stay unchanged, otherwise the two messagesndicate the button press
and the movemert. For instance, the two consecutive events PointerEvent[(100,50)
with button 1 pressednd PointerEvent[(102,55)with button 1 released]ndicate 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-diop
(commonly drag-and-diop results in more position changesin between) or just a
little inaccuracy while pressingthe button.

Finally, there are ClientCutT ext messageswhich transfer text from the client's clip-
board to the senwr.

Server-to-clien t messages

In the opposite direction four serer to client messageypesare available:

typ e|message name
0 |Framebu erUp date
1 |SetColourMapEntries
2 |Bell
3 |SenerCutText

The ServerCutText messagédype is the counterpart of ClientCutT ext and is usedto
transfer the sener's clipboard contents to the client. The Bell messageype is very
simple without any content other than the type byte and is sert to ring the system
bell asusernoti cation. A SetColourMapEntries messageontains a sequencef color

valuesto specify the color mapping to be applied to pixel values(not supported by
someVNC implemertations).

——= message type [ 0= Framebufferlindate |

padding
—= number of rectangles

':S,:g rect. 1 rect. 2 rect. 3 rect. 4

type
pad

xpos | ypos | width  height | SR pixel data

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

The most frequertly used and most important messagetype is the Framebu er-
Update (Figure 3.3). An update messagess sert in responseto a Framebu erUp-
dateRequestfrom a client. Each update consists of a number, which speci es how
many rectanglesare included, and a sequenceof that many rectangles,all of which
cortain encaled pixel data supposedto be copiedinto the client's framebu er. The
common part of all rectanglesspeci es the (x;y)-position where the pixel data is
to be placed, its width and height, and the applied encaling scheme. It is followed
by pixel data encaded by the given scheme. As there are no delimiters provided by



3.2 Remote Framebu er Protocol (RFB) 47

the protocol, rectangles cannot be accessedndividually, but only sequetially (by
parsing all previous rectangles).

3.2.3 Pixel Format

A pixel format describeshow pixel valuesrepresen 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 byte order (little or big endian), color depthand bits-per-pixel.
The distinction betweencolor depth and bits-per-pixel may not be evidert. In most
caseshey are equal, however it is commonto store 24-bit color valueswithin 32-bit
elds to respect 4-byte borders.

3.2.4 Encoding Schemes

An enading schemespeci es the compressionalgorithm that is applied to encade
pixel data. The selectedschemein uences various parameterssuc asnetwork band-
width, client drawing speed and server processingspeed. The Raw enading, that
simply consistsof width height pixel valuesin left-to-right scanline order, can be
processedvery fast by both sener and client, but obviously results in heavy band-
width usagedue to the lack of compression.This makesraw encading suitable for
local connectionsto the same machine with practically unlimited bandwidth, but
unusable for slov modem connections. Advanced encading schemeslike tight? or
ZRLE® oer good compressionrates, but demand more processingpower, which
might be unsuitable for a VNC viewer running on a slovw PDA. Except for the
JPEG option of the tight encading, all encadings usedby the RFB protocol provide
losslesscompression of pixel valuesand therefore o er optimal image quality.

Sewral RFB encaling schemesuse a two-dimensional extension of run-length en-
coding (RLE), called rise-and-run-length (RRE). The run-length encading storesse-
guencesof the samedata value as a single data value and a court giving the length
of that sequenceln its two-dimensional cournterpart the count is substituted by a
rectangle specifying a subregion of the data array to be lled with the given data
value. Sudh an encaling is most e ectiv e for data that cortains many regions lled
with the samevalue, which is the casefor most graphical user interfaces as they
are mainly assenbled by simple graphic images. The basic idea behind RRE is the
partitioning of a rectangle of pixel data into rectangular subregions(subrectangles)
ead of which consistsof pixels of a single value and the union of which comprises
the original rectangular region. The CoRRE#, Hextile and ZRLE enading schemes
are variations of RLE or RRE.

2 special encading used by the TightVNC implementation [TightVNC, 2006
8 ZRLE = Zlib Run-Length Encoding
4 CoRRE = Compact Rise-and-Run-length Encoding
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3.2.5 Hextile Encoding

The Hextile enaoding is a variation of the RRE encading and is of special interest for
this work. A rectangleto be encaded is split into smaller subrectangles,called tiles.
Limiting tiles to 16 16 pixels allows the dimensions of ead subrectangle within
a tile to be specied by 4 bits per value, 16 bits in total ((x;y)-position, width
and height). Partitioning a rectangleinto tiles is donein a predetermined way and
therefore no position or size of ead tile hasto be explicitly speci ed. The encaded
contents of the tiles simply follow one another starting at the top left goingin left-
to-right, top-to-bottom order. If the width of the ertire rectangle is not an exact
multiple of 16, then the width of the last tile in ead row will be correspondingly
smaller. Similarly, if the height of the ertire rectangle is not an exact multiple of
16, then the height of ead tile in the nal row will alsobe smaller. An example of
hextile ordering and sizesis showvn in Figure 3.4. A framebu er update of 93 68
pixel valuesis partitioned to 30 hextiles. The hextiles of the last column and the
last row are smaller than 16 16 pixels.

0 16 32 43 64 80
O i1 Hextle |2 Hextle |3.Hextle |4 Hextle |5 Hextle 6. Hextile |
! 1
1 16x16 16x16 16%16 16x16 16%16 13%16 !
' 1
R I D R D !
16 : 7. Hextile |8 9 10 11 12 '
1 1
1
i 16x16 16x16 16x16 16x16 16x16 13x16 !
i !
e 1
32113 Hextile | 14. 1. 16. 17, 18. :
! d
i 16x16 1616 1616 1616 1616 13x16 !
‘ 1
! )
48119, Hextile | 20. 21, 22, 23, 24, !
! i
i 16x16 16x16 16x16 16x16 16x16 13x16 !
1 1
I 1
USSR (R R R S
64125 16x4 _ 126.16x4  127.16x4__ 128.16x4 1290 16x4  |3013x4 |

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

Each tile beginswith a sukenoding type mask and is either encaled 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-right scanlineorder. Otherwise ead tile will | depend-
ing on the given ags | specify a badkground pixel value and/or a foreground pixel
value for the ertire tile. If any value is not explicitly specied for a given tile, the
appropriate value of the previoustile 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 cient to specify one
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foreground color for all subrectangles.The contained pixels can be encaded by speci-
fying four subrectangles(givenasf (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 previous colors
result in a very compact compression.

Fig. 3.5. Hextile with subrectlangles

3.2.6 Limitations

Accessinga desktop on the framebu er levelis not only independert of the operating
and windowing system but furthermore is independert of the applications running
on the accesseddesktop. Hence, any application and thus also any documerts can
be preserted regardlessof the document format. Due to the losslesscompression a
perfect reproduction of the preseried material is ascertained.However, losslesscom-
pression cannot achieve asgood compressionratios aslossyencalings. Nevertheless,
rather good compression ratios can be achieved, especially for slide preseration.

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, elemeris 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-
mernts, but the usershould avoid to place a high resolution image aswallpaper of the
desktop, preserting slideswith a slide badkground that makesuseof color cycling or
preseriing movies scaledto fullscreen. Solid coloring should be preferred whenewer
possible.

3.3 Distance Learning based upon VNC

In the nal section of this chapter, we evaluate the suitability of the Virtual Net-
work Computing systemand the Remote Framebu er Protocol as basisfor creating
a distance learning environment. We compare VNC's featureswith our criteria cat-
alog (Section 2.4.1) and expose a ws and drawbadks, which must be eliminated or
circumverted in order to produce synchronous and/or asyncronous electronic lec-
tures.

Flexibilit 'y

VNC o ers remote accessto a graphical desktop and thus the desktop's cortent.

Sincedesktop grabbing is doneon a framebu er basis,VNC is very exible regarding
preseration content. There is no restriction in the choice of applications that canbe
used, which are for educational issuesthe teacher's favorite presenation software,
webbrowsers, additional visualization tools or whatever software is neededfor a
course. Furthermore, any dynamics of applications are presened as well as pointer

movemerts. Any application dependert annotations, which are visible on screen
during lecture, are also presened dynamically.

Displa y Qualit y

Most image and video compressionmethods are lossyto achieve smaller le sizesor
lower bandwidth, thus making them unsuitable to compressthe visual appearance
of graphical desktops. In cortrast, the encaling 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
encalings (except tight) are lossless.The loss causedby 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 badkground 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 Replay

Although the RFB protocol is not originally intended for recording, it can eas-
ily be extended for that purpose.[Li and Hopper, 1998 introduced a VNC ses-
sion recorder, which is seamlesslyintegrated as proxy betweena VNC sener and
a VNC viewer. The proxy logs RFB messageplus additional timestamps specify-
ing the delay sincethe beginning of the recording. Afterwards the message<an be
sequettially replayed at the samerate aswhen they were recorded. Further publica-
tions of the VNC dewvelopmert team addressindexing [Li et al., 20004 and retrieval
[Li et al., 19994, but by no meansful ling today's requiremerts. Advanced play-
bad featureslike slide basednavigation or full text seard remain unconsidered.

Synchronous Scenarios

VNC is designedfor remote desktop accessn a scenariowherea singleuserinteracts
with applications running on a serwer via a network. However, a seconduser (a
student), whose client is connectedto the same VNC sener, is able to obsene
any work done by the rst one (the teacher). The student can survey any pointer
movemert, any button press,any meru selectionand watch how the graphical user
interface responds to the interactions made by the teacher. If allowed, the studernt
himself/herself can eveninteract with applications under the guidanceof the teacher.
Providing an audio channel betweenthose two participants, a one-on-onedistance
teaching environment is set-up.

While a VNC serwer cansupply seweral clients with a copy of its framebu er, it is not

a very scalableinfrastructure. In order to respect di erent properties and process-
ing speeds,ead client must be fed separatelywith an individually transformed and

encaded copy of the sameframebu er. This is not a sewererestriction regarding the

intention of VNC to provide remote desktop accesspecausemany usersinteracting

with the same desktop at the sametime is not very reasonable.Howewer, in the

context of distance learning a scalableinfrastructure is demanded.Extend the sce-
nario described above to a virtual classram, wherethe teacher's desktop should be
visible via network for many students. Controlling accesss available to the teacher
exclusively and studerts participate on a courseby using view-only clients connected
to the teacher's desktop. A VNC sener might be able to handle up to 20 clients, but

is unable to supply hundreds of students, becausethis would causeheavy network

trac and a high processingload to encade and transfer all pixel data.

Transparen t Integration

The VNC technology can be seamlesslyintegrated into a computer basedpresena-
tion scenarioby starting a VNC sener, which exports the presernation computers'
graphical desktop. Every RFB compatible client is able to accesshe graphical out-
put now, either for recording asyncronous 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 badkground 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 create a distraction and the VNC
desktop can be accessedike 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 suitability of VNC asa basisfor 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 preseriation software) running on arbitrary operating systems
during lectures or other courses.Thus, VNC is very exible regarding presertation

cortent (Criterion C3) and dynamic annotations (C4b). The RFB protocol (C9d

o ers lossless(C9g and e cien t (C99 compressionof a graphical desktop. Due to

the availability of free VNC implementations and the cross-platform design, VNC

is applicable in a platform independert 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 Transpaency strate-

gies.

However, any support for handling audio and/or video streams is missing (Crite-
ria Cl and C2). At least audio is essetial, 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, 19983 suggestedthe use of an
additional telephoneline. Furthermore, video conferencingsoftware, such asthe Ro-
bust Audio Tool (RAT) [RAT, 2004, could transmit the verbal narration. However,
an integrated solution is rather preferable, becausetoo many separateapplications
may confuseusers|E elsb erg and Geyer, 1999.

As numerousproto colsand encadings have beendesignedto record or transmit audio
and video data it shouldbe possibleto nd suitable ones,which canbe combined with
or integratedinto VNC to ful ll the givenrequiremerts. Sinceaccessingtransmitting

and recordinga VNC desktopis not a ected by a particular way of integrating audio
and video streams,we will discussthis topic later (while addressingimplemertation

issues)in Section9.6.

A more seere restriction to building up a distributed virtual classraom scenario
is the very limited number of simultaneous usersthat a VNC serer can handle.
Chapter 4 describeshow the VNC ernvironment and its RFB protocol canbe modi ed

and extendedto widen its scalability in away that ful lls the requiremerts of setting
up a virtual classraom ervironment (C11).

Furthermore we have to addressVNC's recording facilities. Logging messagesand
the time of their occurrencesallows VNC sessionsto be recorded. Unfortunately,
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playback is rather limited to sequetial replay of these logs. Instead, we are in-
terested in advanced navigational (C7) and retrieval (C8) features. How to achieve
such features for pixel-based VNC recordingsis discussedin Chapters 7 and 8. As
advanced playback can benet 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., 1999 is de-
signed and commonly used to accessa remote desktop, which is provided by the
VNC sener, from a single distant VNC client. However, seweral clients can be con-
nected to the same sener. In this case,the desktop is shared among the clients,
which meansthat ead client will display and, unlesssetto the view-onlymode, also
accesghe sameremote desktop. A client can requestto be connectedin the shaed
mode and, if granted by the senr, all other clients that are connectedin parallel
stay connectedaswell. If a client requestsexclusive accesgo the desktop, the server
can either disconnectall other clients or reject the request and thus the incoming
connection. As the client's properties are often set to request exclusive accesshy
default, although this may not be explicitty demandedby its user, it may be advis-
able to set the sener's always shaed option (o ered by most implemertations). 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.lt is a critical issue how to handle
incoming connectionsin our intention of providing electronic lectures. Consider a
VNC sessiorrecorderimplemented asVNC client connectedto a VNC server whose
always shaed option is disabled. The recording processwill be terminated wheneer
another client connects,but its user has forgotten to setthe shaed option.

Furthermore, the latest VNC serer implemertations support two kinds of con-
nections, one for view-only clients and one for full access.This is useful for dis-
tributed classram scenarios.As clients are distinguished by di erent passwords,
the view-only password can be handedto students without o ering them accessto
the teacher's desktop. Hence,a VNC desktop presertation can be easily distributed
to the world wide web, if combined with verbal narration, for instanceby useof video
conferencingsoftware (such asRobustAudio Tool (RAT) [RAT, 2004 and Videocon-
ferencing Tool (VIC) [VIC, 2004). 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 oneto processa video.

Although the VNC architecture allows multiple clients to share the same desktop,
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. Point-to-P oint Comm unication: Existing VNC implemertations are based
on connection-orierted communication, which only allows one-to-onetransmis-
sions. In order to supply 100 clients with an update of 100 kbytes the serer's
outgoing tra c will increaseto 10.000kbytes. For a distance learning ernviron-
ment supplying a large number of students, a more suitable one-to-mary or
many-to-many communication is preferable. Furthermore, the number of simul-
taneousconnectionsof the server machine may be limited by system properties.

2. Individual Client Prop erties: During initialization, ead client species its
pixel format and the set of encadings it can handle. The server must trans-
form and encale eat framebu er update for ead connection accordingto the
properties of the respective client. Obviously, if many clients are connected si-
multaneously, individually supplying eac client requires huge server processing
power due to many parallel transforming and encading tasks.

In order to circumvent the high processingneedsa network could be designed,where
clients do not directly connect to the teacher's VNC senwer, but rather commu-

nicate with proxies [Li and Hopper, 19983 Li et al., 1999h Li et al., 20004. One
could create a scenariowhere the main VNC sener suppliesa manageablenumber
of proxies, which are connectedas VNC clients. These proxies act as (intermediate)

VNC senersand distribute (a copy of) the framebu er to the studerts' clients. Par-
allel proxies could handle more clients and a multi-staged cascadeof suc proxies
could be establishedif necessarybut would causea little extra delay for ead level.
The processingpower necessaryto individually serve all clients could be distributed

among the proxies. In order to use existing software componerts instead of newly
implemerting the proxy, a VNC viewer running on a VNC serwer could be used.
However, besidesthe huge amount 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 betweentwo points on such a network. Nevertheless,
a bandwidth problem will occur when all proxies are located within the samenet-
work segmem, where all outgoing connectionsare handled by a single router, which
therefore becomesthe bottleneck.

[Li et al., 20004 introduced a one-to-mary communication for the VNC ernviron-
ment by seamlesslyplacing a proxy betweenthe 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 ead client beforeforwarding a sin-
gle (merged) requestto the server. This ensuresthe rate of requeststo be that of the
slowestclient, but unfortunately delaysthe 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 serwer's point of view, there is only one single client,
which is the proxy.

[Li et al., 2000 experimented with four VNC clients that were connectedvia a
proxy to one VNC serwer. The proxy forwarded server messageso multiple clients
via multiple point-to-p oint connections. They measuredthe averagedata transmis-
sion rate for ead client while performing certain tasks. During the tests one to
four clients were connectedsimultaneously. This exposeda drop of the averagedata
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transmissionrate of up to 50%when four clients were connectedinstead 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 somesegmets of the network that haveto carry multiple identical

ows [... and because...] more clients usually cause more congestion and delay”

[Li et al., 20004. One hasto admit that the bad performancewas not only caused
by the number of clients, but alsocausedby the unnecessarilyhigh bandwidth usage
due to sendinguncompressediramebu er updates (Raw encading) and the process
of merging requests,which waits for the slowest client. Nevertheless,their solution

does not fulll our demands of scalability in order to support a large number of
studerts. 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 serner and client implementations or implemerting a new client (in
fact a proxy is a client from the server's point of view) is preferablein comparison
to modifying or re-implemerting a VNC server. Due to the thin client ideology of
the VNC architecture, it is much easierto implement a client (perhapsin a platform
independert programming language). Furthermore, the dependenciesof the server
towards the windowing and operating systemare unlike higher than the dependen-
ciesof the thin client. Hence,modifying the serner's functionality while providing a
platform independent solution requiresto adapt all the implementations of seweral
operating systemsand do so, not only once,but for ead future release.lmplement-
ing a platform independert thin client or modifying one of the open sourceclients
preserving compatibility with original VNC implementations allows our componerts
to be integrated into standard VNC environments In fact, the dewvelopmert 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 synchronouselectroniclectures, rst we discusshow to limit individual handling
of clients and merge the communication of parallel connectionswith the aim to
reducethe processingload of the server. Secondly we exposethe requiremerts 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 ernvironment and its
RFB protocol to work in a scalableone-to-mary 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, encaded and sert for ead existing client accordingto its individual proper-
ties regarding the requestedpixel format and which encadings are supported. Such
individual handling of clients obviously requires huge server processingpower due
to many parallel transforming and encading tasks if many clients are connected
simultaneously. Considering that most VNC viewer implementations are very sim-
ilar (or userseven usethe 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-
sibility 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 sert almost simulta-
neously Having equal clients, which usethe samepixel format and consumeserver
messagest almost identical rates, a framebu er update computed as a responseto
an update requestfrom any client can be re-usedfor other clients, which presum-
ably will sendan identical requestshortly after. This is especially the caseas each
client will always set the sameupdate request during the interaction loop, which
is in particular the requestto update the complete framebu er in an incremenal
fashion. Moreover, even all other clients will setthe samerequestduring their inter-
action loop. Howewer, the high quartity of dierent pixel formats provided by the
RFB protocol may prevent the useof such sharedframebu er updates, maybe only
becausetwo pixel formats di er in just onelittle parameter, which is most probably
even insigni cant.

4.1.1 Reducing Pixel Formats

The RFB protocol o ers seweral parametersin order to individually adjust the pixel
format. Besidessetting the byte order (big-endian or little-endian), the RFB protocol
allows not only the use of seweral color depths, but also the speci cation of how to
extract red, greenand blue intensities from a pixel value by giving the number of
bits usedfor ead color. This is doneby a max value = 2" 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 cant bit. For 16 bit pixel
values and without concerning the byte order, this already results in 128 = 153
di erent pixel formats®. Altogether for the common 8, 16 and 24 bit color depths
and regarding both byte orders,the RFB protocoloers 2 +2 ¥ +2 2° = 1001
di erent pixel formats?.

Not all pixel formats are necessarilyreasonable.The commonly used RGB color
model® 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 greenand even no bit for blue values. This format allows the
brightnessof red to be speci ed in 27 = 128di erent stepsand also supports bright
greenand yellow tones, but no blue, brown, pink, violet, orangeor turquoise colors,

! 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

% the RGB color model is an additiv e model, which combinesits primary colors Red, Green
and Blue to reproduce colors
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asdisplayed 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.
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Fig. 4.1. All colors of the 7-1-0-bit RGB format
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Fig. 4.2. True color vs. 7-1-0-bit RGB format

In consequenceapplying one predetermined byte order and (almost) uniformly dis-
tributed color bits, no more than three di erent pixel formats are needed,one for
ead of the three standard color depths (seeFigure 4.3).

8 bit: 3-3-2

16 bit: 5-5-6

24 bit: 8-8-8

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

Besidessharing a single pixel format, obviously all clients must support the same
encalings as well. However, the number of possibleencadings is considerably lower
than the number of pixel formats. The RFB protocol speci cation in its version 3.8
[Richardson, 2005 speci es six encadings for framebu er updates (Raw, CopyRect,
RRE, CoRRE, Hextile and ZRLE), evenincluding a deprecatedone (CoRRE), and
two so-calledpseudo-encdings (Cursor and DesktopSiz¢, which encade the mouse
cursor or switchesto another desktop resolution. These are the encadings speci ed
by the RealVNC team, which o cially releasesthe RFB protocol speci cations.
Furthermore, three additional encadings (zlib, tight and zlibheX) and seweral pseudo-
encalings are registered (created by dewelopers of other VNC implemenrtations).

In the original VNC work o w ead client speci es which encadings it supports. In

order to supply all clients with the sameupdate messagesywe must either statically

ensurethat all clients support the same set of encadings or the framework must

dynamically agreeon the least common subsetduring communication. A dynamic
agreemen can be achieved by seamlesslyplacing a proxy betweenthe VNC sener
and its clients. The proxy suggestedby [Li et al., 20004 lters all SetEnadings
messagesnd thus implicitly agreeson the Raw encading, which must be supported

by all clients regarding the protocol speci cation. Although not explicitly mertioned,

obviously their clients must also agreeto a single pixel format as we have suggested
in the previous section.

Unfortunately, agreeingto the Raw encaling is very ine cien t becauseit provides
no compressionof the pixel data. Rather the proxy should coalesceall incoming
SetEnmdings messagesnd sendan appropriate SetEnamdings messagdo the VNC
senerwhenewer a client connectswhich doesnot support all of the currently speci ed
encadings. Sudh a dynamic agreement will serve ne unlessthe intersection of the
encalings 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 ervironment 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 encading schemasand thus the
static agreemen ts ne.

4.1.3 Combining Framebuer Up date Requests

The proxy provided by [Li et al., 2000 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 freezesthe erntire 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 serer, the higher
number of requestscould possibly causea deadlock if the serverimplementation relies
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onthe commonwork o w of alternating requestsand responsesBut this shouldrarely
be the case,sincethe protocol speci cation statesthat a single update may be sert
in reply to seweral requests.Howewer, the higher number of requestswould increase
the rate at which the server createsframebu er updates. If ten clients requesttheir
framebu er to be updated and all ten requestsare forwardedto the VNC senwer, the
sener will read and answer the rst request. As the other requestsare bu ered the
sener is free to immediately send nine further updates instead of waiting until the
clients have received, decaded and displayed the rst framebu er update message.

One could alsoimagine a sceneriowherethe proxy generatesa requestafter ead for-
warded framebu er update messagepr a scenarioof a VNC serer sendingupdates
wheneer its framebu er is modi ed without waiting for a request. We have tested
the rst scenarioand spotted that updatesweresert faster than areal VNC client is
able to consumeand display them. This was the casewhenewer many large updates
occurred within a short time span. For instance, we dragged a window for se\eral
secondsin circles over the desktop. The client received, decaded and displayed all

framebu er updates, but at a lower rate than they were generated by the sener.
In consequencethe surveyed window movemen 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 decaling of the previously sent messagesausedby 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 updateswaslessCPU 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 movemert will be suddenly and surprisingly fast. Therefore, it

is advisableto setrequeststhat are generatedby a real VNC client, which meansa
client that really decadesand displays all framebu er updates.

Neither forwarding all requests,sendingupdates without requests,nor merging re-
questsof 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
messagesit is su cien t if only one client, in our classram scenariosupposedly the
teacher's client, generatesrequestsand the responsewill immediately be delivered
to all other clients aswell. 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
messagesNote 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 givesto impressionthat the computer has stuck, which is (sadly) common
to most users. The faster replay of bu ered messagess relieving sinceit o ers the
impressionthe 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 messagesire 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 decade and display framebu er
updatesin order not to increasethe rate of updates. Suc 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 encading 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 unnecessarilylarge
number of possiblepixel formats to an unitary standard or at leastto three or four
standardized formats (e.g. for di erent color depths). Furthermore, all clients must
agreeon a collective set of encalings, which has to be supported by ead client.

The agreemen can be achieved either dynamically or statically. Besidesomitting

individual properties, individual requestingis eliminated aswell. A single privileged
(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-orierted communication
protocol that only o ers one-to-onedata transfer and therefore causesheavy band-
width usageif supplying many clients in parallel. The experiments described by
[Li et al., 2000 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 sends packets separately to ead recipient, which is similar to an
ordinary mail delivery or, for two-sided connection-orierted protocols, a phone call.
In order to sendthe samedata to multiple recipients, the sourcemust sendmultiple
copiesand ead copy must traversethe network separately betweenthe sourceand
destination, which obviously is very ine cien t.

The opposite is broadast where one senderreaches many recipients analogousto a
television or radio transmission. For computer networks, broadcastsare highly inef-
cient, becausethe ertire network is o oded with data padets reaching all possible
destinations, regardlessof whether anyoneis interested or not. Therefore, broadcasts
are generally Itered (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 reac all
clients, one copy of the data is routed along eath 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 messagesthe commonVNC implemen-
tations are basedon streaming data transfer. Client and server communicate via two
reliable streams, one transfers the client-to-server messageswhile the other handles
the opposite direction. The streamsbu er incoming messagesintil they are read by
the corresponding consumer.The senderfeedsthe stream and the receiver consumes
byte after byte while reading and parsing the incoming messagesA VNC sener
can start writing a framebu er update messagewhile encading is still in progress
and the receiving VNC client already starts displaying the update while decding it,
although it has not received the full messaggmaybe the sener is still encading!).

The Transmission Control Protocol (TCP) [Postel, 19814 usedby VNC implemen-
tations is a connection-orierted 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 padkets). Unfortunately it only supports one-to-many data transfer. Also each
client connectionis establishedduring initialization and then is held during the com-
plete sessionwhich might be a problem if the number of feasiblesimultaneous TCP
connectionsof the server is limited.

For time-sensitive applications (such as video conferencing) TCP might not be ap-
propriate as,due to in order padket delivery, the recipient cannot accesghe pacets
coming after a lost packet until the retransmitted copy of the lost padket is received.
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For real-time applications it is more usefulto 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 piece of 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 ensuringin order padket delivery will probably
result in a stumbling voice, which is hard to follow for the audience.

The User Datagram Protocol (UDP) [Postel, 198(Q is a connectionlesdransport-layer
protocol that doesnot provide the reliabilit y and ordering guaranteesthat TCP does.
Instead of building a stream, UDP transmits data by sending padkets called data-
gram, which are sert in a best e ort manner. Datagrams may arriv e out of order or
canbe lost without notice. Without the overheadof cheding if every padket actually
arrived, UDP is faster and more e cien t for many lightweight or time-sensitive pur-
posessudc astransmitting 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-mary and even many-to-many communication postulated for distance
learning environments in order to enlarge scalability [E elsb erg and Geyer, 199§.

In order to enablemulticast transmissionsfor VNC, a shift from TCP basedreliable
in order streaming communication towards unreliable packet oriented UDP transmis-
sion is inescapable.Therefore RFB messagesnust be packed into UDP datagrams
instead of being delivered via streams.In consequencewe must respect the allowed
maximum size of datagrams and regard the impacts of padcet 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 erent platforms. Our testings
discoveredan apparertly \non deterministic" behavior regarding UDP padkets 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 Il UDP padketswill fail assoon asonepadket is lost or received out
of order, which canoccurasUDP is abeste ort and not areliable protocol. Consider
four RFB messagesplit into six datagramsasshown in Figure 4.5. A recipient that

— Bk —+— B4k—+— 64k —— 64k —— 64k —— B4k —
mljsg 1 msg 2 msg 3 msg 4
1 2 ; 3 4 : 5 ! 6

Fig. 4.5. Splitting messagego 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 probability. Numbering the datagrams by adding increasing
sequencenumbers allows the detection of padket loss.However, asit is impossibleto
determine the beginning of another messagedue to missing messagealelimiters, the
recipient is evenincapableof parsing messagao. 2 although it is completely included
in datagram no. 3. Datagram no. 6 is valid on its own asit exactly contains a single
messageHowever, if the previous messages lost, it is almost impossibleto detect
whether the datagram beginswith a messageor not. Again the parser assumeshe
received data to be part of the un nished previous messageThe splitting of RFB
messageso UDP datagramswill always be doomedwheneer 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 lossit is even better if ead datagram contains only complete
messagesywhich are valid on their own, becausethis reducesdatagram dependencies.

In order to ensurethat UDP datagramscontain completemessagesit is necessaryto
determine the beginning and the end of each messageMessage®fa xed length, for
instancethe KeyEvent, PointerEvent or Bell messagescan be readin total oncethe
messageype is determined be reading the messagdag. Detecting messageborders
of other than xed size messageslemandsthese messageso be completely parsed,
becausehe RFB protocol neither explicitly speci es the length of the following data,
nor doesit o er delimiters to separatemessage$rom ead other. Unfortunately, this
preverts the handling of complete messagesnd also skipping of unknown messages,
which would enablea better extensibility of the RFB protocol. In the designedVNC
context, lengths or delimiters are not neededas all messagesre read and consumed
in order. Howewer, a proxy that only forwards messagesnust parse and bu er all
messageso extract them from the incoming stream in order to padk messagesnto
datagrams.

Padking RFB messagesnto UDP datagrams demandsnot only that messagesare
distinguished from ead other, but alsothat the length of a messageloesnot exceed
the maximum datagram size,which we have limited to 64 kbytes as supported by all
operating systemswe have tested. The v e xed size messageypeshave lengths of
1to 20 bytes (seeTable 4.1) and henceare unproblematic. A SetEnamdings message

message typ e max. size (in bytes)

SetPixelFormat 20

Framebu erUp dateRequest 10

KeyEvent 8

PointerEvent 6

Bell 1

ClientCutT ext 8+ 2%, 64k if truncated
ServerCutT ext 8+ 2%, 64k if truncated
SetEncodings 4+ 4 2®  1064for registered encodings
SetColourMapEntries 6+ 2% rarely used (for many colors)
Framebu erUp date > 64k

Table 4.1. Maximum lengths of messages
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can theoretically be 4+ 4 number of encodings= 4+ 4 26 bytes long. However,
regarding that the speci cation lists nine registered encading typesand 256 values
for pseudo-encdings, a maximum of 265 values and thus a maximum length of
4+ 4 265= 1064bytesis practically relevant. Generally, a client will setonly a few
encalings and maybe somepseudo-encdings, which specify additional parameters
for the encalings. ClientCutT ext and ServerCutText messagesre usedto transfer
ISO 8859-1(Latin-1) encaded ASCII text from a client's clipboard (or cut bu er) to
that of the server or vice versa. The messagdength depends on the length of the
text. As the protocol allows the length to be specied by 4 bytes, the theoretical
length of text can be 2%2 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 sud 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 padking 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 sererimplementations do not support this messagedypeat all. The theoretical
maximum length is 6+ 6 number of colors = 6+ 6 2. Howewer, de ning that
much colorsis not very meaningful. An appropriate pixel format is able to cover (at
least most of) the speci ed colors aswell and should be usedinstead. Hence, most
of the RFB messagest into one UDP packet easily However, framebu er update
messagesnay and most probably will exceedthe maximum size of a datagram.

4.2.4 Splitting Framebu er Up dates

Framebu er updatesmay betoo large and will result in truncated message# padked
into UDP. The sizerestriction canberesolved by splitting thoseupdatesinto smaller
ones. In order to avoid dependencies,eat 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 messagecorntains multiple rectanglesit can be split into
seweral updates containing only a subsetof theserectangles.If a single rectangleis
still too large to t into an UDP packet as a whole, it must be split into smaller
rectangles. Certainly it is always possibleto decade 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
unencaded framebu er. Rectanglesof pixel data must be determined that will t
into datagrams after being encaded. Choosingvery small rectangleswill increasethe
overheadfor messageheaders.A coarse-grainedpartitioning may result in messages
that exceedthe given maximum size again and therefore must be split again, which
producesfurther processingloads.

Additionally it must be taken into accourt, that some framebu er encadings de-
pend on data earlier sert. So is the casefor the ZRLE encaling, 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-
coded messagesire compressedy useof a singlezlib stream, which achievesa better
compressionratio but unfortunately demandsall ZRLE encaded data to be encaded
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and decaded strictly in order [Richardson, 2005. Decompressionmay require previ-
ously sert data and therefore may fail if any part of the zlib streamis missing, which
may occur due to packet loss. The sameis the casefor the zlib, tight and zlibhex
encalings. Therefore, encalings that apply zlib compressionto data of sequetial

messagesre unsuitable for unreliable UDP transmission.

Another encaling type that relieson previous data is the CopyRect encaling, which
only speci es a rectangular area of the framebu er to be copiedto another position.
Unlik e encadings which are basedon zlib streams,the CopyRect encading will not fail
if previous messagesire lost. However, copying other than the expected content may
lead to (even more) incorrect framebu er content. In cortrast, Raw, RRE, CORRE
and Hextile encaded 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 decaling, subdividing and re-encaling large framebu er updates, they
can be split and repadked regarding their encading scheme. A new messageheader
must be generated for ead part, but the data of the messagecan be reused by
applying little adaption. The Hextile encading is a suitable candidate.

4.2.5 Splitting Hextile Enco ded Rectangles

Hextile encaded rectanglesare subdivided into tiles of 16 16 pixels, which are en-
coded in left-to-right top-to-bottom 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 size of a raw encaded tile, which consistsof a one byte header
followed by a sequenceof pixel valuesfor 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 correspondsto a desktop width of 2032
pixels, which should be su cien t for common desktops.Even the width of 1008 pix-
elsfor 32 bit valuesshould rarely causeproblems, asthe probability of reaching the
maximum sizefor 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 padket.

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

buffer rectangle header;
set marker on buffer;
for each tile {
read and buffer tile;
if tile exceeds datagram limit {
if marker points to beginning of buffer {
[*  splitting single row */
create new framebuffer update message
of all buffered tiles omitting last one;
} else {
/* split after complete row */
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 messagesnd rectanglesmust be set for the newly created
framebu er update messagesThe messageheader consists of the messagetype,
which is the Framebu erUpdate type, and the number of following rectangles,which
is one due to encading single rectangles only. The rectangle header speci es the
X,y-position as well as the width and the height of the encaled rectangle. Due to
the predetermined tile numbering and ordering (see Figure 3.4), these values can
be easily computed regarding the number of previously sert and the number of
cortained tiles. Splitting the rectanglewith given coordinates and dimensionsto four
parts asshownn Figure 4.6, will result in the four rectangleswith given positions and

(25,70) } 150 |
1
2 3
4

original color tags | 4 | foreground

d | background

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 sequencegthe rst tile of
the next row) would break the mandatory rectangular shape.

(25,70) | 150 |

(25,102} 112 [(137,102)F———38——]

(25,118) I 150
N

42 A e ]

original color tags |

foreground i $% copied color tags
background @ @ :

Fig. 4.7. Coordinates and dimensions after splitting

Furthermore, someadaption of the rst tile of eat new partition is needed.That is

becausecolor tags are not speci ed for ead tile. In a sequencedf tiles, the foreground

and badkground color is speci ed onceand valid for all following tiles until reassigned.
If an existing update messages split, it can only be assuredthat the rst of the

newly created update messageswhich contain the rst part of the original message,
hasvalid fore- and badkground colors assigned.Therefore the color valueshaveto be

acquired and addedto the rst tile of eadh new rectangle. Color information can be

easily determined and bu ered during messageparsing. Figure 4.7 displays the color

tags that have beenadded to the rst tile of ead 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 badkground color must be assignedadditionally . Note that the badkground color

that is specied 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-orierted to padket-oriented transmission, indi-
vidual messageanust be distinguished. Due to missing delimiters or information
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regarding the length of eadh 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 showved, that
bu ering of large framebu er updates can take up to two seconds.For view-only
clients suc 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 messagesnust be split anyway, asthey exceedthe maximum
size for datagrams. But splitting can be done without reading a messagen total.
Hextile encaded messagesan be split after ead line of tiles, which are 16 rows
of pixel data. Decading framebu er updates of other encading schemas also pro-
duces pixel data in left-to-right top-to-bottom order. Hence, framebu er updates
can be split and forwarded partially without parsing and bu ering them completely
in advance.

Another solution is to servethe teacher's client by forwarding the stream received by
the VNC senwer asdisplayedin Figure 4.8, which causesalmost no additional delay.
Obviously, such forwarding can only be achieved by use of stream-oriented data
transmission. However, connection-orierted 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.

Proxy

VNC Client

Message Parser
TCP -

VNC Server e e = Student Clients
Message Stream Message Datagrams

TP Teacher Clients

Bypaszs Message Stream

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

4.2.7 Format of Datagram Content

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

Nevertheless,zlib compressionis usefulin order to reducethe network load, but must
be applied to eat single datagram. Hence, we must use an individual zlib stream
for eadh datagram instead of using one zlib stream for the erntire communication.
As the compressionratio is rather low if applied to short sequencesf data, only
large datagrams should be compressed.Hence, eath 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 thuswill 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 range of sequencenumbersto 128and thus a headerof one byte
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.

E) compression

sequence number MODULE 128 flag
bit 1-7 bit 8

b) [ 1 1 \ |
message #1 ' message #2 ' message #3 ' message #4

Fig. 4.9. Datagram with header and size tags

Considering the format of the datagram content, this one byte headeris su cien t
regardlessof whether eac datagram contains a single RFB messageor a sequence
of messagesHowever, we suggestadding a size tag preceding eadh messagewhich
speci es the length of the following data as givenin Figure 4.9b. This enablesfaster
messagehandling at client side becauseit allows erntire messageso 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 ead datagram. Whenewer a datagram is received without
having received the previous one, a padet loss may have occurred or the missing
datagram may be delivered later. The loss of client to server message®f the type
KeyEvent and PointerEvent are not crucial, but annoying becausethey aect a
teacher's interaction with the desktop. The loss of such everts result in an unre-
sponsive desktop and actions must be applied again. The clipboard feature is rarely
used and therefore a loss of ClientCutT ext messagesvill most probably stay unno-
ticed. Losing a SetEnadings messages also non-critical, becausetransmission stays
unchanged. In contrast, the loss of a SetPixelFormat messagea ects the commu-
nication badly becausethe client expects all subsequen pixel data to be encaled
by the speci ed pixel format but the server will still usethe previous encaling. At
best, the displaying of framebu er updatesis messedup due to applying a wrong
color mapping. If the new format has changedthe color depth or speci ed another
number of bits per pixel, the communication will fail soon after in all probability.
If Framebu erUpdateRequests are lost, the communication will freeze,becausethe
sener will assumethat the client is not ready to processmessagesnd 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 messagess not very
practicable. However, when designing a new client implementation regarding the
previously suggestedagreemen on the pixel format and encalings, the SetPixelFor-
mat and SetEnmdings messageypescan be eliminated. If the proxy generatesthe
Framebu erUpdateRequests (in an appropriate manner) even the freezing problem
is circumvented, but the lost event messagewill still be annoying.

Considering the scenario of a single teacher (or maybe even a few teachers) that
interacts with the desktop and the vast majorit y of clients (of students) connectedin
aview-only fashion, it will have almostno e ect on the scalability of our environment,
if the teacher's client will be connectedto the server (or proxy) via the reliable
connection-orierted TCP protocol asis 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 represenation of the framebu er updates, but unlike lost SetPix-
elFormat messageswill not causea failure while parsing subsequeh messagesAs
the SetColourMapEntries type is rarely supported and may be disabled at server
side, message®f this type can be eliminated. The last and most important server-
to-client messagéype is Framebu erUpdate. Losing updateswill result in outdated
framebu ers onthe client side. The outdated areacould be requestedagainin a non-
incremental fashion (asthe serer assumedhat 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 messageHence,
the client can only assumea framebu er update to be missing, but without any clue
regarding which areais outdated. As the previously sen requestwas the requestto
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 ensureits framebu er
will be updated is to requesta complete non-incremertal 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 ertire framebu er content to be transmitted redundart within a
certain period. A full non-incremertal update would ful Il this requiremert, 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 size of these parts and the
frequency of their transmission determinesthe time within which all image data can
be received as additional non-incremenrtal updates. For example, partitioning the
framebu er into 24 disjoint horizontal stripes, eat corntaining 1/24 of the frame-
bu er as displayed by Figure 4.10, and sending single strip es successiely every 5
secondsensuresa redundant copy of the framebu er content to be sert every 2
minutes. This doesnot ensurethat after this delay clients have updated all image
data, becausenon-incremertal 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 padcets 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 lossand
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 Is the task of a sessionrecorder, should not
be served via unreliable communication, becausethis may produce asynchionous
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-
quence numbers, suggestedpreviously, enable the client to detect that datagrams
are missing. However, missing datagrams may be received anytime later. Lost up-
date messagegauseoutdated framebu er content at the client side. Messageghat
are received too late contain the missing data and henceshould be usedto update
the content. However, just decaling and copying the included pixel data will not
necessarilyresult in up-to-date framebu er cortent. Consider framebu er updates
with positions, dimensionsand sequencenumbers as given in Figure 4.11. The up-
datesno. 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 receivedtoo 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 rectangles of
pixel valuesto be bu ered by the client.

Another solutions is to copy only those pixels of the out of order delievered update
messagewhich are not coveredby updateswith higher sequencenumbers. This can
be achieved by computing rectangle intersectionsto determine the a ected areas.
For this approad it is su cien t to bu er rectangle headersonly instead of bu ering
ertire framebu er updates,becausehe headerscontain the positions and dimensions
of the reactangles Hence,the secondapproac causedessmemory usagefor bu ering
and less messagedecaling, becauseead messageis only applied (maybe partly)
once.

Out of order delivery of datagrams will generally not cause(update) messagego
be received much later than supposed, and if this does occur then the contained
rectanglesare probably no longer of interest becausdater updates may have already
overwritten the area. Hence,we can limit the bu er sizeto contain a few updates
only, sothat 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 decading of incoming up-to-date
messagesEspecially asthe 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 eat datagram is sert individually to
ead client's IP address.In order to limit the network trac produced by sending
ead packet sewral 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 interestedin receiving
padkets. 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 evenif the client is no
longer running. Therefore, we demanddisconnectingclients to senda short acknowl-
edgemei to the server beforeterminating. A short UDP datagram is su cien t. This
is su cien t unlessthe adknowledgemer is lost or not sert due to abnormal program
termination, system shutdown or network trouble. Thus, it is advisable that eadt
unicast client periodically sendsan acknowledgemert | an alive messagq that it
is still receiving data. The server administers a list of unicast clients, where clients
are inserted when they connectand removed when a disconnectadknowledgemert is
received or alive messagesare no longer received. In order not to disconnectclients
due to padket loss, one or two missing alive messagesshould be tolerated by the
sener. Hence, the client must timestamp the received adknowledgemens and dis-
connectclients after a timeout of three times the period betweenacknowledgemerts.
This procedure guaranteesthat (most of the time) unicast trac is produced only
if consumedby a client.

4.2.11 Client Initialization

Regarding the conceptual design of a proxy placed betweena VNC serer and our
newly designedclients, the proxy acts as VNC client and thus must connect and
initialize accordingto the RFB protocol. The initialization of clients, which connect
to the proxy, may dier.

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

During initialization a teacher's client must be distinguished from the students'
onesin order to provide full accessto the desktop or not. Furthermore, multicast
and unicast clients must be distinguished as they are serered in dierent 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
requesting a certain kind of connection: full-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-
able passwordsare provided for eadh of the three connectiontypesthe explicit request
can be omitted. Furthermore, the initialization may omit the setting of the shaed
option (as all connectionsare forcedto be sharedanyway). The initialization of pixel
data and encalings 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 concerningthe transmission of audio and
video streams, such as data type, addressesand ports usedfor transmission.

In order to ensurea reliable initialization, a TCP connection will be used during
handshaking.For the studert clients the connectionwill be closedafter all properties
are arranged. Further data transmission, which is unidirectional serer to client only,
is handled by 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 ead other. In order to serwe 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 handshaking phaseconsistsof a few dozenbytes
only and clients haveto acceptthe sener's properties anyway, initialization messages
can be interspersedinto the datagrams delivered to clients. Any client can survey
the incoming message®f a given UDP multicast addressuntil such an initialization
messageis received and attend the lecture transmission thenceforth. Obviously, no
client authentication can be established, but messagesould 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 messagdorwarding for ead client and thus knowledgeof the clients exis-
tence. Furthermore, no input everts can be sert, i.e. unidirectionally served clients
are always view-only multicast clients.

4.2.12 Framebuer |Initialization and Late Join

In the original VNC set-up, ead client placesindividual requestsand, hence,is free
to requesta non-incremertal update of the complete desktop to initialize its copy
of the framebu er. That is only practicable aslong asonly a few clients participate
in a synchmonous electronic lecture. As soon asthe number of participants increases,
they cannot be supplied with individual initial updatesanymore, becausethis would
possibly causeheavy server load and more network trac 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 dedicated request
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 ched if
someclients have connectedrecertly and sert a non-incremertal update requeston
demand.

Without any initial framebu er, newly connectedclients will display only the incre-
mental updates the server sendslater. Due to the non-incremertal update stripes
usedto diminish the e ect of padket loss, ead 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 stripesand in this will reducesthe server load. Bu ering the messageson-
taining thesestrip es,allows newclients to be suppliedwith already encaded messages
instead of requesting a complete framebu er update. As all clients receive the same
data, we have to take into accourt 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, becauseotherwise a student may wonder why the teachersnarration is
not related to the displayed content. This can easily be achieved by displaying the
marked updatesin 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 serwer's framebu er that occur after the client has connected,
will be propagatedin the form of framebu er update messageskEspecially, whenewer
the teacher switchesto 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 addresseghe handling of clients that connectto an
already running sessionln our scenario,the solutions suggestedabove will serve any
client in the sameway, regardlessof whether they connectin time beforethe lecture
starts or, for instance, 20 minutes 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 connectsto the VNC sener. In
the caseof individual TCP connectionsthere cannot be a late joining client. In our
ervironment, which suppliesall clients with the samedata, the beginning of a session
is the establishmert of the connectionbetweenthe proxy and the VNC sener. Hence,
all clients (that connectto the proxy) join too late and no speciallate join handling is
needed.However, for synchronouslecture transmission, the proxy canrequesta non-
incremertal framebu er update at the time the lecture starts, e.g. by a special start
button. This will ensurethat 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 supposedto start is discouraged,becausestudernts should have the
possibility to connectslightly earlier to be ensuredthat their connectionis properly
working. Otherwise they may panic a little bit.

4.3 Summary

In its original designthe VNC framework and the RFB protocol is not as scalable
asrequired to provide a distance learning scenariowith a large number of studerts,

which is mainly causedby the lack of support for the one-to-mary 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 use of the sameencadings for all clients. This is
possibleaslong as clients can be assumedto be (almost) equal regarding processing
power and network connections, which is the casein our e-learning ervironment.

Even slightly outdated computers are more than fast enoughto decade 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 erent one-to-mary transmissionsusing di erent color depths (and also di erent

settings for the audio and video streamsif required, or even with video omitted).

The secondstepto support one-to-mary messagealelivery is the switch from reliable,
stream-orierted TCP to unreliable, packet basedUDP data transfer. Although the
RFB protocol lacks messagedelimiters or length-of-messagetags, streams of RFB
messagegannot 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 connectionspadket lossshould rarely occur. However, somemethods
to compensatelost datagrams have been suggested.Moreover, client initialization
was discussedncluding unidirectional initialization of receive-only clients to provide
satellite transmission of synchronous electronic lectures.

The suggestednodi cations of the VNC architecture should improve VNC regarding
our Criterion C11:SynchronouglectronicLectures By switching from point-to-p oint
towards one-to-mary communication, the salability (Criterion C11h is extended
tremendously from a few to possibly hundreds of clients. Certainly this will work
only as far asthe network supports UDP multicasting. Otherwise clients must be
senedvia multiple point-to-p oint connections,which limits scalability by the number
of possible parallel 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 someclients via unicast. Supplying unicast clients is only limited by the
bandwidth. Unlike the original VNC architecture, multiple clients do not in uence
the processingoad of the server, becauseno individual transformation and encading
of pixel data must be processed.
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The benet of salability 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, 200§ or
WindowsMedia [Windows Media, 200§ formats .

Further aspectsof providing syndironouselectroniclectures, namely late join (C119

and error tolerance (C11d have beendiscusedand (partially) solved. Criterion Cl1le:
Synchronizatiorregarding real-time delivery is given by the VNC conceptper seand

the delay causedby placing a proxy within the communication line is negligible.

Syndhronization regarding multi userinputs is given by supporting parallel teacher

clients, but could be extendedfurther, for instanceto support collaborative sessions
for studernts. As teacher clients are supported via reliable, but unscalable, TCP

connections, this may be a restriction of C11b: Scalabiliy. However, it is hard to

think of a scenerioof a meaningful and productive collaboration of sewral hundred

clients actively interacting with a single desktop. Nevertheless,it may be useful

to allow single studernts to interact with the desktop, which can be achieved be

forwarding the client's Key- and PointerEvent messagedo the VNC serer. The

proxy can lter the events of unauthorized clients. In order to avoid padket loss,
a reliable TCP connection can be established between the authorized clients and

the proxy. Some mechanism of hand-raising and dynamic authorization should be

provided during the lecture.

Implicitly , we have already consideredCriterion Clla:AddressedParticipants, which
are one (or maybe a few) teacher(s) and a large number of view-only studerts. This
scenario ts to our lecturing concept. However, extending to environment in order to
support other setupssuch asconnectinglecture halls or collaborativ e sessionsvould
be useful.In fact, we already have connectedtwo lecture halls by useof a bidirectional
communication channel as described in Section2.1.2 (page 9). This was achieved by
integrating additional audio and video streamsbut only on desktop stream. In order
to support Computer Supmrted Cooperative Work (CSCW) [Li and Hopper, 19984
and [Li et al., 19994 suggesta proxy that provides o or control and userawareness.

To summarize, we have extended the salability of the VNC architecture and thus
strengthened VNC's suitabilit y asa basisfor an e-learning environment.
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VNC Session Recording

One aim of this thesis is to provide a exible and valuable ervironment to create
asynchonouselectronic lectures by recording computer-basediv e presenations. The
Virtual Network Computing (VNC) architecture [Richardsonet al., 1999 and the
RemoteFramebu er (RFB) protocol [Richardson, 2009 provide accesgo a desktop,
but are not speci cally designedfor the purposeof recording.

However, asthe RFB protocol works on pixel basis,it canbe usedto sene a screen
recording process.The screenrecording technology consistsof two stages:grabbing
and encading. 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 encaling
and storing (Figure 5.1). Due to using the framebu er asthe interface betweenthe
grabbing and the encading processboth phasesare independert of eat other. Nev-
ertheless,the incoming stream of RFB messagedlelivers bene cial meta data for
the encaling process,becauseit speci es which areas of the framebu er are up-
dated and when. Sudh triggered processingprobably achievesa better encading and
compressionratio than grabbing and encading at a xed frame rate (as commonly
is the casefor screenrecording).

framebufi
T \ T \
RFB message stream } decods | o® 1 encode } digital video stream
i J -

______ ’ * 4 A

triggered encoding

Fig. 5.1. Framebu er asinterface between grabbing and encading processes

As the encading phaseis independert of the grabbing phase,any kind of encading
can be applied. However, common encadings designedto compressmotion pictures
are lossy (contradicting our Criterion C9a: LosslesRepoduction) and not suitable
for screencontent [Lauer and Ottmann, 2007. The TechSmith Screen Capture Codec
[TSCC, 2009 is especially designedfor losslesscompressionof screencaptured data,
but is available for a single platform only and thus not platform independert as
required by Criterion C10: Platform Independency As the encadings speci ed by the
RFB Protocol Speci cation [Richardson, 2009 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 encale the framebu er of the
client in order to record the pixel content. In fact, the framebu er update messages
received by the VNC sener already contain encaded pixel data and therefore the
decding and re-encaling can be avoided.

5.1 File Formats

The concept of VNC SessionRecording was intro duced by [Li and Hopper, 19984
and oftentimes reapplied throughout their later work [Li and Hopper, 1998h
Li et al., 1999h Li et al., 19993 Li et al., 20003 Li et al., 20004. Sessiorrecording
is achieved by seamlesslyplacing a proxy betweenthe VNC server and the client com-
ponenrt, analogousto the synchronous scenariosdescribedin the previous chapter. In
fact, the proxy, which mergesclients' everts and forwards framebu er updates, can
alsohandle the sessiorrecording. The recording proxy writes all framebu er update
messagesvith an additional timestamp to a log le (Figure 5.2). The timestamp
speci es the delay sincethe beginning of the session.

[ m [m] m [ m | 5 pase )
/.

#1

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 eah messagedemandsthat messagesre distinguished from ead other. As the
RFB protocol doesnot specify messagalelimiters or provide the lengths of messages,
the proxy must parseand partly ! decade messages.

Replaying or reviewing? is achieved by reading, decaling and displaying the logged
sequenceof messagesn the sameway as is the caseduring synchronous playback,
exceptthat the input is read from a le instead of being received via network. The
messagesre sequetiially replayed at the samerate aswhen they were recorded.

The architecture design described in [Li and Hopper, 19981 consists of a Review
Server, which supplies a distant Reviewer with messageganalogousto the clien-
t/serv er design of VNC). The task of the Review Serwer is to read messagedgrom
a log le and sendthem according to their timestamps. Li and Hopper measured
the duration of replaying recorded sessionsn 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 comparedto ordinary
playback, which would be over 20 minutes for a 90 minute lecture. One reason for
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 Review Server doesnot needto accessany messagecontent, but

! sequencesof pixel data can be skipped without decading if the length is known
2 following the naming of VNC clients, which are often called VNC Viewer
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must parse eadr messagen order to accesshe subsequeh timestamp. The distant
reviewer must parsethe messageoncemore in order to display the recordedsession.

Hence, we suggestextending the format by adding an additional tag before eath
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 eath messagebefore writing

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 messagedo 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 messageypes.

L | L | L ||

1 1
\parsesbutier BE A E
; parse; buffer; {12 £ £

Fig. 5.3. Logging messageswith timestamps and size tags
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Instead of logging the sizeof eadh message[Li and Hopper, 19984 suggestextending
the format of the log les by adding le pointers referencingthe previous message
(seeFigure 5.4). Howewer, as this format still demands les to be read sequettially
and the le pointers can be easily achieved by cacding the positions while reading
(and parsing) the log le, the benet of storing the le pointers within the log le is
rather limited. In order to improve performance,someor all messagesnay 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
sequettial replay but insu cien t for rewinding. Old pixel values of the framebu er
are replacedby new onesand cannot be recovered unlesstracing bad to the nearest
past update that contains the relevant pixels. Therefore, [Li and Hopper, 19984
suggeststoring (relativ e) delta pixel valuesinstead of absolute ones.The conversion
is doneduring recording by applying the XOR (Exclusive OR) 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 usercanrewind the sessioma little
bit whenewer she/he did not grasp somethingimmediately and thus wants to replay
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Fig. 5.5. Logging delta framebu er updates

delta #1 d.#2 B detta 3

that part of the sessiononce more. Skimming through a recorded sessionby visible
scrolling (Criterion C7c: Visible Scrolling also demandsfast processingof recorded
cortent in both directions. Storing delta pixel valuesenablessequettial playback in
either direction, but still doesnot support random accessasis requestedby Criterion
C7b: RandomAccess

Unfortunately, this operation may require decaling and re-encaling 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, 19988 make use of Raw encaled and thus uncompressedframe-
bu er updates, the XOR operator can be applied byte after byte. However, we
discouragethe usageof Raw encaled valuesdue 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 messagesf the le format does
not provide accessto messageheaders,asis the casefor the formats in Figure 5.2
and 5.4, and to rectangle headers,asis the casefor all formats discussedso far.

5.1.2 Recording Distinct Rectangles

Handling messagedecomeseasierdue to storing the length of each messagewithin
the log le, which prevents many parsing processesHowever often update messages
do not needto be accessedas a whole, but rather the rectanglesthey contain must
be accessedSometimesit is even su cien t to accessrectangle headers.Recall the
idea of rewinding or the computing of rectangle intersectionsto re-apply messages
if deliveredin the wrong order (Section 4.2.9). Unfortunately, accessingrectangles
requires messageparsing, becauseeat framebu er update may cortain a sequence
of rectangles without delimiters or knowledge of a rectangle's length. Therefore,
ead rectangle may be precededby a sizetag asgivenin Figure 5.6 analogousto the
extended messagdogging (Figure 5.3).

b L \ @
update‘ rect. 1 ‘rect.2| rect.3 | /‘; parse; buffer) ‘E update. rect. 1 .rect.2 rect.3 |
| j—

Fig. 5.6. Logging messageswith size tags for rectangles
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Instead of adding a tag before eac rectangle, eat framebu er update that contains
a sequenceof rectangles can be transformed to a sequenceof framebu er update
messagesall of which contain a single rectangle only (Figure 5.7).
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Fig. 5.7. Transforming sequencesof rectanglesto a sequenceof messages
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After the transformation, the previously suggestedformat of logging lengths of mes-
sagesis sucient to accessrectangles individually without messageor rectangle
parsing® (Figure 5.8).

o
2|

2|
= =

2
El“
g

2

2 2] ® oo
£ 2 £ E| 2|
rect. 1 IP = gl g rect. 2 IP rect. 3 Ip‘z

Fig. 5.8. Storing updates with single rectangles
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If logging no other messageghan framebu er update messagesand ensuring that
update messagegontain single rectanglesonly, the messagéneaderscan 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
storestimestamped rectanglesrather than messagess given in Figure 5.9.

= = = =
£ rect. 1 £ rect. 2 £ rect. 3 £ rect. 4
= = = =

Fig. 5.9. Storing rectangles (omitting messageheaders)

Preservingonly rectanglesis su cien t in order to replay a VNC session.As the aim

of this thesisis to provide more features than sequetial 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 withdrawing the idea of storing

rectanglesand keepstoring framebu er update messageshat cortain single rectan-

gles. However, as framebu er updates will constitute the most part of the session,
we suggestanother solution. The rectangle headerscortain a eld for the enading

type of the following pixel data. By ensuring that additionally introduced message
typeswill not collide with the potentially occurring encaing types, we can reuse
the encading type eld for the purpose of marking other data as well. Thus, the

rectangle's enading type eld becomesour messageype eld.

3 except for the xed sized messageheader
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Recall the format of the rectangle headersas givenin Figure 3.3. The RFB protocol

speci es the encading type to be after the values, which set the rectangle position

and dimension.However, these elds are possiblymeaninglesfor most other message
types. Even some of the RFB protocol's own pseudo-encdings (e.g. DesktopSizé

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 enading type (which is also our messagetype

now).

message type [0 = FramebufferUpdate |
padding
number of rectangles

\ 7
‘H - e - Rencoding
EI& .w-;_n_.-: yepos | widh | height | S152EN9

pixel data

@
2
=

N

/ split sequence
{ of rectangles

b height

pixel data | : |
|

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 encaling typesrequired all parameters of the rectangle header and there-
fore any arbitrary ordering was equally meaningful. The above mentioned pseudo-
encalings were intro duced later.

5.1.3 Event Logging

Besideslogging framebu er update messagesiLi et al., 19999 also log user everts,
such as KeyEvent, PointerEvent and ClientCutT ext messagesTheseeverts are not
neededfor replaying a sessionbut may deliver meta data for indexing and retrieval
purposes.Li et al. suggestthe useof two log les, onefor the updatesand onefor the
everts. Framebu er updates are loggedwith timestamps and back referencesin the
form of le pointers as givenin Figure 5.4. The secondlog le recordsuser everts,
but also storesthe timestamps of the update messageswhich allows user everts to
by syndronized with framebu er updates later (Figure 5.11).

Logging client-to-server and sener-to-client in the same le will fail becausethe
valuesthat represen certain messageypesare not distinct (seeSection3.2.2). 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
ClientCutT ext as user everts, will not collide with any server messageaype.

Note that logging KeyEvent messagesvill presene any keystroke of the teacher and
hencethe log will contain any password entered during a sessiomalthough it was not
visible on screen.For security reasons,we discouragelogging of key evers.
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; file pointer.

timestamp a

S T
timestamp a
| userevent
file painter / timestamp b
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framebuffer update

file pointer
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framebuffer update

Fig. 5.11. Synchronization of logged user events and framebu er updates

5.1.4 Log File Header

Framebu er update messagesanonly 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.
Decading of framebu er updatesrequiresa framebu er to be initialized to the same
sizeasthe sener's framebu er, and translating pixel valuesto color valuesdemands
knowledge of the applied pixel format.

The original (synchronous) VNC client is provided with this data during initializa-
tion. This is also the casefor the ervironment of [Li and Hopper, 19984, where a
Review Client connectsto a Review Server, which suppliesthe client with messages
read from alog le. As Li and Hopper's log le format doesnot enablethe reading
of complete messagesiue to missing size tags, the Review Server must also parse
messageafter messageand therefore must, at least, know the number of bytes per
pixel. Evenif the log le providesthe suggestedsizetags, the Review Server must
know the parametersin order to initialize the client. If distributing recorded VNC
sessionssia download or storage media (e.g. CD and DVD), the (asyncironous) re-
view application must also be provided with those parameters. Hence, for ead log
le we must store someinitialization parameters either as a separate le or, aswe
preferin order to reducethe number of les, asthe header of the log le. Note that
the sizetags are still useful, becausethey enablemessageso 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 agreemei
is not neededto replay a log le, but the protocol versionor a le format version
is meaningful to distinguish di erent le formats (considering future extensibility).

The authentication of the RFB protocol can be omitted unlessthe 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 decade framebu er updates. Furthermore, the server initial-

ization delivers a name for the session,which commonly is the name of the sener,
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 handshakingphase of the RFB protocol, we suggest
alog le header (Figure 5.12) that cortains the protocol/ le version as well asthe



88 5 VNC SessionRecording

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 sener's pixel format
may be overruled by SetPixelFormat messageof the (synchronous) client, either
these messageanust also be logged so that the (asyndironous) replay client can
adjust messagealecading correspondingly wheneer required, or we must ensurethat
the speci ed format stays valid for the ertire log le. Regardingthe common VNC
work o w (Section 3.2.1) and our intention to supply seeral synchronousclients with
identical message¢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 consequencethe sessionrecorder will not
write a log le header that contains the pixel format it initial ly received from the
VNC sener, but a headerwith the currently valid pixel format.

HEADER BODY

=
=
=
i
o
£

data
data
.
.
timestamp
data

=1
=
T
W
@
i £

Fig. 5.12. Log le with header

Note that the other approacd of logging SetPixelFormat messageswill fail unless
the client to server messagesre 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

encalings, becausethe loggedframebu er updates are already encaled.

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

5.2 File Sizes

In order to distribute asyncronous electronic lectures via download or storage me-
dia such as CD or DVD, the le sizeis rather important. [Li and Hopper, 1998H
have comparedthe sizesof their log les with the sizesof equivalent MPEG video
recordings of the desktop and state that even uncompressed(Raw encaded) 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 sener,
proxy and client componerts. 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, 19984 results were acquired in 1998, repeating the experiments
today will propably exposelarger VNC sessiorrecordingsdue to improved network
bandwidth and computing power.
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On the other hand, the Raw encading they applied during their experiments is very
ine cien t asit providesno compressionof pixel data. But if the sizeof uncompressed
recordings already falls below that of MPEG videos, compressedVNC sessionswill
perform much better. [Li et al., 19994 alsocomparethe sizesof uncompressed Raw
encaled) and compressedsessionrecordings. Their results reveal that other encad-
ings reducethe le sizesby 40%to 92%. Note that [Li et al., 19994 do not mertion
which of the RFB encalings were applied but typically Hextile is preferred asit was
the best performing encading 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 sessionRecording 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., 19994 and hence,the encalings will achieve suitable compressionratios.
The experiments described in [Li and Hopper, 1998 reveal consumptions of 0.59
to 2.78 Mbytes per minute for a framebu er with a resolution of 796 576 pixel
and Raw encaded updates (color depth is not stated). Regarding the better com-
pressionratios of other encalings this would result in approximately 0.04 to 1.67
Mbytes* 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 encading. 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 seeral dozenrecorded live lectures
from the courses\ Informatik 1" (Seidl, 2001/02),\ TechnischeGrundlagendesElek-
tronischen Publizierens im WWW " (Meinel, 2001/02; only about 80 kbyte/min),
\ Abstract Machines" (Seidl, 2002) and \ Medienwissenschaftl " (Bucher, 2002). All
these courseswere recordedduring 2001and 2002at the Universitat Trier with the
rst prototype 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 recordedsessionsThe 10{20 Mbyte le of a
single lecture of about 80{90 minutes typically can be compressedo 3 to 8 Mbyte
(only regarding the desktop recording and omitting audio and video les). Hence,
it is advisableto 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 compressel le format, i.e. applying
zlib de ate compressionto the body of the le (i.e. the messagess showvn Figure
5.12). A compressedle format will permanertly reduce le sizes,but downloading
compressed les requires that the recordings are extracted (to their original size)

4 improvemerts of 40{92%: min. 0:59 0:08= 0:0472to max. 2:78 0:6 = 1:668
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Course: \ Abstract 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 compressecdr not.
Note that such compressioncan also be usedto encrypt a le sothat 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 showvn in Figure 5.13). This is about a quarter of the un-
compressed 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. Preserted slides (left) and simulations (right)®

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

5 Preserted in lecture 2004/05/19 of \ Abstrakte Maschinen" (Seidl, 2004)
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Course: \ Abstrakte 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 presenation software, which are recorded pixel-tasal (unless
handled separatelyby the RFB protocol's cursor enaodings or are symbolically repre-
serted). However, the amount of updated pixels in relation to the le sizesrevealthe
achieved (inverse)compressionratios, i.e. the reduction in data quantity, de ned as:
size_original  size.compressed

size original

compression_ratio =

Note that the pixel density wasnot measuredfor the uncompressedolder) recordings
becauseof the dierent le format, which doesnot enabledirect accesgo 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%F. 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 lecturesthat presert mainly text, sketches,tables or graphsbut (almost) no high
coloredimages.Lower compressionratios must be assumedfor preserations with a
high pixel variety, i.e. many di erent pixel valuesinstead of solid coloring.

During the media scien@ coursesof Prof. Dr. Hans-Jurgen Bucher (Universitat
Trier) many slides with high colored imagesand scannednewspager articles (e.qg.
Figure 5.14) were preseried. 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 comparedto 1000{2000kpixel/min (Table 5.3 and
Appendix A.2). For such presertation content the pixel variety is much higher which

219% 2byte 32kbyte
219% 2byte

6 2199 kpixel/min at 16 bit and 32 kbyte/min: = 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.

IHulpanits, [ —— @g
=l W el
Fig. 5.14. Slideswith high pixel variety’
Course: \ Medienwissenschaft Il " (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 summer 2006with-

out theseadditional updates. Hence,the resulting recording comprisesexactly of the
messagesausedby 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
reducedthe pixel density to 300{800 kpixel/min, which is about a third of the size
of comparablelectures 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 consideringthat suc sizesare not

" Preserted in lecture 2003/01/07 of \ Medienwissenschaftll " (Bucher, 2002/03)



5.2 File Sizes 93

uncommon as the size of the preseried sourcedocumerts (e.g. pdf or PowerPoint
slide preserations). As these sessionsvererecordedat a color depth of 24 bit using
32 bit per pixel, the le sizescould even be loweredif storing 16 bit (or 8 bit) VNC
sessiondnstead.

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 consistof slide presenations and
someadditional dynamic content, can be presened 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 encading (or other encadings) as speci ed
by the RFB protocol in combination with applying le compression(zlib de ate) to
the body of the recorded session.The achieved compressionratios for the recorded
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pixel data exceed80% if presering content with a high pixel variety and reach
95{99% for other lecturesthat typically consistof text, sketchesand graphs.

Note that thesevaluesregard 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 ervironment. The integration of audio and video
streamsinto the TeleTeachingTool is addressedin Section 9.6.

5.3 Random Access and Keyframes

Randomacacessis 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 recordedsessionpreferably in real time fashion. If random access
is not supported, a sessionmust be replayed in total (which is very unpleasart for
longer sessions)or only certain chunks are accessible.Consider an asyndironous
electronic lecture, which enablesaccessto the beginning of eadh slide. Accessinga
slide triggers the playback of a corresponding audio stream, but this stream s always
played from the start and students cannot skip parts of the verbal narration. Note
that Random accessis meart 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 alsobe supported.

Neither storing absolutenor delta pixel values provide random acces9er se.In fact,
the RFB protocol is hardly designedfor that purpose.lt 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, 19981, enablesprocessingin both direc-
tions, but still demandssequettial 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 set of pixel valuesby computing all framebu er updates,
starting with the rst loggedmessageproceedingup to the speci ed timestamp, is
easyto implement, but highly ine cien t. The approacd 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 corntent 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 decaded. Assuminga resolution of 1024 768pixels and
the highest possible color depth of 32 bits per pixel value, a framebu er cortains
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% (  182.3) of the
computations are performed unnecessarily Now considerbackwards visible scrolling.
Skimming from minute 81 badk to 77 at a rate of % Hz (one frame every 10 seconds)
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resultsin 379.2Mbyte® of data to be processedObviously, decading that much data
in a real time fashion must fail.

5.3.1 Checking the Past

In order to improve e ciency , messagedecading should be reducedto a minimum,
i.e. decaing 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 rectanglespreviousto a given point in time are not covered (completely) by
other succeedingectangles(up to the giventime). As the probability 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 recorded slide presertation
probably will causemost of the framebu er to be updated wheneer switching slides.
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Fig. 5.15. Backward processingto acquire relevant framebu er updates

In order to determine whether an update cortributes any pixels to the desiredframe-
bu er state demandsknowledgeof the rectangle positions and dimensionsbut unfor-
tunately the original RFB protocol encapsulateghe rectangleheaders(which cortain
the required data) within the stream of update rectangles,which are encapsulated
within the stream of (update) messagesHence, accessingany piece of information
demands parsing any previous data and would result in the sameine 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, 19983 Li and Hopper, 19984.

In fact, the e cient calculation of certain framebu er states (which is neededto
provide fast random access demandsnot only fast accessto messagesut also to
rectangle headers(as suggestedin Section 5.1.2). Accessingprevious messagesia
le pointers [Li and Hopper, 19983 Li and Hopper, 19984 is not su cien t due to
missing rectangle delimiters. Furthermore, messageshould be kept in memory (if
possible)in order to circumvert slow le 1/O.

8P 6

pL
8 6 frames/min: k Bube - g k 0:2M byte = 3792M byte

k=77 6 k=77
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5.3.2 Keyframes as Check Points

Another approach to supporting e cien t random access is the idea of keyframes
analogousto most video formats. The recorder of [Li et al., 19994 stores so-called
check points, which are framebu er updatesthat contain the pixel data for the en-
tire framebu er asis the casefor the initial update messageln the caseof random
accessthe review applications scanthe log le for the closestched point previous
to the intended accesspoint. Hence, it is su cien t to progressall subsequeh mes-
sageswhich potentially can override someof the ched point's pixels, to acquire the
required state of the framebu er.

Keyframesresult in large framebu er updates becausethey cortain the pixel values
of an ertire 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 necessarilylead to better
performance. The cortribution of a keyframe to the nal state of the framebu er

may be rather low. Considera recordedslide preseriation with slidesand keyframes
asgivenin Figure 5.16. Due to the large distance to the closestprevious keyframe,
framebu er updates containing three slides (no. 5, 6 and 7) are decaded although
ead slide probably will cover most of the area. The approacd of determining relevant

updates may detect that 95%of the required pixels are already coveredif progressing
up to the closestslide, which is slide no. 7. Hence, only very few of the updates
betweenthe keyframe and slide no. 7 must be decaded (including the large keyframe
update and the updates of slide no. 5 and 6). Instead of placing keyframesat a xed

rate, the updates that represen slides could be extendedto keyframes,but would
collide with the approach of forwarding messagednstead of the lesse cien t solution
of decading and re-encaling all pixel data.

| timeline

v

.
L: | 2 a3 4 a5 Ga7a
- - . . = .

I it up dat

keyframes — slides felevant upaares 4Ceess point

Fig. 5.16. Log le with keyframes

5.3.3 Keyframe Strip es for Invariant 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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these strip escover the entire framebu er. The period dependson the rate and size
of the updates. A rate of 12 stripes per minute and 24 stripesin total resultsin 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 corntribution

to the nal state. Regarding this invariant, it is sucient to decade the updates
between the accesspoint minus two minutes and the accesspoint itself (Figure
5.17°). However, the e ect onthe le sizeis (almost) the sameas storing a keyframe
every two minutes. There may be fewer updates, becausethe strip esare requested
from the VNC serwer and thus the server may have combined it with other updates.
Nevertheless,this approacd is useful if recording the same messagestream that is
usedto supply online students via syndironous electronic lectures. The log le will

contain the strip esanyway and therefore should be usedinstead of placing additional

keyframes.

timeline

relevant updates

\ 4

access point

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

5.3.4 Optimization: Curren t State as Keyframe

Any of the three described framebu er state computations canusethe current frame-
bu er state as a keyframe. Hence,accessinga point in time that lies briey beyond
the current replaytime can be optimized. Consider skipping forward 30 seconds As
the current state coversthe ertire framebu er, only those messagesifter the current
replaytime and up to the setaccesstime can make any cortribution to the required
framebu er state. Therefore, repeatedly forward skipping (and if storing XOR pixel
values also backward skipping) at small incremerts (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 asynchionous 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
messagecorrespondsto a timestamp, but obviously not every possibletimestamp is
necessarilyconnectedto a messagegotherwise there must be at least 1000 messages

® the gure shaows only 8 stripesto be more readable
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per second).Immediate random access i.e. accessingwithout noticeable delay, de-
mandsan e cien t implemertation. Recall the ine ciency of the example mentioned
above, which causedhundreds of Mbytes to be processed.

A limiting factor for a fast respnse time is the accesstime, 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 average accesstime, we have

measuredthe accesstimes while seekingcertain positions within seweral recordings.

For eadh 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 advanceto performing

the generaltests, we applied also distancesother than one minute. Comparing the

results shoved 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 were accessedn a back-to-front order, becauseotherwise
the current state of the framebu er (which is the nal state of the previous test)
would have enabledthe optimization suggestedin Section 5.3.4 since the following
accesspoint is placed shortly afterwards. In this caseit would have beensu cien t
to regard only those messagedetweenthe 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 correspondsto 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 Section5.3.3and 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
approad, any messagedetweenthe new accesstimestamp minus two minutes (and
ve seonds) and the new accesstimestamp itself are processedplus any necessary
annotations or mouse cursor messagegwhich are not integrated in the keyframe
strip esand thus neednot necessarilybe coveredwithin the two minute period). For
the other approac, the measuredtime includes the determination of the signi -
cant messagegframebu er updatesaswell as annotation and cursor messages)the
decding of those messagesand the updating of the framebu er state.

We analyzed seweral coursesthat was recordedwith the TeleTeachingTool through-
out the last yearsat the Universitat Trier and the Tecnische Universitat Meinchen.
All courseswere recordedwith a resolution of 1024 768'°, a color depth of 16 bit
and include non-incremental keyframe stripes (24 strip esat a rate of %Hz and thus a
2 min period) unlessstated otherwise. The durations of the listed recordingsare ap-
proximately 80{90 minutes eact 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 accesstimes 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 elemerts
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The tests were performed on an AMD Athlon XP 3000+ with 1.5 Gbyte memory*!
running SUSELinux 9.2 and SUNs Java(versionl1.5.0.06). (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 asthe tests were performed in Java) and only the
nal state of the framebu er must be displayed but no intermediate framebu er
states. Furthermore, ead recorded sessionwas load into memory beforehand.

5.4.1 Test Results

Figures5.18and 5.19show the averageaccesstime per recordedlecture of the courses
\ Informatik 1" [Winter 2004/05] and \ Informatik Il " [Summer 2005] by Prof. Dr.
Helmut Seidl. Each graph presens the results for both approacdes.

Course: Seidl-Informatik_|I_2004-05
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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 presertations were shown, partly enriched with
somelive programming as well as running some examples.More animated content
were preserted in the lectures 200412 23 and 200502 04 (both \ Informatik 1"). For
most recordings, the average accesstimes for the approad regarding the keyframe
stripes are approximately 40{60 msec and for the other approad slightly higher
(approx. 50{80 msec).The approadc of determining the e ectiv e rectanglesgenerally
must decade fewer framebu er updates but must chedk whether an update must be
decaded or not (if it is covered by other updates). As the recording contains update
stripes, 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 accesstime of about 50 msec
for the e ective rectangles approach and around 10{50 mseclonger for the other
approach. Hence, the values are similar to those of the other two coursesbut this
time the e ective rectanglesapproad is better performing than the keyframe stripes
approad.

Course: Berlea-Programmiersprachen_2005-06
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Fig. 5.20. Averageaccesstime per lecture

The results of the courses\ Abstrakte Maschinen" by Prof. Dr. Helmut Seidlrecorded
in summer 2003 (Figure 5.21) and in summer 2004 (Figure 5.22) con rm the results
by revealing average accesstimes between30 and 120 msecfor most of the recorded
lecturesand abene t of the keyframe stripe approach can be stated for the recordings
of the summer2003,but almost identical or slightly better e ective rectanglesvalues
are achievedfor the recordingsof the other year. Hence,we cannot clearly favor either
approad here.

The recordings 20030625, 2004 05.19 and 2004.06_23 exposenoticeably higher av-
erage accesstimes of 294 msec, 397 msecand 182 msec, respectively, for the e ec-
tive rectanglesapproach and 277 msec,366 msecand 220 msec,respectively, for the
keyframe stripes approach. Surveying the recordingsrevealedthat during theselec-
tures a simulator was usedover a period of about 20 minutes per lecture. The VAM
simulator (visualization of Abstract Machines (VAM) [Ziewer, 2001, VAM, 2004)
was usedto visualize the memory managemen (stack, heap and registers) during
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Course: Seidl-Abstrakte_Maschinen_2003
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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 movemens and fading e ects of the objects,
which represen the corresponding memory cells. Hence, 20{25% of the recordings
correspond to dynamic content that generally causesmore updates, which must be
scannedand/or decaded during the tests and often result in larger les. This higher
dynamics causea higher pixel density of about 5-10 Mpixel/min comparedto 1{2
Mpixel/min for the other lectures of those courses(the pixel densities are listed in
Appendix A.2).

However, high average accesstimes doesnot necessarilycorrespond with large le
sizes.Most of the lectures of 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 average accesstimes of 78 msec,which is also
reached by other lectures with only half the le size.During this specic lecture,
the simulator was also used for a period of about ten minutes, but furthermore
somehigh colored pictures (the desktop background) were shawn, which probably
increasedthe le sizedueto achieving a lower compressionratio. On the other hand,
the lecture with the worst averageaccesgimes, lecture 2004.05.19, resulted only in
a le sizeof 3.5 Mbyte for 77 minutes and thus a density of 47 kbytes per minute,
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which is not particularly high comparedto other recordings from the same series.
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 20040503 that has a le size of 6.2 Mbyte but achieves a good average
accesgime 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 updates causemore processing.Generally the correlation to the keyframe
stripes approadh is stronger than to the e ective rectanglesapproac.

5.4.2 Dieren t Presentation 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 cortent that shows a higher pixel variety, suc asthe

lectures of the media sciene@ coursesof Prof. Dr. Hans-Jurgen Bucher, who presens

slideswith many high colored imagesand scannednewspayer articles (e.g. Figure
5.14), can be lesse cien tly encaded and decaded, which results in larger le sizes
(seeTable 5.3 and Appendix A.2) and higher average accesstimes as preseried in

Figures 5.23and 5.24 although the pixel density is lower comparedto the previously
analyzed courses(0.8 Mpixel/min vs. 1{2 Mpixel/min). The average accesstimes
for the e ective rectangles approach are around 100 msec,which is also reached by

someof the previously analyzedrecordings. The averageaccesgimes of the keyframe
stripes approach start at almost the samelevel but reach peaksof up to 216 msec.
Generally the results of the e ective rectanglesapproac 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 Il " (winter

2005/06) by Prof. Dr. Johann Sdlichter. Figure 5.25 reveals average accesstimes
for the e ective rectangles approach that are almost constartly between 100 and
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110msec,but exposesapproximately 50{100 % higher accesgates for the other ap-
proach. Unlik e the slidesof Prof. Bucher with their high pixel variety, the presened
content of Prof. Schlichter is more similar to that of Prof. Seidl as it consists of
text, graphsand 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 reasonis causedby the applied presenation
software. Prof. Sdhlichter preserts html basedcontent, which is generatedby Tar-
geteam, a systemfor supporting the preparation, use,and reuseof teaching materials
[Teegeand Breitling, 2002 Targeteam,200§. The html slidesare accessednd 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 asthey enablethe userto accesden di erent points within the duration of the
recording.

Course: Schlichter-Informatik_III_2005-06
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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,eat
recording contains approximately 40{45 non-incremertal keyframes,which are not
necessarilyrequired for replaying the sessionDuring 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, thesetwo courseswere
recordedat 32 bit per pixel (24 bit color valuesstored in 4 bytes ead, since 3 byte
valuesare not supported by the usedVNC server implemertation) and thus contain
typically twice asmuch pixel data (which probably doesnot causetwice the amount
of compresseddata asthe unusedbyte is commonly always setto 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 valuesinstead of 16 bits only. However, the graphs evidertly
exposesometremendously high peakvaluesof seweral hundred millisecondsand even
up to two secondswhich might be acceptablefor slide basednavigation and is still
better comparedto most streaming media but neverthelessis anything but a perfect
accesgime for user interaction.

During the \ Abstrakte Maschinen" lecture 2006.06_08 a lot of dynamic content (pro-
duced by the simulator) was preseried and a di erent VNC server implementation
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Course: Seidl-Compilerbau_2006
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Fig. 5.27. Averageaccesstime per lecture (no keyframe strip es)

wasused.That VNC sener generatedsigni cantly more large updates. Other record-
ings of that coursetypically have an avetage pixel density of sewveral hundred kpixel
per minute (listed in Appendix A.3). Valuesbetween1{2 Mpixel/min arenot uncom-
mon for recordingsthat contain keyframes(A.2). However, this particular lecture
of the \ Abstrakte Maschinen" courserevealsan average pixel density of 3007 1kpix-
el/min, which is about 70 times more than the averageof all other recordings of
that courseand therefore we will ignore this recording as massiwe outlier (probably
causedby a faulty VNC sener).

Surveying the other recordings of the two analyzed coursesrevealed that during

the lectures, whoserecordingssu er from bad averageaccesdimes, the presenation

software wasnot switchedto fullscreen mode. Hence,the presened 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 messageghat occurred very early during the lecture are relevant to

(almost) any later framebu er statesincluding those towards the end of the session.
Compare the example given in Figure 5.28 against Figure 5.15 (page 95).

| timeline
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access point

Fig. 5.28. Backward processingto acquire relevant framebu er updates (worst case)
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Note that the lecture \ Compilerbau” 20060529 achieves even worse accessrates
than the others, becausethe presened slideswere not only preserted 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 encaling is applied, which we have discouragedin Section4.2.4in order
to avoid messagedependencies.The CopyRect encading could be enabledfor VNC
sessionrecording but then we cannot usethe 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 rectanglesapproadc tests every rectangle betweenthe accesgoint and
the rst e ectiv e rectangle whether it has any e ectiv e pixels or not. In this worst
casescenario, many tested rectangleso er no contribution to the nal state. The
test for e ectiv e pixels is currently implemented (within the TTT) asa comparison
against a bit mask, which marks the already covered pixels. Hence, its performance
strongly dependson the number of tested pixels If presering slideswithin a static
(and thusunmodi ed) border, ead slide coverslarge areasof the interior but possibly
o ers no cortribution to the nal state asthe slide is probably covered by a later
shown slide. Neverthelessthe large number of pixels causedby ead slide must be
tested. Consider the example given in Figure 5.29. If the eight slides would have
beenpreserted in fullscreen mode 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.

slide 1 slide 2 slide 3 slide 4 slide 5 slide 6 slide 7 slide 8

%4 updated pixels
M =ffective pixels

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

Although it is commonly seenas a better style to presert slidesin 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 presenations. 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 recordingsin an appropriate
way to achieve better accesgimes. The usageof keyframes(either as stripesor full
keyframes)ensuresthat no messageprevious to the keyframe has any in uence on
framebu er states later than the keyframe. However, the average accesstimes of
recordingsthat do not contain keyframes(Figure 5.26 and 5.27) are typically better
(due to them cortaining lessupdates), except for the worst cases.



5.4 Random AccessPerformance 107

5.4.4 Completing Up dates instead of Keyframes

Another approad than using (full) keyframesis to analyseead recording and add
completing updates whenewer needed,i.e. updates that cover any pixels which have
not been updated for a while. This guaranteesthat only a certain number of up-
dates or a certain period in time must be tested (as is the casefor recordings with
keyframes)but reducesthe number of redundant pixel updates. This canbe 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 spanare 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-
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Fig. 5.30. Determining and inserting Completing Updates

messages

tional messagedhat contain the missing pixels must be inserted. This can be done
by copying the messageghat contain the missing pixels from the previous period.
Searding for the appropriate updates can be achieved by a back to front seard
starting at the end of the previous period and using the current pixel mask (which
revealsany necessarypixels) as showvn in Figure 5.30b. The copied updates must be
inserted at the beginning of the current period (Figure 5.30c), becauseotherwise
they may overwrite other message®f the period. Afterw ards the pixel maskis reset
and the next period will be tested. As the algorithm guaranteesthat any previous
period already updates any pixel of the erntire framebu er, the back to front seard
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 copied messagesnay corntain more pixels than necessaryand therefore new
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messageof smaller sizescould be composedinstead. Howewer, this would require
messagedo be decaded, partitioned and re-encaled 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

Regardlesof whether adding keyframesor not, we assumethat more suitable 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 ead 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 presened
cortent also hastypically 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 accessedather quickly if represered
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, 198( and work bestif 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 introduced by [Li and Hopper, 19984 and extended in other works
[Li and Hopper, 1998h Li et al., 1999h Li et al., 19993 Li et al., 20008
Li et al., 20004, but mainly focuseson sequential replay. The conceptof storing delta
pixel values enables sequettial replay in either direction [Li and Hopper, 19984.
Random access is addressedby placing check points (keyframes) [Li et al., 19994,
but not in a way sucient to provide fast random access.However, fast random
accessis a key feature not only to provide visible scrolling (Criterion C7¢ but any
kind of navigational (C7), retrieval (C8) or post-processing(C6) features.

The drawbadk of the mentioned works is the suggestedle format, whoseine ciency

is mainly causedby the RFB protocol speci cation due to missing delimiters. Ac-
cessingcertain messagestectanglesor headerswithin the loggedstream of messages
always requires all previous content to be parsed, which obviously is highly ine -
cient. Adding le pointers as backreferenaes to previous messagesds only a slight
improvemert. In fact, fast accessto the suaessivemessagess 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 messagedefore writing them to the log le. The
size tags also enable skipping of unknown messagesand thus improve extensibil-
ity. Furthermore, we suggeststoring distinct rectangles which provide fast accesgo
rectangle headersand thus improvesthe computation of rectangle intersectionsand
the areasa ected by framebu er updates.

We have analyzed recorded VNC sessiondor seweral coursesduring which di erent
preseriation styles were usedand have showvn that the suggestedle format modi-
cations lead to suitable average accessrates lessthan 150 msec (typically around
40{100 msec) for most lectures. We have also made suggestionsregarding how to
achieve further improvemerts.

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






6

Annotations and Digital Whiteb oard

Multimedia-basel electronic documentso er various possibilities to annotate the pre-
serted content, for instance, by adding textual notes crosslinks (within a documert
or to other documerts), adding audio or movie clips, developing sketchesby freehand
drawing tools, highlighting and underlining parts to emphasizetheir importance, et
cetera (see[Scutz, 2005 for a detailed list).

While discussingthe transition from traditional to digital lectures (in Section2.1.3)
we have suggestedreplacing traditional blackboards and overhead projectors with
digital analogonsin order to presene handwritten notes in a digital form of high
quality (which cannot be achieved by videotaping [Lauer and Ottmann, 2003 or
documert cameras|E elsb erg and Geyer, 1999).

With appropriate input devices,sud as electronic pens annotating documerts 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 presenation software supported freehand drawing,
which we usedto underline words for emphasizingthem and thus focusing the at-
tention of the audienceand alsoto add additional notes or sketches. While adding
notesand drawing sketchesworked in an almost satisfying way, the emphasizingwas
rather annoying becauseit often happenedthat words were crossedout instead of
underlined. Deleting such a line was only possibleby deleting all other annotations
aswell, including sketchesor handwritten commerts. Additionally , the annotations
were limited to the preseried slides since the freehand tool was integrated within

the preseration software. Therefore, we decided to integrate simple but e ective
annotation tools within our lecture recording ernvironment.

6.1 Annotations

The TeleTeachingTool preseris a (remote) desktop, which o ers the exibilit y to
presert arbitrary applications and documert formats. By virtually placing a sepa-
rate transparent layer above the desktop presenation and adding annotations to this
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annotation layer the TeleTeachingTool enablesthe userto annotate any underlying
applications. Such annotations are vertically layered [Schetz, 2005 and thus are to-
tally independert of the application (sincethe desktop is presened as pixel image).
Horizontally linked annotations would rather be integrated into the preseried doc-
ument [Schutz, 2009, which requiresaccesdo the preserted documerts and thus is
typically limited to certain documert formats only.
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Fig. 6.1. Annotations of the TeleTeachingTool

Our annotation tool should at least support freehandannotations, becausethis is the
natural replacemen of handwritten blackboard notesor annotating overheadslides.
Furthermore, a support for focusing the attention of the audience must be given.
Our experiencesshoved that a (maybe enlarged) mousepointer, which seemsto be
a natural replacemen for a traditional pointing device, such as a stick or a laser
pointer, is not suitable. Unlike the mouse pointer, a traditional pointing device is
typically usedto point to a certain elemen and than will be removed. Typically the
mousepointer will always be visible. This might be preferablebecausethe focusedel-
emert will stay emphasized Consider, for instance, a traditional presenation during
which the presener points rather briey to a topic by useof a laser pointer, which
might not be noticed by somepeoplein the audience.Howewer, a mousepointer is
inappropriate for permanertly focusingof elemens, becausein generalthe presener
is usedto the mousepointer in such a way that she/he will often not be aware of
the pointing functionality due to the everyday usageof the pointer in a common
desktop ervironment. Hence,the pointer very often will not point to elemerns 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 functionality of freehanddrawing, emphasizing
and removing of annotations.
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The TeleTeachingTool (TTT) currently supports the following annotation types,all
of which can be applied in seweral 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-basal as part of the framebu er but are
speci ed via coordinates and colorsand are representel symhlically. Pixel-basel an-
notations could be integrated into the existing protocol either by placing rectangles
that exactly cover the a ected pixels (which is easyfor horizontal or vertical lines
but rather complex for freehand drawings) or must respect and thus re-encale the
current framebu er content. Besidesthe rather complex computations neededand
the higher bandwidth and larger le sizescausedby pixel-based storage, it is im-
possibleto remaove annotations (unless we provide a backup for overwritten pixels
or requestthe areain a non-incremertal fashion). In contrast, the symtwlic repre-
sentation of annotations produceslessdata (typically 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 represerts 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 represenation of the annotation object.
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Fig. 6.2. Annotating a dynamic desktop
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Unlike the annotating feature of the screenrecorder Camtasia [Camtasia, 2004,
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
amoving object, for examplethe moving cellsof the VAM Simulator we have already
mentioned in Section5.4.1,it can be usefulto annotate static elemerts, for instance
the program code or certain (currently) stationary cells of the simulator as shown
in Figure 6.2.

6.1.1 Annotation Controls

[Schuitz, 2009 divides parallelly divided and integrated annotation cortrols, where
integrated meansthat the annotation controls are part of (integrated into) other
control elemers of the presenation software. As our screengrabbing approad is
independert of any preseried applications, the TeleTeachingTool must useparallelly
divided cortrols, i.e using an own tool bar as shown in Figure 6.3.

mEN W /o-—oe X 7

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 seweral col-
ors, choosing one of the annotation tools (freehand, highlight, etc.) and removing all
annotations. By choosingthe appropriate annotation tool (and color) a teacher can
annotate slidesand any other preseried material dynamically during the lecture.

6.2 Digital Whiteb oard

Besideannotations, our systemo ers adigital whiteloard which providesa blank page
that can be displayed on demandin order to give additional spacefor annotations.
Considera lecturer who preserts slides,but sometimesusesa traditional blackboard
in order to describe certain issues,maybe becausestudents have asked. In order to
presene such 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 slidesin order to place annotations during the
preseration, more spacemay be neededto explain unforeseenstudents' questions.
Adding blank pageso ers additional space.

Another possibility would be to switch badk to the edit mode of the preseration
software and insert an additional blank slide. However, this would disrupt the pre-
sertation. In contrast, the whitetoard of the TTT can be enabledwheneer needed
and, after the excursion has nished, the teacher can switch badk to the originally
preserted 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 erent annotation layers and thus independert
sets of annotations. Hence, the teacher can switch between annotated slides and
annotated whiteboard excursions. Moreover, the TTT supports not only a single
whitetoard but rather whiteloard pageswith individual annotations for ead page.

6.3 Proto col Integration

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 eadh annotation object and explicitly remaving 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
movemerts while wiping out) and deleting any annotations that intersect with this
points.

framebuffer framebuffer
updates Proxy updates
— b ’

annotations

VNC Server Students’

Clients

il

_

input events

£F 2 &
5 S E 9
> = > X
] ] % ©
- =]
5 2 (g1
o} c m 3
£ © =
Teacher's
Client

Fig. 6.4. Data ow betweenTTT componerts

The integration into the protocol is achieved by de ning new messagetypes with
appropriate valuesfor eat of the annotation typesasspeci ed by the TTT protocol
description givenin Section 9.7. Furthermore, these new annotation messageanust
be delivered to the students' replaying applications. Recall that our proxy receives
messagedrom the VNC Server and processeghem (i.e. transforming, recording
and transmitting) and additionally handlesthe input events sert by the teacher's
application in order to remotely accesshe preserted desktop. Annotations are pro-
ducedby the teacher's application aswell and should be transferred to the students’
client and to the recording componert. Therefore we suggestdelivering annotation
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messagedrom 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
sert to the VNC Server but are mergedwith the framebu er update messagese-
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
suppliedwith the merged framebu er update and annotation stream. As the teacher's
application is the producer of the annotations, this would not be necessaryHowever,
such a designenablesall clients to be supplied with the samedata.

Note that our designstill 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 Iters 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 updatesis 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 betweenthe four annotation types: freehand line, rectangle
and highlighting. Since the annotations are recorded as individual messagetypes,
courting the occurrencesis easily establishedby automatically analyzing the mes-
sageheadersfor eact 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 penagain, but the writing of a word or drawing a sketch
typically consistsof seweral 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 wasusedfor the rst time during winter 2002/03. The lectures
of that semestereveal approximately 180{280annotations per lecture and the usage
increasedto 200{400annotations per lecture in the following semestersThe number
of annotations that wereusedper lecture are givenin Figure 6.5, wherethe left values
relate to the oldest and the right to the newer lecture dates.

The most frequertly 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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Analyzing the freehandannotation usagerevealsdi erent results asshown in Figure
6.7.During the rst semester(the rst 27 analyzedlecturesin the gures), Prof. Seidl
rarely used freehand annotations (lessthan 20 occurrencesper lecture). Since the
secondsemesterhe started using freehand annotations more frequertly and there is
a slight increasein the last semester.
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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 emphasizeit. Hence,
highlighting annotations could have beenapplied instead.

Furthermore, we have analyzedhow often the color waschangedbetweentwo consec-
utiv e annotations. This feature was barely usedduring the rst lectures,the teacher
started using it more frequertly after about two months. Overall he switched to an-
other color about 30{50 times per lecture in order to distinguish di erent annotations
by using di erent colors.
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Fig. 6.8. Color changesper lecture

Although more recordings of di erent teachers must be analyzed in order to give
a general statemert, these results give an impressionof how TTT annotations po-
tentially can be used. Regarding theseresults we can state that for Prof. Seidl the
highlighting and freehand annotations 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 presertation softwareto underline certain words for emphasizingpurp osesbefore
we introducedthe TTT annotations, he rarely usedthe line feature later. Thus, we
conjecture that applying highlighting annotations is much more e ectiv e.

Students' commerts 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 elemert was emphasizedduring the talk but typically only
the last oneis still valid for focusing purposes.Therefore, the previously made high-
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-
gestautomatic removal of previously made highlightings 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 seweral secondsConsideringthe
implemenrtation of the TeleTeachingTool the rst approad is preferable, becauseit
can be realized by modifying the TTT teaching component (by sendingappropriate
deleteannotations) while keepingfull compatibilit y for the student componert. This
modi cation will aect only newly produced electronic lectures If the highlighting
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annotations of previously recordedlectures should be limited aswell, a modi cation
of the replaying engineis 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 disablethat feature.
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Fig. 6.9. \Ov er-highlighted" slide

In summary, the most frequertly 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 commerting of the preserted

content the freehanddrawing feature is of highestimportance. 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 cortrol 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) asis the casefor electronic lectures that are preseried on screen.
Therefore, we have additionally analyzed the recordings regarding their dynamics
i.e. any visible modi cations of the presered 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 betweenconsecutive modi 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 decreaseso approximately 10%, if using other applications besides
the slide presenation (e.g.the VAM simulator) about 20% are achieved.

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

Hence,the dynamic proportion of (electronic) lectures can be signi cantly increased
by use of the simple annotating features of the TeleTeachingTool. Even higher dy-
namics are achieved wheneer additional applications and especially animations or
visualizations are usedduring the presertation. 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 easyto use simple but e ective annotating func-
tionality , which is suitable to focus the attention of the audienceas well asto add
additional commerns and sketchesand furthermore increasethe dynamic proportion
of electronic lectures By o ering an electronic whiteloard, the teacher can add blank
pageson demand in order to give additional explanations whenewer questionsarise
during a lecture. After such an excursionthe preserter can switch badk to the pre-
sentation, which stayed unchangedduring the excursion, including previously made
annotations.

TTT annotations are not limited to the preseration software but can be applied
to any preseried applications and documerts, becausethey are applied on a sep-
arate layer on top of the pixel-based desktop represertations. This design can be
extendedto multiple layers in order to support seweral sets of annotations as sug-
gested by [Schutz, 2002 Lienhard and Lauer, 2002 Lienhard and Zupancic, 2003.
They suggestannotation layering in order to enable student annotations. By pro-
viding seweral virtual layers for the teacher's and the student's annotations, and
maybe for additional annotations of other studernts, ead set of annotations can be
enabledor disabled on demand, i.e. certain annotations can be showvn or hidden.

The annotation and whiteboard featuresareintegrated in our adapted VNC erwiron-
ment by de ning additional messageypes The recording component automatically
timestamps eact loggedannotation messageand thus enablesa dynamic replay of an-
notations as requestedby [Lauer and Ottmann, 2003 (our Criterion: C4d). Another
criterion (C4¢ also requested by [Lauer and Ottmann, 2003) is that annotations
should be assaiated with slidesand disappear when switching to another slide and
appear again when switching badk. Typically such an assaiation requires an inte-
gration of annotations into the preseried documert (horizontally linked annotations
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[Schutz, 2009), but our annotations are applied vertically layered and independert
of the underlying content in order to support the annotating of any applications.
We diminish this drawbadk by automatically removing all annotations wheneer the
teacher switchesto the next or previous slide by pressingone of the keyscommonly
usedto switch slides,i.e. the arrow keys and the page-up/-down keys. Hence, new
slideswill always be preserted without the annotations of the previousslide. In most
cases,this approad is su cien t. An assaiation with slidesto ensurethat annota-
tions can appear again corresponding to the presered slide is more challenging.
Nevertheless,we will addressthis topic and suggestsolutions in Section 7.7 (after
discussingsomenecessaryprerequisites).






Navigation and Automated Indexing

Lecturesand presertations are sequential and soare their video style recordings, the
asynchonous electronic lectures Students who have not attended the corresponding
live lectures e.g.distance students or local students that misseda lecture, may watch
the electronic versionin full length. But in general pure sgquential playkack 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 ¢
de nition. They may want to replay interesting or complicated sequencesut skip
other parts.

However, asstandard screenrecording doesnot consenethe documert structures (of
preseried slides), only sequential playkack or at most navigation by time is possible.
Although sud timeline navigation is a useful feature, for instance to skim through

alecture 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 accessis supported, searding is not as comfortable as required.
Dragging a slider badk and forth until a certain position is found, is rather imprecise
and therefore time consumingand annoying. Recall the tedious seard of a certain
songon a music tape or a passageon a video tape, always winding the tape bad and
forth, and replaying a short fragment until the desired sequences located. Besides
assumingthat a userknows what to seard for, such an approach moreover requires
not only the identi cation of the target sequencebput alsothe identi cation of even
the unwanted sequencedo be able to decidewhether to wind forward or to rewind

the tape. Thus, knowledge of the recording is a precondition for e cien t searding.

Accessinga certain songon a CD or a movie chapter on a DVD is much easierby
use of a given predetermined table of contents, which exactly refersto 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 recorded data assaiated
with atimestamp is a potential index, but arecordedVNC sessiorcommonly consists
of thousands of 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-
guirements and suitable graphical user interfaces (GUI). Then dierent classesof
navigational indices are described and discussedin order to elaborate an approac
to acquire meaningful navigation marks. Afterw ards, 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 indices aswell asthe automated generation of annotated
scripts. Furthermore, suggestionsare made asto how TTT annotations, which are
independert of the preseried content by default, can be interlinked and asseiated
with slide indices and presenation 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 asshown in Fig-
ure 7.1. The slider represerts 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 represenation 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 providesrandom accessto the speci ed accesoint 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 accordingto 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 documert is bu ered locally at any given time. In order to make
random accesswork in real time, the documert asa whole must be stored locally"
[Lauer and Ottmann, 2002.
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Fig. 7.1. Controls of the WindowsMediaPlayer including a timeline slider

A slider is a very comfortable userinterface but not necessarilya very exact one. The
number of seletable positions and thus the possibleaccess points 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
smallestincrement is theoretically six secondswhich relatesto one pixel. However, if
the slider is shorter or if the slider implementation provide only larger step sizes,the
smallestincremert 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 userto 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 badk 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 someintroduction 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 introduction and progressdirectly to the detailed
discussion.

A crucial factor for the usability of navigation by time is the respnsetime. In fact,
a fast respnse time is also bene cial for other navigational features however the
usermight be willing to wait a few secondsf accessinga certain slide or performing
a seard, but not if navigating by time, especially not during visible scrolling. This
is becausenavigating by time is commonly composedof seweral navigational steps
for instance, clicking seweral positions on the slider until the searted position is
found. Or consider a studernt pressingthe +1 min button sewral times and then
recognizingthat she/he skipped slightly beyond the desiredtime and hencepressing
the -1 min button once. If random access demandstime consuming computing or
bu ering, asis commonly the casefor streaming media, navigation by time is less
usefuland visible scrolling without fast random accessis meaninglessUnfortunately,
the RFB Protocol [Richardson, 2005 is not designedto support random access by
default but canbe appropriately adapted (Chapter 5). In particular, we have shown
that (average)accessrates for random access of lessthan 200 mseccan be achieved
and for typical slide basedpresenations even accessrates of lessthan 50 msecare
possibleas showvn in Section5.4. As the respnsetime of the graphical user interface
correlatesto the accessrate we can presume fast random access and low respnse
times for VNC basedrecordings.

7.2 Navigational Indices

[Minneman et al., 1995 divide four broad classes of navigational indices
[Li et al., 20004 applied theseclassedo the context of VNC sessiorrecording. They
usea VNC proxy recorderthat not only storestimestamped framebu er update mes-
sageshut alsorecordsuser event messagesge.g. key events) (seeSection5.1.3), which
also can be usedasindexing marks.

7.2.1 Intentional Annotations

Firstly, there are intentional annotations , which are indices the teacher creates
during the presenation 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 messagewhich can be used as index. However, the
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teacher hasto remenber to create such indicesduring presenation, but she/he may
forget to do so in the heat of the momert. Consider intentionally indexing head-
lines. The teacher must remenber to highlight the headline of ead slide in order to
generatea ServerCutText messageand thus copy the textual string to be included
in an overview or table of cortents. This approad in uences the live preseration
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., 20004 o ers the possibility of inserting
brief noteswhich are stored as ClientCutT ext messageso t into the RFB protocol.
If usedduring a lecture, this feature may interrupt and distract the natural ow
of the presenrtation. The explicit insertion of brief notes is better suited for post-
processingand, in this case,should be led under post-hac 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 presertation to generatean index ead time the teacher switchesto an-
other slide. This allows slide-basednavigation. Unfortunately, this feature demands
the useof PowerPoint and if teachersforget to start the plug-in no sudc indices are
recorded and 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-
poseis 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 preseration processand therefore are well suited for our transparent
recording approach

Examples are input events such as keystrokes, pointer movemerts and but-
ton presses,which occur while the teacher interacts with the VNC desktop.
[Li et al., 20004 suggestlogging KeyEvent, PointerEvent and Bell messagesTheir
ideais to generateindicesof such events becausausersmay remenber them and want
to accesghe corresponding part of the recordedsession.Obviously, this idea is only
meaningful to userswho have attended the live sessionor, at least, have watched
the recorded sessionbefore. Especially the Bell messagetype, which signi es that
something happenedand commonly results in a short sound (the signal bell), is only
meaningful if the user remenbers that such an event occurred and knows to which
topic it refers.Howewer, Li et al. have a di erent scenarioin mind. Instead of record-
ing live lectures (where the signal bell is typically inaudible to the audience),they
rather intend to record desktop sessiondn order to demonstrate software usage.

Nevertheless, their studies revealed that \p ointer everts are hardly referred"
[Li et al., 20004 and thus provide not very interesting indices. Especially the events
causedby moving the pointing deviceare commonly irrelevant, becauseeat move-
ment generatesdozensof sudh events and therefore an ertire sessionmay contain
seweral thousandin total, for instance,if the pointer deviceis usedto annotate slides.
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On the other hand, there might be teacherswho cortrol their slide presenations by
use of key pressesonly and thus generatesessionswithout any pointer evens.

[Li et al., 20004 suggestthe 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 sgquene of key eventsresultsin (or can be combined with) textual content
that is seardable. Sinceat most only small texts are entered during a presertation,
the bene t for later text seard 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 preseriation
software applications o er seweral 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 dependert and therefore must be de ned prior to recording
and must be usedin the expected way, which leadsto similar problemsto those of
intentional annotations. Hence, we cannot rely on such events and therefore they
are not su cien t to provide navigation within (asyndironous) 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
desktopsessionand allow the usageof arbitrary applications, the teacher potentially
may enter a password in order to connectto a remote computer or a protected web
page.Unfortunately the entered password, although not visible on screen,would be
loggedin the form of key events If the key eventlog le (either a separate le or
combined with the framebu er updates) is handedto studerts, 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., 20004 is more secure,but neverthelessthe bene ts for retrievability are
rather limited astypically only smalltext passagesre inserted, e.g.shellcommands.
Note that full 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 placemen, ClientCutText and Server-
CutText messageslso provide side-e ect indices when usedfor the original purpose
of copying text (i.e. clipboard content) betweensessionpartners. Note, that due to
the double usageof thesetwo messageypes,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., 2000g) 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., 20004 suggestanalyzing framebu er updates
as\a big screenchangemay suggestthat an application window hasbeenopenedor
closed"[Li et al., 20004. Considering our intention of recording slide presertations,
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 benet from researt advances. Additionally , as the derived indices are
calculated after the presenation is nished, the creation cannot be forgotten during
the recording process.

7.2.4 Post-ho ¢ Indices

Finally, there are post-hoc 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, 2004, are also led under post-ha indices Unfortunately,
manual placing of indices is very time consuming and thus undesirable for a
lightweight lecture recording process.

Howewer, students may annotate and commert an electronic lecture (for instance
asdescribed 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-hac indices with a special meaning to the student who placed it and, if the
commerts can be exchangedamong students, may also be useful for fellow studerts.

7.2.5 Index Querying

The VNC sessionrecorder of [Li et al., 20004 stores all everts in an event store
[Spiteri and Bates, 1999, which allows retrieval by use of SQL! queries. The query

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

leads to all framebu er update everts that change 40% or more of the screen.
Entering queries in SQL syntax is obviously not very user friendly. Therefore,
[Li et al., 20004 provided somebrowserinterfacesfor commonqueries.For the given
examplethey 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 explainedto the user. This approach may be useful for advaned
users but is not very intuitiv e, especially not for novice studentswith lesscomputer
practice. Hence,most students will probably not usesuc features. A major problem
of the systemof [Li et al., 20009 is that the student must decide,which are mean-
ingful valuesfor 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. indicesthat refer to slides)and the stu-
dent must only selectwhich of the indices she/he wants to access.Hence, we need
to determine indices and classify them and nally presert them in the form of an

1 SQL (commonly expanded to Structured Query Language) is a computer language to
interact with relational database managemert systems



7.2 Navigational Indices 129

intuitive user interface in order to provide meaningful and easyto use asyncronous
electronic lectures.

7.2.6 Automated Analysis

Regarding the lightweight cortent creation approac, the generation and classi -
cation of indices should/must be automated as far as possible. Hence, the manual
placemen of post-ho ¢ indic es may be o ered for additional index generation or
to place optional student commerts, but is unsuitable for automated processing.
The useof intentional annotations s also discouraged,becauseit opposesthe
transparency of the sessionrecording as it demandsteachersto think about useful
indices and keywords during the live preseration. 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 consisterily meaningful

indices instead of preserting all the meaningful indices along with many useless
ones(\ false positives"). Consider a recordedslide presenation with 30 slides. If the

review environment preserts, for instance, 27 or 28 indices, ead 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 meaning of the indices and 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 researt). 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-
sagebasal 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 metadatg e.g. what was updated and when and there-
fore enablesa better classi cation than recording (full) frames at a xed frame
rate. Furthermore, the VNC input event messagetypes as well asthe TTT anno-
tation messagetypes o er the possibility of identifying user events, which is hardly
possiblejust on a pixel basis. Note that seweral presenation software applications
provide their own annotation systems The resulting annotations are recorded by
the TTT (and all other screenrecorders),but are encaded pixel-basel aspart 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, canbe ltered and thus analysiscanbe applied just to the framebu er.
This is alsothe caseif the VNC serer supports the special cursor enaodings, which
handle the mousecursor on a separatelayer and thus independen of the framebu er
content. Additionally , all TTT recordings(unlessrecordedwith a TTT sinceversion
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21.06.2006)cortain non-incremental update stripes which are used as partitioned
keyframe parts as suggestedin Section5.3.3. Other VNC sessionrecordersmay use
full keyframes(like [Li et al., 1999d) or no keyframesat all. (Standard) video for-
mats that are usedby other screenrecorderscommonly make use of keyframesas
well.

7.3 Slide Detection

Navigation by slide is one main feature a playback engine should oer

[Lauer and Ottmann, 2003. A slide, or more precisely the represeration of a slide,
is (mainly) animage shown to an audience.Screenrecordersstore theseslide images
as pixel data. Switching slides during a presertation commonly results in a modi-

cation of large areasof the screen.In our VNC context any screenchange leads
to framebu er update messagesTherefore the timestamp of any large framebu er

update is a potential index for a slide change.\Large" can be seenin the meaning of
by byte i.e. the length of messagesor by-area, i.e. the areaof 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 messagesvith corresponding timestamps and the length of eah message
(Section 5.1, Figure 5.3). Otherwise the ertire log le must be parsedoncein order

to determine messagdengths. A classi cation of messagesizescan be achieved by

applying an empirically determined threshold Any framebu er update whose size
exceedsthis slide detection threshold is classi ed asa slide.
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Figure 7.2 showvsthe messagesizesin kbytes of ead lecture of the course\ Einfehrung
in die Informatik 1" [WS2004/05]of Prof. Dr. Helmut Seidl, recordedat the Tedcni-
sche Universitat Munchen at a resolution of 1024 768 (or slightly lessto keepspace
for control elemerts during recording) pixels and 16 bit pixel values’. The large mes-
sagedenoteslide 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)%. If the framebu er content stays
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Fig. 7.3. Messagesizes(zoomed)

unmodi ed for awhile (e.g. minute 70{80), the graph evidently exposesthe period of
two minutes after which (almost) identical stripesare transmitted onceagain. The
update messageswhich are causedby thesestrip es,must not be taken into accourt
when computing indices. Howewer, the RFB protocol does not o er a possibility
to distinguish thesenon-incrementaly requestedstrip esfrom other framebu er up-
dates, which were requestedin an incremental fashion, becauseonly the requests
have an appropriate ag but not the update messagesOne could try to regard the
rectangle coordinates to test if an update covers the requestedstrip e or not. How-
ever, the VNC sener 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 thresholdto a larger value than the largest
strip e messageFor the given example recording, a threshold of 12,500bytes elemi-
natesall messagesausedby stripes.A closerlook at the recording revealsthat 23 of
24 slides are detected applying that threshold which correspondsto a hit rate of at
least 95%. The one elided 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 messagesausedby
the update stripes 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

% Recordings stored by the TeleTeachingTool up to Version 20.06.2006 contain non-
incremental update strip es (12 or 24 stripesat a period of 2 min.)
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include the missing slide is discouraged,becausethis may lead to false detections if
di erent content causesslightly larger strip e messagesRecall that we favor dropping
a meaningful index against generating many false positives, i.e. meaninglessindices.

5ABC
!Hallo!

-178

Fig. 7.4. Undetected slide

Applying the sameslide detection thresholdof 12.500bytes to other recordingsfrom
the samecourserevealed similar results and hit rates of above 90% (see App endix
B.1). The undetectedslidescontained only a few words (asthe examplegivenabove),
small sketchesor (seriesof) graphs as showvn in Figure 7.5.

Fig. 7.5. Seriesof undetected slides

Our previous researt [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 |
(Programmierung in Java)" [WS2001/02] by Prof. Dr. Helmut Seidl recorded at
the Universitat Trier and \ Abstract Machines for Compilers" [SS2002preserted by
Prof. Dr. Helmut Seidl (Universitat Trier) and Prof. Dr. Reinhard Wilhelm (Univer-
sitat des Saarlandes).

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 presenation style (during that particular course). Slides were annotated
usingthe built-in drawing featuresof the presenation software. Deleting annotations
causeda redrawing of the screenand thus resulted in additional framebu er update
messageswhich the algorithm detects as a slide change. In fact the preseration
software showved the sameslide two (or more) times in a row, exceedingthe threshold
ead time and therefore such slides are detected twice (or more often). At least
the indices determined here give meaningful partitions of suc slides as remaving
previous annotations certainly lead to breakpoints within the presertation.
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Limitations

Slide detection by messagesizes works well for many lectures by Prof. Seidl. How-
ever, we encourtered problems applying the sameslide detection thresholdto other
lectures (with the sameresolution and color depth). This was especially the case
with the course\ Medienwissenschaftl: Theorien und Methoden" [WS2003/04] of
Prof. Dr. Hans-Jurgen Bucher, recordedat the Universitat Trier. This media science
coursewascomplexin its graphical represenation. The extensive usageof large high
colored images (mainly scansof newspapers and magazines)and gures leadsto a
higher pixel variety (i.e. many di erent pixel valuesinstead of solid coloring) and
thusto 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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For that particular lecture, the valuesof the rst ten minutes look very similar to
those seenpreviously. Again, the two minute period of the non-incremertal update
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strip esis evidert. Surveying the range betweenminute 56 and 62 alsorevealsthe two
minute period but consistsof much larger messagesvhich partly exceed30 kbytes.
This would suggestincreasing the slide detection threshold for the given lecture
(or course) in order to exclude the update strip es again. Howewer, the recording
cortains even larger update stripes. The peak of 903,990bytes at 23:55 min. was
causedby the slide shawn in Figure 7.7 to the left. The slide included two newspager
scans and therefore does not achieve very good compressionratios as we apply
losslesscompressionto obtain better quality. Some of the following update stripes
(containing parts of that slide) exceedeven 50kbytesin 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 compressedather e cien tly.
Hence,increasingthe threshold to Iter large stripeswould also mean dropping all
indicesfor text-only slides. This is not only the casefor the given examplerecording
but alsofor other recordingsof that course(seeAppendix B.2).

Medienkokurrenz: universitit Trier Strukturmerkmale der Medien-  TUniversitit Trier
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==-Koln A extra == @ Entwicklungstendenz:
= Buch-, Zeitungs-, und Zeitschriftenverlage

e

e Maflmwissenschalt 1 Vedienindschafien)

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

In fact, the approach of detecting slides by the sizesin bytes of the framebu er
updates is su cien t for homagyen@us recordings, i.e. when all slides show similar
cortent (in terms of structure not semartics) and thus are of similar sizein bytes.
For homayen®us recordings the slide detection threshold could even be computed
dynamically basedupon the peak values However, this approac is almost certain
to fail for inhomogeneus preseration content. Such is the casefor that particular
media sciencecourse. Its preseriations mixed slides containing only sometext, fol-
lowed by others showing huge colorful illustrations. Slide detection on a size by-byte
basisfor such preseriations is not su cien t, becausea fragmernt of a colorful illus-
tration can be larger than a complete slide corntaining only text. This is even more
sewereif mixing incremental and non-incremental updates asis the casefor most of
our recordings.However, only partial non-incremertal framebu er updates (strip es)
are requestedand the a ected area of such an update is lessthan v e percen of
the desktop resolution (if the framebu er is partitioned to 24 stripes’). Switching
fullscreenslides, in cortrast, results in framebu er updatesthat a ect (almost) the
complete desktop. Hence, the approach of determining slide switchesregarding the
areathat is covered by framebu er updatesis more promising.

4 someof the older recordings contain a partitioning of 12 strip es



7.3 Slide Detection 135

7.3.2 Slide Detection By-Area

Computation of indicesregarding the areathat is covered/a ected by the framebu er
updatesfor ead giventimestamp mainly consistsof computing rectangle unions and
intersections. This can only be achieved in an e cien t way if the rectangle headers
are directly accessablawithin the recorded sessiongas suggestedin Section 5.1.2)
or if the rectangle positions and dimensionsare cached preliminarily (e.g. by parsing
all update message®nce).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 accumnulated for each
given timestamp and then translated to relative valuesin relation to the maximum
number of pixel values,which is speci ed by the resolution of the framebu er. This
is not possiblefor the other approach since by-byte values cannot be transformed
to relative values due to a missing maximum. Howewer, relative values are more
suitable to achieve a meaningful content prediction, becausethey are independert of
the number of bytes used per pixel (color depth), the screenresolution, the applied
encalings or the encaded data, i.e. the preseried content.
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Fig. 7.8. Aected 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 ead slide covers 100%o0f the framebu er, eventhe onewhich
wasignored by the by-byte approac dueto its small size.The bottom line® is caused
by the non-incremental stripes which cover i = 4:16% ead. Unfortunately, we can-
not assumewe will receive such perfect matchesfor all recordings. The main reason
for the perfect matchesin this casewasthe VNC server implementation used,which
evidertly generatedertire updates instead of applying a ne-grained partitioning

® It is actually not a line but distinct values at a frequency of %H z, which only appears
asline due to the scaling of the graph
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to the framebu er. However, other VNC implementations probably will. Although
not analyzedin detail, we obsened that the Linux implemertations 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 givenin Figure 7.9. Evidently, the problematic large update
stripesare all reducedto 4:16% and thus can easily be Itered. 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% (45 = 8:3% for older TTT recordings), generatestoo many indices. In the
zoomed view of the graph (Figure 7.10to the left) some values between 5% and
20% are visible. The corresponding framebu er updates were either causedby slide
overlays, for instance at minute 15:02(7%) and 17:44(8.3%), or by placing freehand
annotations, which were recorded pixel-basedusing the freehand drawing feature of
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the preseration 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 Iter 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 asit must overwrite (most of) the previous framebu er content.
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Fig. 7.10. Aected 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 recordedsessiorreveal that slideswith

scannedstatistics were shown. However, at rst the presenation software shoved
only the slide with headings but neededsometime to display the scans.Due to
the short delay, the framebu er updates have distinct timestamps and thus would
result in dierent indices although they were induced by the sameslide. A VNC
sener under heavy load may also causea slightly delayed transmission of updates
which belongtogether. As we are interestedin the nal appearance of ead 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 lessthan
v e secondswill hardly be meaningful. Hence, applying a slide detection threshold
to derive potential slide indices and afterwards applying a slide drop 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 preserted
much longer than v e secondsunlessthey cortain overlays or sequencesf slides,
which may be usedto explain certain issues.For instance the slidesshown in Figure
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7.5 are usedto explain the \binary seard" algorithm in a step by step fashion. It

is a matter of opinion whether eat overlay should be counted as single slide or
not. Slide overlays could be accunulated to one slide index by increasing the slide
drop thresholdto 10 or 15 secondsUnfortunately, increasingthe slide drop threshold
would result in the last of the overlays to be accessableather than the rst one.
Therefore, it is probably better suited to treat suc slide sequencesas animations
(Section 7.4). This is alsothe casewhen recording other applications unlessthey are
usedto presert static pages(e.g. a web browser preserting slidesin the form of html

pages).

7.3.3 Whiteb oard Pages

Besidespreserting slidesby useof preseration software, the TeleTeachingTool o ers
the possibility of inserting blank pageson demand (electronic whiteloard; seeSection
6.2, page 114). The whiteloard is enabledand disabled by a special messagewhich
is rather short (a few bytes only) and thus would not be classied as an index
by the by-byte approach. However, whiteloard notes are of special interest as they
are often usedto explain a certain topic in detail or on demand if asked for by
studerts. Moreover, whiteloard notes are commonly not part of a published set of
slidesor a script. Fortunately, whiteloard indices can easily be integrated whene\er
a corresponding messageenablesthe whiteboard. Lik ewise,an additional slide index
is inserted whenewer the whiteboard is turned o again. The sameresult is achieved
if a whiteloard 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-basedrecordings can be generatedin a fully automated manner. The use
of relative valuesinstead of absolute onesas the basisfor a content prediction al-
gorithm leadsto much better results, becauserelative values provide somekind of
abstraction from the presenied content. Applying a slide detection threshold of 20%
in combination with an error correction, which accunulates slidesthat appear within

a time span of the slide drop threshold of v e seconds,results in a slide detection
rate that (almost) matchesthe real slide switches. Hence,if recording slide presen-
tations, the automated slide detection for pixel-taseal recordings reveal slide indices
that are (almost) as good asthose of symiwlic recordings Typically more than 95%
of the slide switches are detected. Thus, we have eliminated one main drawbadk of
the screenrecording approad.
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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'. Sudch dynamic content consists of, for
instance, animations, simulations and executed programming examples, which we
will all call animation to simplify matters. Slide overlays or sequence®f 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 causesejuenes of potential
indices Howewer, a meaningful index is the rst one, which refersto 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 Ubersetzerlau" [SS2004]Prof. Seidl
usedthe VAM simulator (visualization of Abstract Machines (VAM) [Ziewer, 2001,
VAM, 2004), which visualizesthe memory managemen (stack, heap and registers)
during program execution. Screenshotsare showvn in Figure 7.11. Setting, copying
and deleting valuesresults in animated movemerts and fading e ects for the objects,
which represen the corresponding memory cells.

’_4 g |
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|

Fig. 7.11. Simulator Visualization ®

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

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

® Preserted 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 ead other. Hence,an animation starts whene\er 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). Whenewer 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
Itered, 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 ead recording. For the preferable approac of
regarding the a ected areasinstead of sizesin bytes, Itering is easily achieved by
applying astrip 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 Itering is that
movemerns of the mousecursor are also Itered, 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 enadings but these encalings do not a ect the
framebu er anyway and therefore Itering is not necessary[Li et al., 20004 enabled
seardiing and accessingpointer everts but stated that this feature is hardly used.
Other sourcesof irritation are also ltered, for instance a (permanertly changing)
performance monitor or a clock, which are often placedin the task bar and hence
may be visible during desktop recordings.

Surveying the results causedby 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 sewral seconds.If the animation consists of
permanertly changing areas,the delay betweentwo updatesis very short. However,
an animation may contain short pausesasis the casefor the step-hby-step execution
of our simulator. If the applied animation detection thresholdis too low, too many
indices are generatedbut a high value may assumetwo consecutiwe slidesto 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
secondss suitable to classifytwo animations, onelasting from 3:51{4:40min and the
other from 5:07{5:50min. If the pausebetweenthe two parts should be overruled, the
animation detection threshold must be increasedto 30 secondsBut 30 secondsmay
already be a period in which a slide can be preserted 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 some meaningful slide indices were combined to a single one.
Therefore, the lower threshold of ten secondsis preferable. Reducing the threshold
further to only 5 secondsresulted in 67 instead of 59 indices. The eight additional

indices were inserted during the period of the animation/sim ulation. Surveying the
recorded lecture revealedthat 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 preserted ways to detect slidesand animations within recorded VNC ses-
sions. Unfortunately, animation detection cannot be treated independertly of the
slide detection. This is not only the casefor choosing a suitable animation detection
threshold so that two consecutie slides are not classi ed as animation. Recall that
we have suggesteddropping potential slide indices which are succeededy 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 messagegossibly 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
independertly of ead other. Consider a sequencewhich is assumedto be causedby
skipping slides The animation detection rather would classify such occurrencesof
subsequeh updates as animation. However, the slide detection and the animation
detection dier in their way of classifying the potential indices of a sequenceto be
important or not. The slide detection algorithm drops all indices exceptthe 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-
datesrevealsthe end of the sequenceClassifying a sequenceonce as a skipped and
thus unimportant slide, and once as meaningful animation is obviously inconsistert
and therefore must be avoided. Therefore, animations must be distinguished from
slides.

Approac h |: Duration of sequence

Skipping slides (willfully or by mistake) aswell asslightly 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 I1: Length of sequence

Another approac to di erentiate betweenanimations and skipped slidesis to
count the length of a sequencej.e. the number of messagesAs eat displayed
animation frame is represened by at least one framebu er update, animations
generally consistof 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 messageébecausewe have split a messagehat cortains sequence®f rectan-
glesto a sequenceof message®ad containing a single rectangle only (discussed
in Section5.1.2).

Testing both approacheswith di erent threshold valuesrevealedonly slight di er-

encesbetweenthe resulting indices. Again the examplelecture (Figure 7.12to 7.14)
of the course\ Abstrakte Maschinenim Ubersetzerlau” is a good candidate for anal-
ysis, becauseduring this lecture not only the simulator was usedbut the recording
also corntains 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 contin ue his lecture.

We analyzed the index table generatedwith sequen@ duration thresholdsof 5 an
10 secondsas well as with sequen@ length thresholdsof 5 an 10 potential indices.
Interestingly, the four dierent 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 approades,the
longer sequencesesulted in better indiceswhere\b etter" meansthat the timestamp
of the selectedindex refersto a framebu er state which represerts 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 sequene thresholds causesthe algorithm to
classify the problematic sequence®f about 10 secondsor 10 potential indices asan-
imations and thereforethey are replayed starting at their beginning, which resultsin
skipping lessverbal narration and thus providesa natural o w of the teachersspeed.
But creating a meaningful visual index (e.g. in the form of thumbnails), where the
preseried slide should give a hint on the addressedtopic, the last potential index
of these sequencess better suited. Otherwise the visual index may show a skipped
and thereforeirrelevant index. A reasonablesolution out of this dilemmais to derive
indices by useof the higher seguene thresholdsin order to receive meaningful visual
represenations referring to the last slides(omitting skipped ones).Additionally , one
hasto 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 accessednstead of the exact timestamp. If the teacher said nothing while
skipping slides, some silenceis replayed, which naturally is lesstroublesome than
starting in the middle of a sertence.

Note that there are only slight di erences betweenthe two classi cation approacdes.
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 erently, the rst approadc classi esa
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 approadesis applied becauseone might deliver a slightly better classi cation
on one lecture but slightly lessgood results for another one. Howewer, the density,
i.e. the number of indices within the duration of a sequenceenablessomekind of
content prediction. If a sequencewvas causedby slide overlays commonly only one or
two potential indiceswithin 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 Events as Indicators

Although the side-e ect indices that are causedby the RFB protocol messagesre
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
eventsinstead of using them directly as side-e ect indices

For instance, if a sequenceof potential indices is accompaniedby key pressescom-
monly usedto switch slides, it is rather unlikely that the sequences causedby an
animation and not by skipping slides. Due to security issues,the TeleTeachingTool
doesnot log key everts, but during the live presenation, 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 RemoveAlAnnotations events
are logged,they provide similar hints to the key events themseles since RemoveA-
IAnnotations events will rarely, if ever, occur during animations. As the removal of
all current annotations can also be induced by clicking on a dedicated clear annota-
tions button without switching to another slide, a RemoveAlAnnotations 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 freehand drawing fea-
ture. A short dash (e.g. underlining) may not be very interesting. But the rst

timestamp of a sequenceof many freehand annotations potentially refersto a point
within the lecture wherethe teacher had drawn and explained, for instance, a sketch,
a formula or added somecommerts. Sincedynamic freehand (or other) annotations
are a special kind of animation, a classi cation of sequencess achieved analogousto
the animation detection by analyzing the delays betweensubsequen everts. Recall
that the TeleTeachingTool handlesannotations on a separatelayer and storesthem
in the form of symholic representation (see Section 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 accessedn an easyway asit is hard or even impossible
to distinguish annotations from pointer movemerts, 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, mousemovemerts and menu usageto any animation e ects causedby
arbitrary applications. Howewer, calling this a problem of the screen recording ap-
proach would not be fair asthe symiwolic recorders typically are not able to record
dynamic content at all (unless especially designedto be recorded with a specic
recorder asis the casefor a built-in dynamic annotation feature). Nevertheless,dy-
namic content can be distinguished from static slide images and by lItering small
updates causedby dynamic mouse movemernts 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 Representation of Indices

A suitable presentation of indices has a fundamental impact on the usability of the
replay software. Besidesthe convertional timeline navigation (timeline slider and
play/pause/skip buttons), the TeleTeachingTool o ers a graphical overview of the
automatically computed slide indices. Clicking on a small previewimage (thumbnail)
causesnstantaneousplayback of the corresponding slide. Additionally , accessinghe
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 preseried content and also may contain the corresponding
annotations.

An index refers to a single timestamp but also represens 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 consecutie 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 accesdo the preseried sourcematerials (such

asslides).

Annotations give a good indication of the preserted topics and the importance of the
index. Consider the teacher adding additional commerts to a slide, which revealed
some comprehensionproblems. 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 represeration of the index should already reveal the importance of the
index by displaying the applied annotations. This is alsothe casefor drawn sketches
or tables. During recen years of recording lectures, we have recognizedthat the
freehand annotations are of special interest for the visual represeration of indices,
but the highlighting feature is not that meaningful (for that purpose). Highlighting
is of momentary importance asthis feature is usedfor emphasizingand to focusthe
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 represertations should not 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 be addedlater. Consequetly, we needsome
\ foresight' to display relevant annotations within the visual index represenation.

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 RemoveAlAnnotations evert, whichever occurs
rst. Note that an additional (sub)index for the remaove event may be bene cial in

order to presert all annotations. This resultsin 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 asto 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-tasal annotations. In order to gener-
ate visual indices that include pixel-basedannotations, we rather must consene the
annotations when they are available, which is at the end of a period betweentwo
consecutiwe 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 preseration 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 sequenceHence,the index minus one secondprobably will represert a
skipped slide, which is not our intention. Therefore, rather the rst potential index
of such a sequencemust be accourted as the end of the previous period. However,
this can be achieved by storing di erent 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-
spondsto the recordedlecture. Certainly suc a pixel-baseal script doesnot o er the
editing and reusability features of the sourcedocumerts (of the slide preseration)
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or other symbolically represeried documerts (but the sourcedocumerts 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-
mernts), which they have preseried 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 versionin order to add commerts or read them without the useof
an electronic device,which is no problem if a script can be derived from an electronic
lecture without accesgo the presernied sourcematerials.

An important feature of the generatedscript is the inclusion of annotations made
during the live presenation. Any freehand commerts or sketchesare preserted by
such a script in contrast to the published (classic)slides,which commonly contain no
annotations. Additionally , a script generatedfrom a recording can presert di erent
documernt types. Consider a slide presenation that is pausedto showv and discuss
someweb pagesor another documert (type), all of which are then presened in a
single script. Obviously, dynamic content cannot be preseried fully in a static script
sincea screenshotwill only represern a momertary state.

name: Bucher: Medienwissenschaft 1 (17.02.2004) Main Index

recorded: Tue Feb 17 10:18:03 CET 2004
length:  89:04 min.

#1: 00:00 min. - #2: 09:58 min.

#43: 77:53 min.

[ #55: 87:32 min.

#51: 84:26 - #52: 85:34 min

#49: 83:05 min.

[ #53: 86:50 min.

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

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

" Lecture 2004/02/17 of \ Medienwissenschaftl " (Bucher, 2004)
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thumbnail computation for the preview imagesshowvn with the TeleTeachingTool
during replay. Certainly annotation layering as well as enabling and disabling anno-
tation typesis not as easyto achieve for (static) scripts asit is for the thumbnail
overview within the TTT application (but might be provided by meansof dynamic
scripting language$. Our script geneator rather applies the required annotations
(all annotation typesexcepthighlighting) to the copy of the framebu er before stor-
ing the (slide) image and the thumbnail. Hence,annotations are stored pixel-based
as part of the preseried images.If the drawing feature of the recordedpresertation
software is usedinstead 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 as shown in Figure 7.15.
Each thumbnail is linked to a pagewith the corresponding full scaled(slide) image
and ead of the slide imageshas links to the previous and next index page as well
as back to the overview, which are displayed at the top and the bottom of ead
page (Figure 7.16). The next page can also be accessedust by clicking on the full
scaledimage (to provide sequetial 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.

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Der Befehl calln rettet die Fortsetzungs-Adresse und setzt FF, SP und PC
Der Befehl { mark ) legt Platz fiir Riickgabewert und organisatorische Zellen an auf die aktuellen Werte.
und rettet ' tnd EP.

FP FP
EP EP [e
marl

S[SP+2] = EP;
S[SP+3] = FP; FP=SP-n-1;
SP=SP+4; SIFP] = PC;
PC=S[SP];
SP-;

prov - overview - next prov - overview - next

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

Each automatically createdscript pagehasthe samesimple structure asthe following
example:

<html>
<head>
<tittle>Bucher: Medienwissenschaft | (17.02.2004) [42]</title>
<link rel="stylesheet" type="text/css" href="style.css">
</head>
<body>
<center>
<b>
<a href="medien1_2004_02_17.41.html">prev</a>
<a href="medien1_2004_02_17.html#42">overview</a>
<a href="medien1_2004_02_17.43.html">next</a><br>
<a href="medien1_2004_02_17.43.html">

PR
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13 <img src="../images/medienl_2004_02_17.42.png" title="#42: 76:15 min.">
14 <la><br>

15 <a href="medien1_2004_02_17.41.htm|">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 correspondsto the
possibly shortened course name and the date), followed by the index number and
the le ending The referencedstyleshet 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 styleshet according to their own re-
quirements and likings. A consistent naming is also important to (automatically)

interlink the results of an online full text search (described Section 8.3.1) or the
downlaad pagesof our web archive with the corresponding script pages

The generatedstructure of a sampleoverview pageis givenbelow. Lines 1{21 specify
the title and display somemetadata. The individual ertries for ead thumbnail start
at line 23. The <fieldset> tag (since html 4.0) enablesthe grouping of elemers.
In combination with the styleshet 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 possibleto group
the thumbnails with the corresponding index numbers and timestamps, or only a
xed number of indices can be displayed per line. We also have implemented a script
generation that doesnot rely on the <fieldset> tag and therefore can be usedin
order to support older browser versions.

1 <html>

2 <head>

3 <title>Bucher: Medienwissenschaft | (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 | (17.02.2004)</b></td>

12 <Jtr>

13 <tr>

14 <td>recorded: </td>

15 <td><b>Tue Feb 17 10:18:03 CET 2004</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">

%9 <img src="../thumbs/medien1_2004_02_17.thumb.01.png" title="#1:  00:00 min.">
</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.htmI">

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.htm|">

38 <img src="../thumbs/medien1_2004_02_17.thumb.03.png" title="#3:  10:23 min.">
39 </a>

40 </fieldset>

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 represertations of the recordedlecturesin our webarchive In order to produce
a more printer friendly documernt, the script should rather by generatedin the form
of a pdf or similar documert type, which can be done by generating pagesincluding
a single screenshotfor ead index.

7.6 On The Fly Analysis

Criterion C4c: Annotations assaiated with slides(or other elements)in a way that
guaranteesthat annotations disappear when a slide is changedand are made visible
again when returning to that slide later during preseration, requireindicesto 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 analysisto be
performedon the y while the preseration 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.

Esserially, the automated post-processingconsistsof 3 phases:

1. Deriv e Potential Indices
2. Classify Indices

3. Compute Thumbnails & 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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ead messageamust be parsedby the TTT for recording and transmission purposes
anyway, eat rectangle headeris read and the a ected areacan be calculated. Com-
bining updates of almost identical timestamps (as is done during post-processing)
causesa short delay of seweral hundred millisecondsonly.

In the second phase the identied potential indices are classi ed to determine
a meaningful selection. The oine classication algorithm analyzes sequencesof
indices following ead other at short delays. However, if messagesre received from
a stream instead of being available a priori, it is not always evidert when a sequence
terminates. The classi cation dependson the applied thresholds. We have suggested
an animation detection threshold of 10 secondswhich is combined with a sequen@
duration thresholdof 5{10 secondsor a sequen@ 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
sequencesnust be classi ed as animations). This duration is either the seuene
duration threshold and thus 10 seconds,or a sequenceof 10 potential indices (the
sequene 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 classication, the approac of examining the duration of a sequenceis
evidently better suited.

Nevertheless,we discussfast termination of the other approac aswell. 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 approad), because
the animation detection threshold is exceededand thus the \sequence" consists of

a single index only. Real animations causemany potential indices with very short

delays at high probability and therefore will exceedthe sequen@ length threshold
very soon. For the recordedsimulator usage,which we have discussedn 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 secondshas passed).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 sequenceiy the number of the included potential indices is practically achieved
in lessthan 30 seconds,and for animations typically in lessthan 5 seconds.Note

that this is unproblematic for the post-processing,becausethe oine computation

is not performed in a timeline fashion accordingto the loggedtimestamps and can
rely on all messagedeing available in advance.

A slightly delayed on the y index computation is acceptable becauseimmediate
usageof newly created badk referencesis not very reasonable.They either refer to
the currently displayed slide or to one which was shown recerly for a very short
time spanonly and hencecannot be very important and will contain only a few, if
any, annotations.
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A sequencehat endswithin the sequene duration threshold or the sequene length
thresholdis assumedto be causedby skipped slides opening a new application win-

dow or delayed messageslue to heavy serner or network load and thus the last index
is consideredto be valuable. A sequencss classi ed to be (part of) an animation if

it exceedsthe threshold. Animations can last longer, but only the start point and

thusthe rst index is classi ed asimportant. As soon asthe algorithm assumeghat

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 teachersto ac-
cessannotated slidesduring the presenation, it is doubtful whether past animations
should be accessibleat all. If not, animations are simply ignored. They could also
be treated as short sequencesmeaning 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

cortent and intention of an animation, it is not possibleto determine if a suitable

shapshotshould be achieved at the entry point, the end or any position somewhere
in between.

[=] seidl's X desktop Gtseidig:42) o'e ©

Der Befehl calln rettet die Fortsetzungs-Adresse und setzt FP, SP und PC
auf die aktuellen Werte.
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Fig. 7.17. TTT player with thumbnail overview

A thumbnail overview (Figure 7.17to the left) is a meaningful represenation of in-
dices.It canbe updated dynamically whenewer a newindex 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 whenewer showing a new slide. Therefore a new thumbnail is added
immediately whene\er the teacher switchesto the next slide, but any potential in-
dicesappearing shortly afterwards are not displayed until fully classi ed. This gives
immediate feedba& during an ordinary preseration (with an adequateamount of
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time betweenslides), but doesnot confusepreserters due to bustling activity in the
thumbnail index during animations or while skipping slides. Similarly, eat created
annotation is addedto the current thumbnail with a little delay, becausethere is no
necessiy to display them immediately asthey are also visible in the main window
and the teacher is obviously still occupiedwith annotating the current slide. As the
intention is to accesgpreviously made annotations, it is advisable not only to index
slide changes,but alsoto make use of the side-e ect indices that are causedby re-
moving all annotations. As a result ead slide can have seweral sets of annotations,
which refer to di erent remarks by the teacher and can be accessedndividually if
represerted by one thumbnail per set.

The thir d phase of the post-processingalgorithm computesthumbnails and screen-
shots by fast replay of all update messagesnd copying the framebu er state (i.e.

the contained pixels) for eat timestamp that represers an index. The online al-

gorithm must store screenshotsduring index computation, becausethe framebu er

is modi ed by ewvery (subsequem) 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 ead potential index and
deleteit if the index is rejected afterwards. In order to avoid performanceproblems
causedby storing many screenshotswithin a few secondsijt is advisablenot to store
a screenshotimmediately after receiving a 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 alternatively may result in the generation of a more
suitable index to replacethe current one. However, asan update can contain se\eral
rectanglesbut the RFB protocol doesnot enableaccesdo rectangle headerswithout

parsing all preceding rectangles, either only the rst rectangle can be obsened or

rectanglesmust be parsedand bu ered but not immediately displayed. Screenshot
generation is reduced further whene\er the detection algorithm has classi ed the

currently read sequenceas animation and thus all potential indices can be ignored
until the end of the sequencés determined. Note that our optimized le format that

provides fast accesdo rectangle headersis not valid here, becausethe input stream
is the messagestream received from a VNC server and thus obeysthe original RFB

protocol.

7.6.1 Live Replay

During o ine playback a recordedpresenation is replayed dynamically in the same
way asit was preseried 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
lessconfusingto rerun the application once more 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



154 7 Navigation and Automated Indexing

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 asthe 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 easierapproac of replaying
static screenshots is su cien t. Commonly, the predominant part of ead 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) preserted content plus
the corresponding annotations on a separatelayer, to be shovn whenewer an index is
classi ed asslide, and the dynamic replay of animations or other content otherwise.

7.7 Interlink age of Annotations and Slides

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

Recall that [Lauer and Ottmann, 2003 postulate that during live presentations an-
notations should be assaiated with slides so that annotations disappear when a
slide is changedand are made visible again when returning to that slide later (which
is our Criterion C4¢). The rst aspect of removingthe current annotations wheneer
switching to another slide is supported by the TeleTeachingTool by applying auto-
mated removal of 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 betweentwo consecutive indices (or a timestamp and
the next evert that removesannotations) asis doneto 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 made annotations 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 knowledge of slide content. A slide shawn twice
during the presenation causestwo independent slide indices with dierent sets of
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corresponding annotations. A real asseiation between annotations and slides (or
any other content) would even make it possibleto recall corresponding annotations
wheneer skipping back to previously annotated slideswithin the preseration soft-
ware.

7.7.1 Content Interlink age

In order to achieve content interlinkage it is necessaryto determine if the currently
displayed framebu er matches any previously shovn 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 seweral
thousand updates. However, only grave modi cations are important suc as switch-
ing to another slide or opening a new application. But those are identied by the
indexing algorithm and typically limited to sewral dozen occurrences. Therefore
framebu er comparisonsare only neededwhenewer a received update messageis
identied 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 erent chedksumsre-
late to dierent framebu ers and, if chosen suitably, matching chedksums should
point to equal content at high probability.

Unfortunately, such a comparison will be problematic unlessthe 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 frequertly changing pointer
position is a disruptiv e factor (if part of the framebu er and not treated separatelyby
VNC's cursorencalings). TTT's own annotations are stored on a separatelayer, but
annotations generatedby any presertation softwarein uence the framebu er aswell.
Therefore only a high degreeof covering instead of a perfect match should be used
asthe comparisonfactor. Examinations of the computer sciencecourse\ Informatik
" [Winter 2005/06] of Prof. Dr. Johann Sdlichter (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 showved less perfect matches due to the heavy usageof slide overlays during
the preserations. Suc overlays are very similar as they partly contain the same
content, but newverthelessshould be distinguished. Lowering the content matching
threshold to a value below 0.2% eliminated the problem. Surveying seweral other
recordingscon rmed the lower threshold to be suitable for most lectures. However
the detection rate for the lectures of Prof. Sdhlichter is remarkably better when the
higher value is applied, which is causedby using a web browser shaving html-based
slides instead of a designated presenation 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 valuesif shaving the sameslide twice, once before link(s)
have been clicked and then afterwards when returning to that slide. Until further
researd 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 preseration style and thus hasto be designatedonly once per teacher
or lecture series.Lowering the color depth before performing comparisonscan also
reduceirritations.

Pixel-basel comparison of seweral framebu er states(screenshots)s not very e cien t
due to the heavy memory usage and the high number of comparison operations
required. Howewer, the number of e ective pixel valuesis very limited. Analyzing
the screenshotsof our automatically generatedscripts demonstrated that for most
slidesapproximately 90{95% of the pixel valuesare setto the samecolor (assuming
a single colored badkground). 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
frequertly usedcolor for ead index.

Recording: infol_2006_10_20.ttt
100 1 1 1 1 1 1 1 1

background colored pixels (in %)
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indices

Fig. 7.18. Background pixels of presertations showing mainly text

Surveying lectures with slidesthat present content of a higher pixel variety reveal
that even very complex slidesrarely contain lessthan 40% of badckground colored
pixels. The graph in Figure 7.19 correspondsto the lecture of Prof. Dr. Hans-Jurgen
Bucher that is preseried in the slide overview shown in Figure 7.15. Slides that
presert scannednewspager articles or other complex pictures are evidertly exposed
by lower values.

The coloring of many pixels in the samecolor leadsto very high compressionrates
even for simple and therefore fast compressionschemessuc as run-length-enading.
As the majority of comparison partners represer unequal slides, the comparison
algorithm should detect and reject them as fast as possible, at best by a single
value comparison. Examination of seweral dozenrecordings revealedthe numkber of
background pixels to be a suitable criterion. Slides cannot match ead other if the
number of pixelsthat are coloredin the most frequertly usedcolor, which typically is
the badkground color, exceedshe previously mentioned content matching threshold
of 0.2% or 1.1%, becausedi ering badkground pixels are a subset of all diering
pixels.

In order to determine the badkground color we compute a color histogram, i.e.
counting how many pixels are colored by ead color. Hence, eat pixel must be
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Recording: medienl_2004_02_17.ttt
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Fig. 7.19. Background pixels of presertations showing very complex slides

accessedonce, but this is also the casefor any other comparison algorithm. At
least this can be combined with constructing additional data structures to per-
form an e cien t pixel comparison, whene\er 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 single value 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 backgound imagesare usedinstead of a (mainly) solid badkground, but their
usagefor VNC environments is discouragedanyway, becausethey result in rather bad
compressiorratios and thus high bandwidth usage(Section 3.2.6). Another approach
could be a similarity hash but a suitable hashfunction needsto be ascertained rst.

7.8 Content Prediction by Color Histograms

Through the examination of the badkground 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 badkground 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 frequertly usedcolor, and
if no color covers more than 5% of the pixel values the framebu er represerts a
fullscreenvideo or high colored picture. Surveying the secondmost frequertly used
color of complex slides revealsthat a value of more than 10% indicates a table or
diagram, but lower values most 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 Il ",
04/15/2005 by Prof. Seidl). It shons how much of the framebu er is covered by
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Recording: info2_2005_04_15.ttt
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Fig. 7.20. Background pixels of presertations showing slides and simulator usage

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

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

7.9 Summary

Sgjuential 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
preseration 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 approad.

In this chapter we have preseried dierent approades regarding how to acquire
navigational indices for pixel-basedrecordings fully automated by deriving indices
from the message®f arecordedVNC session.The by-byte analysisgains meaningful
indicesfor homayenouspresenation cortent but fails for inhomogeneus 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 onesas s basis for the detection algo-
rithms leadsto much better results, becauserelative values provide somekind of
abstraction from the preserted content. Applying a slide detection threshold of 20%
in combination with an error correction (i.e. accunrulating message®f 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-baseal recordings producesslide indices that are
(almost) asgood asthose of symtolic recordings Thus, we have eliminated one main
drawbadk of the screenrecording approach.

A thumbnail overview givesa visual representation of indices that, in combination
with fast random access o ers an easyto use slide basel navigation. Storing full
saled visual indices enablesthe extraction of a script directly from pixel-based
recordings without any accessto the preseried sourcedocumerts. As an example,
we have addressedthe automatic generation of an html script by interlinking the
acquired screenshotsbut other documert 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 researdt is
neededto achieve suitable thresholds for content prediction and to integrate appro-
priate seard and navigational featuresin a reasonableway. Furthermore, analysis
of dynamical content should be improved.

Another advantage of the symtwlic representation is the ass@iation of annotations
with slides Howewver, TTT annotations, which are also stored symbolically, can be
interlinked with slide indices accordingto 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
(slidesimages).In order to do so,we have suggestedoossibilities to perform e cien t
screenshot comparison.

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

Studerts rarely want to replay complete sessionsbut rather want to select those
parts that addresscertain topics [Zupancic and Horz, 2002 Scetz, 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 datakasesof lectures

For the recording of VNC sessions [Li et al., 20004 suggestedto log key events
in order to enable retrieval of the entered text. Their intention was not to record
dedicated presenations (as we do) but rather to consene user interactions with
the command shell or applications such as editors. Hence, the reviewing user may
seepreviously entered commandsand can requestthe timestamp, when they where
entered. It is doubtful how meaningful it is to accesssud timestamps becausethe
result is already visible on screenand no additional information is given as their
recording ervironment only presenes the VNC sessionbut no verbal narration.
Howewer, it might be usefulto seard for a certain command (or other text) which
is not yet visible but known to be entered during the session.Sud retrieval will
fail if only exact matches are preseried. Consider a user entering sometext and
deleting and correcting a mistyped key. This problem can be solved by normalizing
the sequenceof key events i.e. deriving the nal character sequenceFurthermore,
logging of key events of desktop sessionss 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 astypically only very little text is
entered during a preseration. Meaningful text retrieval should rather addressthe
presentel (slide) content, either by use of metadata and textual annotations that
describe certain (parts of) electronic lectures or in the form of full text search.

In this chapter, we will explain how full text search can be in performed for pixel-
basal 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 datatases
of electronic lectures
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8.1 Full Text Search for Pixel-based Recordings

A major advantage of text-baseal electronic media is an easyto usefull text serch.
By specifying a search pattern, typically a string, a seard engineoers a list of
all identi ed matchesor subsequeh seardieso er the respectively next occurrence.
Electronic lectures that store symiwlically representel data (including text) obvi-
ously can o er full text search very easily. For screenrecording systems,which store
pixel data only, the presenied text hasto be acquired somehav. One way would
be to make use of the (textual) sourcesof the presenation, which commonly are
symbolically represerned. The so obtained textual content must be logically inter-
linked with the pixel-based recording. If a teacher presens her/his slides strictly
in order, an automated processmay extract and link textual cortent to slide in-
dicesof the recording. However, if the teacher skips badk 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 preserted slides, for instance if a slide
was not detected by the indexing algorithm, sudh an automated processprobably
must fail. Furthermore, as screenrecording allows arbitrary applications to be used
during presenations, there may be various di erent sourcedocumerts and formats.
This restricts the practicability of providing text retrieval by use of the preseried
source documents asthe processcan hardly be automated and manual processingis
laborious and thus discouragedfor lightweight lecture recording.

8.1.1 Text Extraction

Instead of accessinghe source documents that were shown during the live presena-
tion, we rather make use of the recorded pixel-basedslide images Slide images are
independert of the formats of the sourcedocumerts. Hence,any preseried 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 sud 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 sophisticated pattern matching, pictures of charactersare
translated into a standard encaling schemerepreserting 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 scanningis typically an error-
prone process,error correction techniquesdo a re-alignmert to ensurea horizontal
character layout and try to compensatefor shades,spots or other visual irritations.

In comparisonto high resolution scans,screenshotsof typically 1024 768pixelso er
arather low resolution (comparableto 72{100dpi in printed sources),which may im-
pair text recognition results. On the other hand, screenshotsre digital sources with
exact horizontal alignment and without the typical irritations causedby scanned
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analog documerts. In a brute force test we have applied commercial OCR soft-
ware applications (Scansoft'ss OmniPage Pro 11 [OmniPage, 200§ 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 usefulin the orig-
inal intention of OCR software, which is to provide editable, printable and re-usable
digital documents (as copiesof analog sources).However, our intention is not to edit
or presert the extracted data but to acquire a search base for retrieval purpose.Stu-
dents will commonly specify keywolds as seard patterns and not formulas. Hence,
our search base should cortain any meaningful text that is likely to be searded for.
Any other words or charactersthat are stored in the search base are unproblematic,
evenif special charactersand \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: Vollste andige Verbande Eine MengeDDmit einer Relation

E [D ID ist eine partielle  Ordnung falls feur allen, b, ¢ E ID gilt:

n E n Refexivite at a Eb b E a a=b Anti ? Symmetrie a Eb 1, a Ec
Transitivite at Beispiele: 1. D=2{ "I mit der Relation : Ab - aG

Exkurs 2: Vollstandige Verbdnde

Eine Menge ID mit einer Relation T C D x> isteine partielle
Ordnung falls fiir allea, b, ¢ € D gilt:

aCa Reflexivitiit
aCbAbCa = a=b Anti — Symumetrie
aCbAbCcec = aCc Transitivitit

Beispiele:

1. D = 2{%0c) mit der Relation “C” :

(@b,
g <=
Lt

Fig. 8.1. Slide that corresponds to OCR output

Most text, including keywods that possibly will be searded, for instance
\V erbande", \Re exivite at" or \Symmetrie", are recognizedcorrectly. However, the
uselesscharacter sequenceghat are deducedfrom the formulas or the gure at the

! Sansoft recertly changed its name to Nuance but the OCR software is still sold as
Sansoft's OmniPage
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bottom of the slide are only preseried here for demonstration purposebut will nor-
mally be hidden in the search base and thus will never be visible to students and
thus cannot confusestuderts. In fact, for retrieval purposesit is su cien t to obtain
the information whether a sequencas included in a certain part of the seard 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 seart base.Words that are potentially searded for but are not recognized
correctly will not be found and thus causefewer seard results. However, studerts
might be usedto getting not all possibleseard results, becausethis is alsothe case
for many other retrieval systems(consider web seardes) but at least the preseried
results are relevant.

Extracting ASCII text for eac slide enablesslide-taseal search results Hence,seard
results can refer to the pagesthat match the seard pattern but typically also an
emphasizing of the seard result within the page is desirable, which requires the
corresponding coordinates. Sophisticated OCR algorithms can not only extract the
characters but alsothe layout of the input documerts. 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 ¢ 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 ead 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) asanoutput format (not to be mistakenwith Microsoft's WordML,
which also usesthe le extension\.xml"). Currently, we use Scansoft's OmniPage
Pro 14 O ¢ e [OmniPage, 2006, which generatesXML output les that include the
coordinates and the dimensionsof eat recognizedword (or character, depending on
the set properties). Note that for our sourcesthe recognition results of ABBYY's

FineReader OCR 7.0 [Finereader, 2009 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 serch base from slide presenations 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 correspondsto the slide showvn in Figure 8.1:

<?xml version="1.0"?>
<!--XML document generated using OCRtechnology from ScanSoft, Inc.-->
<document ssdoc-vers="SSDOCL1.0" ocr-vers="OmniPage Pro 14"
xmins="x-schema:http://www.scansoft.com/omnipage/xml/ ssdoc-sc hema2.xni">
<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 |="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">
<In baseline="600" ff="Garamond" fs="900">
<wd |="696" t="485" r="1210" b="605">Exkurs</wd>
<wd I="1262" t="490" r="1373" b="605">2:</wd>
<wd |="1742" t="485" r="2664" b="653">Vollst* andige</wd>
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<wd |="2731" t="485" r="3427" b="605">Verbande</wd>
</In>
</paragraph>
<paragraph para-type="text" align="left" left-indent="0" right-indent="0"
start-indent="0" line-spacing="156">
<In baseline="946" ff="Bookman Old Style" fs="500">
<wd |="691" t="869" r="912" b="950">Eine</wd>
<wd |I="960" t="869" r="1306" b="984">Menge</wd>
<wd [="1344" t="864" r="1426" b="950">DD</wd>
<wd |="1464" t="869" r="1637" b="950">mit</wd>
<wd I="1670" t="869" r="1930" b="950">einer</wd>
<wd |="1963" t="869" r="2395" b="950">Relation</wd>
<wd |="2558" t="874" r="2635" b="946">E</wd>
<wd |="2846" t="864" r="2928" b="950">][D</wd>
<wd |="3082" t="864" r="3163" b="950">ID</wd>
<wd |="3312" t="869" r="3442" b="950">ist</wd>
<wd |="3470" t="869" r="3682" b="950">eine</wd>
<wd |="2147483647" t="2147483647" r="0" b="0">partielle</wd>
</In>
<In baseline="1104" ff="Bookman Old Style" fs="500">
<wd I="691" t="1027" r="1166" b="1138">Ordnung</wd>
<wd |="1210" t="1022" r="1416" b="1109">falls</wd>
<wd |="1459" t="1022" r="1603" b="1109">feur</wd>
<wd [="1642" t="1027" r="1934" b="1123">allen,</wd>
<wd |="1968" t="1022" r="2045" b="1123">b,</wd>
<wd |="2078" t="1051" r="2122" b="1109">c</wd>
<wd |="2170" t="1042" r="2232" b="1114">E</wd>
<wd |="2280" t="1022" r="2362" b="1109">ID</wd>
<wd [="2400" t="1027" r="2587" b="1142">gilt:</wd>
</In>
</paragraph>
<paragraph para-type="text" align="left" left-indent="504" right-indent="0"
start-indent="0" line-spacing="192">
<In baseline="1560" ff="Times NewRoman"fs="600" char-attr="italic">
<wd [="1229" t="1507" r="1277" b="1565">n</wd>
<wd |="1330" t="1488" r="1406" b="1560" ff="Bookman Old Style" fs="500"
char-attr="non-italic">E</wd>
<wd |="1454" t="1507" r="1502" b="1565">n</wd>
<wd |="2147483647" t="2147483647" r="0" b="0">Refexivit® at</wd>
</In>
</paragraph>
<paragraph para-type="text" align="left" left-indent="504" right-indent="0"
start-indent="0" line-spacing="192">
<In baseline="1752" ff="Times NewRoman"fs="600" char-attr="italic">
<wd [="1229" t="1699" r="1277" b="1757">a</wd>
<wd |="1330" t="1680" r="1406" b="1752" ff="Bookman Old Style" fs="500"
char-attr="non-italic">E</wd>
<wd |="1454" t="1670" r="1502" b="1757">b</wd>
<wd |="1642" t="1670" r="1690" b="1757">b</wd>
<wd |="1742" t="1680" r="1819" b="1752" ff="Bookman Old Style" fs="500"
char-attr="non-italic">E</wd>
<wd |="1862" t="1699" r="1910" b="1757">a</wd>
<wd [="2256" t="1670" r="2530" b="1757">a=b</wd>
<wd |="2770" t="1670" r="2990" b="1757">Anti</wd>
<wd |="3029" t="1723" r="3110" b="1728"> </wd>
<wd |="3149" t="1675" r="3662" b="1790">Symmetrie</wd>
</In>
</paragraph>
<paragraph para-type="text" align="left" left-indent="504" right-indent="0"
start-indent="0" line-spacing="192">
<In baseline="1944" ff="Bookman Old Style" fs="600" char-attr="italic">
<wd [="1229" t="1891" r="1277" b="1949" ff="Times NewRoman">a</wd>
<wd |="1330" t="1872" r="1406" b="1944" fs="500" char-attr="non-italic">E</wd>
<wd |="1454" t="1862" r="1502" b="1949" ff="Times NewRoman">b</wd>
<wd |="1642" t="1862" r="1690" b="1949" fs="500" char-attr="non-italic">1,</wd>
<wd |="2251" t="1891" r="2299" b="1949" ff="Times NewRoman">a</wd>
<wd |="2352" t="1872" r="2429" b="1944" fs="500" char-attr="non-italic">E</wd>
<wd [="2477" t="1891" r="2520" b="1949" ff="Times NewRoman">c</wd>
<wd |="2147483647" t="2147483647" r="0" b="0" ff="Times NewRoman">Transitivit® at</wd>

</In>
</paragraph>
<paragraph para-type="text"

align="left" left-indent="2592" right-indent="288"
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start-indent="-2592" line-spacing="276">

<In baseline="2299" ff="Bookman Old Style" fs="500">
<wd I="691" t="2203" r="1272" b="2338">Beispiele:</wd>
<wd [="691" t="2467" r="763" b="2549">1.</wd>
<wd [="898" t="2462" r="979" b="2549">D</wd>
<wd [="1022" t="2506" r="1114" b="2534">=</wd>
<wd |="1157" t="2443" r="1253" b="2549">2{</wd>
<wd |="1325" t="2443" r="1445" b="2525"> "I</wd>
<wd [="1488" t="2467" r="1670" b="2549">mit</wd>
<wd [="1704" t="2467" r="1877" b="2549">der</wd>
<wd [="1915" t="2467" r="2347" b="2549">Relation</wd>
<wd |="2635" t="2496" r="2645" b="2549">:</wd>
<wd |="2832" t="2443" r="3014" b="2539" char-attr="jtalic"> A.b</wd>
<wd |="3806" t="2515" r="3821" b="2539" char-attr="italic">-</wd>

</In>

<In baseline="2760" ff="Arial Narrow" fs="500" char-attr="italic">
<wd |="3307" t="2482" r="3408" b="2779">aG</wd>

</In>

</paragraph>
</region>
</page>
</document>

The <wd>tags reveal the coordinates of recognizedwords (character sequences)
by specifying the \I" (left), \t" (top), \r" (right) and \b" (bottom) parameter

of the following character sequenceNote 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 seard results within slide images.

° Weil! Objekt-Methoden inur fir von null verschiedene Ol‘v]'ektﬂ
aufgerufen werden konnen, kann die leere Liste nicht mittels

toString() als String dargestellt werden.

e Der Konkatenations-Operator “+” ist so schlau, vor Aufruf von
toString() zu tiberpriifen, ob einjnull-Objekt vorliegt. Ist das
der Fall, wird “null” ausgegeben.

e  Wollen wir eine andere Darstellung, benGtigen wir eine
Klassen-Methode String toString(List 1).

Fig. 8.2. Emphasizing seard results and the seard 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
forcedto enter ertire words, we perform substring searches Thereforeit is advisable
not only to highlight complete words that contain the search pattern but also to
mark the seard pattern within that word, for instance by underlining it. Without
marking the seard pattern, it might not be evidernt at a glance why the system
preserted a particular seard result. If the seard pattern matchesthe beginning of
a recognizedword and/or is a semartical subword as\ob jekt" in Figure 8.2, it is
obvious to the userwhy this result is preserted but considera seard for \ paris’ and



8.1 Full Text Seard for Pixel-based Recordings 167

receiving \ compaison” as result. Obviously \ compaison' is not the expected result
but due to the underling it is clear why it is preseried. 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 ¢ substring we want to underline. OmniPage also supports coordinates per
character but this results in much larger XML les (approx. 50 times larger) asone
<wd>tag must be speci ed for eat character. We rather suggestto interpolate the
required coordinates. If assumingcharacters of equal widths this is done by 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 amourt n times to

x-coordinate of the word (the \| " parameter of 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 some additional space
is added between the emphasizedcharacters and the underline (as well as for the
border of the highlighting annotation).

Sud interpolation will slightly misplacethe underline, becauseypically proportional
fonts are used (instead of xed size fonts) and hence,the width of charactersvary.
Regarding the character width for seweral fonts requires knowledge of the applied
font (which probably is provided by the OCR software) and also knowledge of 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 \I"

(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):

I T #$| % & [ () [*|+],]-].]1/]0]1]|2
0.5/0.4({0.6/1.0{1.0{1.1/1.1{0.4/0.5|0.5|0.8|1.3|0.4|{0.9/|0.4/0.8(1.0(1.0|1.0
3/4/5(6|7|8(9]:|;|<|=|>? @ A|B|C|D|E

1.0/1.0{1.0/1.0|1.0|1.0/1.0/0.4/0.4{1.3|1.3|1.3|0.8(1.4/1.2|1.0|1.1|1.2|0.9

FIGIH|I |J|K|L|M|N|O|P|IQ|R|S|T|U|V|W| X
0.911.21.2/0.5/0.7|1.1{0.9|1.4/1.2(1.2|0.9]1.2|1.1|0.9|11.1|1.2|1.1|]1.5]1.1

Y| Z[[|\V|]|"™]_ alblc|dje|f|jg|h|i|] |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
I fminjo|plqfr|s|tju|viwix|ylz|{]|] |} |~

0.5/1.5/1.01.0/1.0/1.0/0.7|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 \ compaison’, which has a relative width of 9.2, can be computed by the rel-
ative widths of the three substrings\ con" (3:3  35:9%), \ paris’ (3:9 42:4%) and
\on' (2.0 21:7%) instead of the xed sizes,which would be 3:5:2 or 30%:50%:20%
(since \ compaisor' 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 Interlink age of Search Base and Indices

Applying optical character recognition to automatically generatedslide imagesdeliv-
ersa textual basis that is required to provide full text search. The logical interlinkage
betweenthe 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,ead portion of the seard baseis assaiated with an index. If using the XML
format of OmniPage, eat <page>tag contains the recognizedcharactersfor a single
pageand subsequeh <page>tags correspond with subsequen 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 (ASCII character OxOC hex).

The retrieval algorithm returns the indices of the slideswherethe corresponding text
matchesthe seard pattern and, if coordinates are provided, also emphasizeghe ap-
propriate areas.As eadt seard can be performed in a few milliseconds, the seard
results are updated while the user erters a keyword. Therefore it is not necessary
to enter ertire words and start the seard processby pressinga dedicated search
button. In fact, the user gets permanent feedback after each additionally erntered
character and hence can stop whenewer an appropriate result is preseried 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 pagesaswell as by performing the seard multiple times and
thus accessinghe respective next occurrence.The matching words are emphasized
within the preseried slidesand the thumbnails.

The described seard function is slide-tasal. However, we can make it more ne-
grained. Hereunto, we need adequate indices to divide the recording into smaller
sections. Presertations with overlays generate more frequert framebu er changes,
all of which can be usedasindices not only for navigation but for splitting sections.
As suggestedin Section 7.4.2, the RemoveAlAnnotations everts also o er a more
ne grained partition.

Indices provide the logical interlinkage between text and the recorded desktop.
Seard results are slide indices and thus we get the beginning of the teacher's
commerts about a slide (matching the seard pattern), but not the precise com-
ments about the searded string. The built-in annotation systemof 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 commerts on
at exactly that moment. And asthe preserer only points out important elemerts,
we may have localized commerts about interesting words, which are more likely to
be searded. Using timestamps of highlighting events and applying text recognition
to highlighted areasresults in text that can be linked to the timestamps of the
corresponding annotation events and thus possibly to audio commens about the
highlighted text, which provide more precise seard results. Pointer stop positions
may also be usedto create sud interlink age sincethe 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 areathe 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 vertal narration and presered textual con-
tent would be to usean audio transcript of the recordedaudio stream, i.e. a textual
extraction acquired by speech recognition. As [Herst, 2003 suggests,such an audio
transcript is another retrieval option for multimedia-baseddata suc asan electronic
lecture. Speech recognition typically results in worserecognition rates than character
recognition but, analogousto the seart basedthat is producedby character recogni-
tion, badly recognizedwords will not harm the retrieval process becausesuch words
will typically not be searhed and thuswill never be preseried 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., 2004.

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 (unlessrecorded pixel-basedas part of the framebu er).

Additionally we have tested dierent color formats. The outputs of the tested
OCR applications (Scansoft's OmniPage Pro 11 [OmniPage,2004 and ABBYY's
FineReader OCR 7.0 [Finereader,200q) were very similar for full colored and
grays@le 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 badkground. Hence, if using
black and white images,the contrasts between pixels must be respectedin order to
keepall charactersvisible, which is problematic if using di erently coloredtexts and
badkgrounds. Note that thesetests were performed during our earlier researdt at the
Universitat Trier. The later long term usageat the Tednische Universitat Menchen
exposedthat the results of Scansoft'sOmniPage Pro 14 O ¢ e, which supports XML
outputs, are lessgood if comparedto FineReader.

Theseresults are application dependert and di erent 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 researd and especially
not of this thesis. We rather want to demonstrate that full text search does not
necessarilyrequire storing electronic lectures symbolically or to accesshe preserted
sourcedocumerts.
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8.1.4 String Distance Metric and Stemming

In order to match incorrectly recognized seard 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 Levenshein, 1966, which is usedto
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. Howewer, this resulted in too many unwanted results, especially
if regarding that the user's query and the recognizedtext 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" ! gupstitute \Kelle" 1 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
smallestpossibledistance of the Damerau-Levenshtein-Metric, sudh results probably
irritate the user, especially if the search patterns are not marked with the search
results or if the sarch results are not emphasizedat all. Similar irritations are
achieved by applying \stemming" algorithms, which determine a stem form of a
givenin ected or derived word form.

Preserting incorrect or unwanted results may confusethe student (asis the casefor
meaninglessindices). As our rst priority is to presentmeaningful search results it
is better to nd fewer but correct results, than to nd any results but also presen
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 Worko w

Our aim is to provide full- e dgel electronic lectures by alightweight lecture recording
process.Hence,the extraction and interlinkage of a search base should be automated
as far as possible. The indexing and the generation of the slide images, which are
usedasinput les for the OCR software, is automated by the TeleTeachingTool as
described in Chapter 7. The recognition processis also automated within the OCR
software. All slide images are selectedas input. Then the automated recognition
algorithm is applied. Optionally the usercancorrectthe recognition results manually.
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. Howewer, 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 seard base

100,000words) if comparedto freely available optical character recognition solutions
and moreover many lessadvancedalgorithms must be trained before achieving 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 these approaches.

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

8.2 Lecture Proling and Metadata

VNC sessionrecording presenesthe preserted desktop, which is su cien t for replay-

ing a recordedpresertation. However, in order to produceand alsoto describe asyn-
chronouselectronic lectures someadditional information, commonly called metadata,

is required, for instance the name of the teacher and the topic of the lecture or pre-

sertation. As lecturesare typically part of a courseor lecture series,ead electronic

lecture should also reveal the corresponding course aswell asa sequen@ numkber or

date so that the lectures can be classi ed and arranged in order. Some metadata,

for instance the duration of the lecture, are given implicitly by the recorded session
(the duration is obviously the distance betweenthe smallest, typically zero, and the

largesttimestamp). Other data must be speci ed explicitly, for instancethe teacher's
name.
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8.2.1 Metadata by Lecture Proling

In order to initiate a recording process,seeral parameters, e.g. the VNC sener
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 valuesas far as possibleand if the recording ervironment presenesthe
last used parameters, the values need to be specied only once. However, if the
samerecording setup is used by seweral people for multiple lectures all demanding
di erent 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 sideto reduceerrors.
Therefore we suggestlecture pro ling .

A lecture pro le is a set of parameters, which contain settings that are essetial 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 ease of 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 proles 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 forthright and notice later that parameters are stored for their
corvenience.

[F] TTT: Present & Reco

Lecture: |Abstrakie Maschinen]| =]

Teacher  |Prof. Dr. Helmut Seidl 1+

Title:

VNC Server:  Host: [atseidla | Port: [ 5942 |

Recorder: [¥] enable recording
[¥] incl. video

Filename:

‘ ok H cancel |

Fig. 8.4. Lecture Proling GUI of the TeleTeatingT ool

In order to achieve consistent naming of les, our proling mecdanism generates
tittes and lenames automatically depending on the title of the lecture, the teacher's
name and the current date. Subsequen recordings are distinguished by an addi-
tional sequencenumber at the end of the lename, which is useful, for instance, if
a teacher prefersto make a pauseduring a lecture or if recording a seriesof talks
during seminarsor conferenceevents. Not only the namesof the recordings should
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be consistert but alsothe namesof the corresponding search base usedfor full text
sarch and the automatically generatedscript, which consists of sewral html and
image les. Manual naming is not only an unnecessarybut alsoan error-prone task.
Consistent naming is essetial to provide structured datatasesof lecturesand to cat-
egorize lecture recordingsasis required in order to achieve a suitable represertation
of crosslecture serch results, which will be discussedin the following sections.

8.2.2 Dublin Core Metadata

There are se\eral approachesand discussionsn the researd community 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 elemerts. 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 ¢ needsof the education
community. Details can be found at the Dublin Core website [DCMI, 200§. An-
other commonbut more complex model would be Learning Object Metadata (LOM)

[Wayne Hodgins, 2003.

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
themselwes (maybe after analysis algorithms have beenapplied), for example date,
duration, indices or the full text seart base.In particular, the elemeris are:

Title: The title of the lecture as speci ed by the pro le.
Creator: The teacher's nameis also speci ed by the pro le.

Sub ject: The main topic should be givenby the lecture'stitle aswell but admittedly
this \sub ject" might be a little vagueasit is intended as the subject for a seriesof
lectures and not for a single recording.

Description:  The full text search base providesdetailed information. However, more
suitable descriptions like chapter headlinesor summariescannot be extracted auto-
matically for pixel-basedrecordings (at this time). The DCMI speci cation allows
non textual resourcesike index thumbnails, to be added as well.

Publisher: The university, institute or compary assaiated 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 addedto the proling systemeasily.
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Contributor: Sameas publisher.
Date: The start time (and thus the date) of eact recording is stored in its header.

Type: According to the recommendation given by the DCMI Type Vocabulary
[DublinCoreVocabulary, 2004 one of seweral types could be assigned:\ Collection™
as a recording comprisesseeral data streams, thumbnails or seard base as text;
\ Event" describingthe local lecture that wasrecorded;\ InteractiveResouice" which
is used (among others) for multimedia learning objects or the type; or \ Movinglm-
age' could be assigned However, regardlessof which of thesetypesis used,it should
stay the samefor all recordingsand therefore the type elemer is irrelevant for the
purposeof categorizing the recordings of a lecture archive.

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

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

Source: This elemen could describe the sources(slides) of the preseration. How-
ever, a pixel-based recording approac abstracts from the formats of the source
documernts 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 seartesto a certain language,but this is not supported right now. However,
the keywords speci ed to perform the full text seard lead to results in the same
language (except for internationally usedterminology). An appropriate eld can be
addedto the pro ling set if desired.

Relation: This elemen should refer to related resourcesDue to the predetermined
consistent naming that is provided by the lecture proling system all recordings
that belongto the samelecture serieshave the same lename except for the date
componert. This allows related lecturesto be derived for a given recording. This is
also the casefor other automatically generatedmaterials such asthe html scripts.

Coverage: Typically, coverage will include a spatial location, a temporal period or
a jurisdiction and therefore could refer to metadata usedfor the elemens Publisher
or Contributor (a university in the senseof compary and location), the recording
date or period. However, this elemen 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 therefore one should considerseriouslywhich
ertries are supported.

8.3 Cross Lecture Search

Lightweight lecture recording enables large multimedia datalases to be built up
containing hours of asynchionous electronic lectures rather quickly. Currently our
archive contains more than 400 recordings resulting in approximately 600 hours of
recordedpreserations. Hencethere is an increasingneedfor techniquesnot only to
localize speci ¢ information within a single electronic lecture during replay but also
to nd alecture that addressesa speci ¢ topic. Furthermore, an adequatepresena-
tion of the results is needed,which should o er easyto 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?.
The crosslecture search baseis composedof a set of all individual search basesof the
single lectures. A search base is stored within the extended header of an electronic
lecture. However, instead of extracting the search basesfrom the archived electronic
lectures we use the output of the OCR application directly. While padking and
uploading our recordings, a script also copiesthe OCR output les to a dedicated
directory on our web server wherethey can be accessedy the PHP script. In future,
this padking and uploading processshould be integrated into the TeleTeachingTool.

Seaarch results are formatted as html pages(Figure 8.5), which preserts the titles of
the recordingsthat match the keywod and the list of matching indices for eac lec-
ture, all of which are linked to the automatically created html script. The consistent
naming, which is achieved by the lecture pro ling is essetial to perform the inter-
linkage between search results and the script pages as otherwise links would refer
to nonexistert les. Metadata suc 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 alink leadsto a static script without any possibility to highlight
seard results or to accessother results within the preseried script page. Dynamic
webpageso er a more suitable technique for preserting seardt results by combining

2 a scripting programming language; PHP is a recursive backronym fur Hypertext Prepro-
cessor and originally stands for Personal Home Page Tools
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the screenshotsthumbnails and metadata of the static scripts with a dynamic link
structure that correspondsto the delivered seart results. Furthermore, a dynamic
representation enablesthe seard results to be emphasizedwithin ead html script
page.An appropriate systemthat provides a crosslecture full text search by gener-
ating dynamic webpagesis currently being developed and implemented asa studert
project.

Datei Bearbeiten Ansicht Gehe Lesezeichen Extras Hilfe

<,E| - wp - @ 7(’.} A http:llteleteacﬁing.unirtrier.de/searih/searcﬁ.en.php

TeleTeaching @ University of Trier / TU Miinchen

platform-independent recording and transmission of arbitrary content

lSeite auf Deutsch
— Full Text Search for registered recordings

lHome

lv Search for: Isymmetrie search
lRecordings Search results for symmetrie. 7 hits in 5 recordings.
et i B
[l TeteTeachingTool Seidl: Optimierung (17.10.2006) [?:iaj]
lRequirements Seidl: Compilerbau (23.05.2005) (361
lS(reenshots Seidl: Compilerbau (31.05.2006) [321[38]
lDownload Seidl: Programm-Optimierung (23.10.2003) [43]
lManual Seidl: Programm-Optimierung (19.10.2004)  [41] [44]
lRunning a server

[l contact/statistics Which recordings are searchable? |

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 dewvelopmert project by two studerts
[Gruber and Leiter, 200§. The goal wasto provide cross lecture searchability with

an easyto 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 seard and browse through lectures available at our on-
line archive And nally anoine search base which contains any information and
metadata that are necessaryto describe lectures for searding purposes,can be ex-
ported and imported and thus allow o ine students to ched contents, which they
may accesdater (online or via DVD).

In order to perform a local search, the SBT gathersall TTT recordingslocated in
speci ed directories. Lectures are not loaded completely as this would be very time
consumingand memory intensive. Instead, only the headers of recordingsincluding
metadata (e.g. date and title), indexing structures search basesand thumbnails are
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read. As a further improvemern this task is not performed for ead seard but only
once. The SBT createsa combined search base that stores all neededdata and is
imported during startup and validated by useof chedksumswith the existing lecture
les. Entries for new or modi ed les are generatedor modi ed respectively. This
combinad search baseis not only usefulto enhancestartup and seard performances
but additionally can be exported and distributed for students’ usageas an o ine
sarch base

The online search must be performed in a di erent 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 seard is not
feasible.Instead we make useof the existing functionalit y of the online search feature
already. The serch string of ead performed query is sert asan HTTP requestto
a web service,which performs the online full text search and returns the results as
an XML le. The returned XML documert contains a list of results, eat of which
consistsof a corresponding lecture title, a matching index (number) and a lename
base.The lename baseis valid for all les related to a certain recording and can be
extended by appropriate le endings.Due to the consistent naming and the known
directory structure of the server, the SBT can additionally accesghe automatically
generatedhtml script (including screenshotsand thumbnails).

8.4.1 Views

Applying full text search to a single electronic lecture producesno more results than
the maximum number of indicesavailable, which are typically about 30{50. Therefore
a thumbnail overview is a suitable visual represenation of the seard results. Note
that there might be more matcheswithin a single page but neverthelessead index
is preserted only onceby the thumbnail overview.

Giving an appropriate represeration of the results of a crosslecture serch is more
challenging. A simple (thumbnail) list of matching indices could be su cien t for say
v e to ten matchesbut is absolutely inadequate for a high number of results. The
keyword \stack" for example is frequertly used during our recorded lectures and
therefore producesover 200 matches within about 80 lectures of a dozendi erent
courses.The keyword \Beispiel" (German word for \example") even producesfar
more than 2000results. Besidesthe memory consumption of about 10 Mbyte com-
pressed les, which relate to 40{160 Mbyte uncompressedixel values(8{32 bit per
pixel), a thumbnail overview with 2000entries can hardly be surveyed in a reason-
able manner. Just preserting a list of results without displaying the thumbnails is
alsonot very comfortable. Hence,another represenation is needed.

In order to respect the varying numbers of results, we will categorizelecturesby their
metadata and intro duce se\eral represertations, called views , adequatefor di erent
purposes.Common for all views is a tree representation (see Figure 8.6 left hand
side) that is labeled di erently on ead level, starting with the root node, which
represerts all lectures. The subsequeh levels shown the categories (title of lecture
series), the semesters(as ead seriescan be recorded multiple times in dierent
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years)and nally single lectures by date, which are the leavesof the tree. A number
next to ead entry displays the number of search results that were found in the
assaiated subtree.

searched text: sac -

;;;;;;;

Abstrakte Maschinen
90 hits n

31 tecuures

Compilerbau
32 hits in

15 ecuures

Dokumentenverarbeitung
Lhitin
Liecture

Infor
SLhits in

Programm-Optimierung
18 hits in
9 lecuures

Systemsoftware |
s

Liecure

[ |

Fig. 8.6. Seard results: Overview

The represertation displayed in the main window dependson the number of results
and the selectedlevel within the tree. The top level represeration, the overview ,
which is displayed in Figure 8.6, shaws a top to bottom list of lecture categories
which are entitled by the name of the lecture series.In the preseried gure, we have
searted for \stack" and received 226 results in 11 categories,which are listed as
\ Optimierung”, \ Programmiersprachen’, etc. Additionally , the number of matching
lectures plus the absolute number of matchesin that category are listed. The graph-
ical bar visualizesthe number of results in relation to the maximum matches (of a
single lecture) and thus provides somekind of rating for eac ertry. In the example
the maximum is given by 90 matches (in 31 lectures) in the third category, which
is ertitled \ Abstrakte Maschinen'. The rst ertry in the list hasonly 1 match, the
secondhas 9 matches.Hence,the bars are accordingly shorter. Clicking on an entry,
either in the view in the main window or in the tree representation accesseghe
next, more ne grained level and the view will be updated correspondingly. Note
that higher levels can be accessedy clicking on a corresponding tree ertry .

Level Views

Besidesthe overview we o er the category view that represernts a list of lecture
series,the semester view for all lectures of one category within a certain semester,
and nally the lectur e view , which corresponds with the leaves of the tree and
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thus singlelectures. The rst two of theseviews show a top down list of entries with
rating bars similar to the overview Selectingthe third ertry in the example leads
to the category view displayed in Figure 8.7. The coursewas recorded three times
(summer 2003,2004 and 2006). Again the number of matchesis visualized by bars.
The semesterview (Figure 8.8) looks analogousexceptthat the list ertries represert
single lectures, all of which were recordedin the samesemester,and ead entry is
ertitled by the respective recording date.

= Search & Browsing Tool 29:03:2006 /0.1, y ex

File Options. Help Bt

et e e ] [

Abstrakte Maschinen SS 06
9 hit

5 lectures

Fig. 8.7. Seard results: Category View

= Search & Brovising Too 29,03,2006 V0.1 ) Clielod

serchedtexclacs || sean

Fig. 8.8. Seard results: SemesterView

The lectur e view (Figure 8.9) represerts a singlelecture and displays a left to right
thumbnail overview analogousto the represeration used as the overview page of
the html script (Figure 7.15on page 147) but showing only matching instead of all
indices. Thumbnails are ertitled with index numbers.
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earch & Browsing Tool 29,03,2006 V0.1

Fig. 8.9. Seard results: Lecture View

Limited View

Besidesthe level related views we provide one view for the special purposeof rep-
reserting 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 ertitled with the corresponding lecture
name, semester,date and the number of results. If more matchesfor 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 ead row is
equivalert to the bar rating. The limited view can appear on any level of our tree,
wheneer 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 seard results doesnot exceedthesethresholds the limited
view will be displayed instead of the view that is assaiated with that particular tree
level normally.

The tree representation of seard results in combination with di erent 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 use of the limited view, provide
a structured representation of search results with di erent levels of granularity. Fur-
thermore, the asyndironous 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 seard and nd topics but certainly want to
accesghem aswell. As the crosslecture search can usedi erent search bases(local,
online, 0 ine), appropriate activities must be performed. The colorsof the thumbnail
borders and the tree leavesindicate from which of the three possible search bases
(local: gray, online: green, o ine: red) a lecture originates and applicable actions can
be accessedvia eadh thumbnail's context menu. If the electronic lecture is locally
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e
nen ]

Fig. 8.10. Seard results: Limited View

available in the user's le system,the replay can be initiated, starting at the index
that matchesthe selectedseard result. Otherwise the appropriate lecture can be
downladeal from the web archiveto be unpacked and replayed locally. Additionally ,
the Search&BrowsingTool can display a fullscreen image of the selectedthumbnail
or accesghe assaiated html script in a web browser. The screenshotsand the html
scripts are available online. The thumbnails are read from local les if presen or
from the web archive aswell.

8.4.3 Bro wsing

The Search&BrowsingTool doesnot only o er retrieval features but, asthe name
suggests,additionally o ers the functionality of browsing through the contents of

local and online lecture databases.Browsing is performed as a seard without spec-
ifying a keyword and thus delivers any lecture (indices) as result. The presertation

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 datatase with the lectures that are available in the online archive

Via HTTP requesta web servicedelivers the lectures which are available for down-

load. In syndhronization 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

Saarchability by conventional search enginesby generating electronic lectures, which
are indexable by websearch engines is also a desirable feature in order to improve
the retrievability of sudh 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
dacuments Due to the recognition artefacts, our search basesare not suitable to be
preseried but neverthelessgive a meaningful abstract description of the preserted
cortent. Integrating the search basesand other metadata as appropriate METAags
into html documents which enablesthe speci cation of, for instance, the author, a
content description and keywords, allows web search enginesto index sud textual

cortent. As sud indexable meta tags can be addedto the automatically generated
html scripts as well asto the download pages,the suggestedseartability by con-
ventional web seard enginescan be achieved. If a page of one of our html scripts
is referred as a result in regard to a performed web seard, the userwill not seethe
textual content, which is hidden in the meta tags but neverthelessbe led to this re-
sult, but rather the pixel-basedpresertation of it, which is equally su cien t (to the
user). If a downlaad pageis preseried asa web seard result it might not be evidert

why this pageis preserted. Therefore a 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: Information Retrievaland Criterion C5: 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 full text search for pixel-basel recordings we suggestthe
use of optical character recognition in order to extract search basesfrom the elec-
tronic lectures Instead of accessingvarious sourcedocumernts of arbitrary documert
formats, our approac 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 assaiation of seard 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 full text search without
manual post-processing.

During playback students can specify keyword(s) to initiate full text searches The
results refer to slide indices of matching pagesand are preseried as clickable thumb-
nails, which are linked to the corresponding position within the recording. Applying
an optical character recognition application that provides XML output (or appropri-
ate other formats) with coordinates, eventhe occurrencesof the keywordswithin eac
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 serch that is implemented as a PHP script and is available at
our web archive. Extending the currently available static represenation of seard
results to a dynamic versionwill improve the usability. Another approacd of provid-
ing crosslecture searchability is showvn with the developmen 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 erent graphical represenations, the views for di erent category levels and num-
bers of entries within theselevels. As the Search&BrowsingTool supports di erent
seard bases(local, online and oine) the ervironment furthermore provides dif-
ferent possibilities to accesshe found ertries by download, replaying or presering
static images. Furthermore, we have discussedpossibilities to provide searchability
be conventional web search engines

A consistent naming of all related les is essetial for any automated processing
or to achieve an interlinkage between various elemens. In order to avoid error-
prone manual naming, we have introduced an easyto use lecture pro ling system,
which automatically namesall les to t a predetermined scheme. Moreover, eath
pro le providesthe parametersthat arerequiredto perform lecture recording within
the TeleTeachingTool ernvironment. And nally the pro les contain someadditional
metadatg like lecture titles or teachers' names, which can be used to enrich the
represeration of seard results and which are neededto categorizethe hundreds of
lectures available in our archive.

The preseried work is designedto be usedin our TeleTeachingTool ernvironment but
can be adapted for other recordingtools or lecture archives.However, the useof stan-
dardized metadata and interfaces describinghow to perform full text search and how
to accesscontent, would be bene cial to createa commonly applicable infrastructure.
This thesis doesnot intent to provide a sophisticated wide ranged metadata model
nor to addressdetailed retrieval issuesfor large datalases(of electronic lectures) but
rather provesthat the exible screen recording approach doesnot necessarilycon ict
with searchableelectronic lectures By providing the hasic retrieval features for pixel-
basel recordings in the form of a search base structured recordings and someuseful
metadatg we give the basisto apply researt results that previously were valid for
symbolic recordingsonly. For instance, [Hurst, 2003 claims that the establishedre-
trieval systems,which are commonly designedto procesdarge textual databasesare
not suitable to handle slide presenations and therefore he discusseghe classi cation
and presentation of serch results for sequenes of slides Another retrieval aspect
for electronic lecturesis the retrieval of sppken words. [Hurst, 2003 suggestsapply-
ing speech recognition to the audio stream and extract an audio transcript of the
recordedverhkal 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., 200Q
Heurst et al., 2003.

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



9

The TeleTeachingT ool

The TeleTeachingTool (TTT) o ers animplementation of most of the ideas and con-
ceptsthat are suggestedn this thesis and was developed for everyday usagein close
relation to our own requiremerts and experiences.The TTT is a lecture recording,
transmission and replaying environment with integrated automated post-processing
functionality basedon exible, pixel-tased desktopcapturing technolagy but unlike
other screenrecorders,the TTT o ers advancednavigational featuressud as slide-
basal navigation and visible scrolling and furthermore enablesfull text search. Each
electronic lecture that is producedwith the TTT consistsof three streams:the audio
stream that presenesthe 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 ed RFB protocol in order to
achieve a higher degreeof scalability as suggestedn Chapter 4. The desktoprecord-
ing (le ending\.ttt ") consistsof a header and loggel 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 usethe 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 usage scenariosof how we are using
the TTT environment in order to record lectures. Afterw ards, we addressthe Java
Media Framework (JMF), which is usedto 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 Students

The menu bar of the TeleTeachingTool consistsof di erent main entries, which are
ertitled \ Student’, \ Teachet and \ Post Processing, and relate to certain groups of
people and tasks.
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A student can either open and replay an asynchionous electronic lecture, i.e. a pre-
viously recorded lecture, or connectto a synchmonous electronic lecture, i.e. a live
transmission.

9.1.1 Asynchr onous Electronic Lectur es: Replaying recorded lectures

After selecting the \ Student open.." menu entry (Figure 9.1), a le requestdia-
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.

L=l 2] (%)
Help

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 showvn in the top left corner above the thumbnail overview
which displays small preview imagesof the recognizedindices (typically 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 preserted slide by a red border, which is automatically updated in relation
to the replayed sequenceThe user can watch other indices by use of the scroll bar
and accessead slide simply by clicking the corresponding thumbnail (slide-kasal
navigation).

The control bar at the bottom providesthe standard cortrols, 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 represens the timeline of the lecture from
the beginning (left) to the end (right). The knob of the slider represerts the current
playtack time and its position is automatically adjustedin relation to the replayedse-
guence.The studert cansetthe 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 instantaneously while dragging
the knob. Left of the timeline slider are two lakels represerting 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 preserted after pressingthe 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 windowel and the fullscreen mode and to hide (or display
again) the thumbnail overview and the video component. Furthermore, the saling
of the main window (which displays the lecture) can be adjusted, either by selecting
one of the a prede ned saling levels which are \ 509", \ 75%', \ 100%', \ 1509¢',
\ 2009%6" or \auto" (i.e. automatic adjustment accordingto the window's size), or by
specifying the scaling level manually, i.e. by entering the desiredlevel. 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 full text search will be
performedwhile entering characters,i.e. the search resultswill be updated wheneer
the next character is entered. The search results are preserted 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 slides can be accessedy clicking on a search
result in the thumbnail overview or the next search result will be preseried whenever
performing the (same) seard 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 badk to the search results
by selectingthe appropriate tab.
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9.1.2 Synchr onous Electronic Lectur es: Attending liv e lectures
Via the \ Student connect..! menu entry (Figure 9.3), the student can either specify

a TTT Server manually or selectan erntry from a list of previously used or pre-
assignedTTT Servers

BN TeleteachingTool - Version 07.08.2006++ J L=t
Student | Teacher FPost Processing parass Help
gpeh.  Strg-o ‘ |
connect.. | connect to ttt server Strg-C |

ieleteaching.uni-trier.de:33229, multicast
teleteaching.uni-trier.de:33229, unicast
telel.uni-trier.de:33229, multicast
telel.uni-trier.de:33229, unicast

|specify a custom 1t server sug-c

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 ofa TTT Server and furthermore o ers the possibil-
ity of choosingwhether the transmission should be provided as unicast or multicast.
Multicast is preferable but might not work for all network connections(see Section
4.2.100n page74).

[5] TTT: Connect Dialog

Connect to YNC Servern

Host: [ttt uni-trier.de | Porc | 23229 |

[¥]lenable multicast

Fig. 9.4. Connection dialog

If a connectionto the specied TTT Server can be established,the live replay will
start. Sincenavigational controls are meaninglesdor live attendance,the Live Replay
GUI will comprisethe main window (which displays the lecture and annotations),
the video component (that displays the live video of the teacher), the volume controls
and the cortrols for the saling, the fullscreen mode and to enable/disable the video
component.

9.2 Teacher Comp onent: Presenting and Recording

The presentationand recording processis initiated by selectingthe \ Teachel present
& recad" menu entry asshown in Figure 9.5.
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Fig. 9.5. Starting the presertation and recording process

Now the pro le dialog will be opened (Figure 9.6). For a quick start it is typically
sucient to specify only the VNC Server, which delivers the desktop that should
be preserted, 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 usedasthe pro le name and all options are automatically
stored within this pro le and loaded wheneer that pro le is selectedagain (by use
of Java's own preferenceshacking store/registry). In order to presert and record the
next lecture within the sameseriesit is sucient to selectthe appropriate lecture
name as shown in the left screenshotin Figure 9.6 and the coressmnding lecture
pro le will beloadedimplicitely and any elds will be lled with the previously used
valuesof that prole. There is no needto explicitly store and load lecture pro les.

The teachers' namesare alsocacedand canbe selectedfrom the list whenewer a new
pro le is generated.As most teacherswill usethe sameparametersfor their di erent
courses,they can selectan 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) prole 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 regardsthe lecture and teacher names the current date and a
sequencenumber (if recording more than one lecture (part)).

As entering and selecting parametersin 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 introduce 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 beencaded.

Neverthelessthe TeleTeachingTool o ers the option to import and export pro les if
they should be transferred to another machine or stored permanertly. Furthermore,
pro les can be removed from the list. Thesefeatures are accessiblevia appropriate
menu entries, which are shown in Figure 9.7.
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[F] TTT: Present & Record [F] TTT: Present & Record
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Fig. 9.6. Lecture parameters and pro les
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Fig. 9.7. Import and export of lecture pro les

9.2.1 Presentation Controls

After the teacher has speci ed the sessionparameters or selectedthe appropriate
lecture pro le, the connectionto the VNC Server and, if enabled,the audio and/or
video deviees are initialized. The teacher will seea presentation GUI as shown in
Figure 9.8. In the main window the preseried desktop will appear, which can be
cortrolled by use of the mouse and the keyboard like any other desktop. Mouse
movemerts, menu selectionsor any applications are preserted 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 usedto resetthe connection if any network problems occur. Beside
the reconnect button is a button to switch betweenthe windowel and the fullscreen
mode, which typically is preferred asit removesany borders and thus provides more
spacefor the preseration.

Starting a recording is initiated by simply pressingthe 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 pressingthe 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. Preserter GUI

Typically, the preserted VNC desktop is cortrolled 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 presenation. Hence,
we needto switch betwen the interaction and the annotation mode, which can be
done by the outmost left button (always shawing the current selection). Note that
any key pressesare always forwarded to the preserted 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 usedto annotate a presertation
while the keyboard can still be usedto 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
(astypically 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 commerts or sketches. Annotations are always applied in the currently se-
lected color mode. While in the deletemode any previously made annotation 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,
becauseead 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 usedto remove all currently visible annotations from the screen.Furthermore,
all keysthat are typically usedto 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 presened
or deleted during the live lecture.

The whiteboard button in the certer of the control bar switchesbetweenthe desktop
and the whiteloard, which is a blank white pagethat can be usedfor additional an-
notations. Note that there are di erent setsof annotations for the desktop and eadh
whiteboard page.Hence,the whiteloard can be annotated independertly of the pre-
sertation (or any other application), which enablesproviding additional commerts
on-demand.

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

F9 switchesto the next color mode;

F10 switchesto the next paint mode;

F11 switchesto the next \task" at the presened 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 otherwiseis usedto
activate an application by clicking on the corresponding window or task bar ertry).
The selectionis 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 betweenthe 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 pressingthe \ F11" key. The preserted re-
mote desktop will typically show a task switch menu then. By pressingthe \ F11"
key multiple times, the teacher can selectthe desired entry. The simulated \ ALT"
will be releasedwheneer 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 litle manual input. When-
ever a recordad lecture is loaded which has no indexing structure (i.e. slide indices)
and/or doesnot cortain slide previewimages for the thumbnail overview the TTT
will automatically analyze the recording and compute the indices and thumbnails
(asdescribedin Sections7.3, 7.4 and 7.5). The computed indexing structure and the
thumbnails can be stored permanertly as part of the electronic lecture then.
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Additionally , the TTT will automatically load, ched for compability and integrate
any search base les (if available). A search base le is an ASCII text or an XML
le of the samename as the recorded lecture but with the le ending \.txt " or
\.xml " (seeSection 8.1.1 for supported search baseformats). The TTT will test if
the number of text pagesthat are stored in the seard base matchesthe number
of slide indices and, if loading an XML seard base,if the XML structure matches
the expected scheme. Provided it matches, the search base is integrated and can be
stored permanertly aspart of the electronic lecture within to desktople (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
wheneer necessaryfor instance, wheneer a studert replays a recorded lecture that
does not contain indices and/or a seard base (see Section 9.1.1). Howewer, it is
preferableto distribute lecture les with integrated indexing structures thumbnails
and (optionally) search base for students' corvenience.

9.3.1 Automated Post Pro cessing

The TeleTeachingTool o ers explicit post processing of recorded lectures, which is

typically performed oncefor ead recordedlecture before publishing 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.

" TeleTeachingTool - Version 07.08.2006++ ol & (X
Student Teacher | Post Processing | Extras ) Help
open... strg-F |

debug xml searchbase file Sro_n LOPEN T reCording Tor post procassing suo-p
d Stra-D 5

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 presetby 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 necessarythe user can edit
the title.

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

computed but are not permanertly storedto the lecture le, which is emphasizedby
the red color. In fact, any modi ed but not stored elemeris are coloredin red (i.e.
title, thumbnails and seard basestatus). A (re)computation of the thumbnails can
be initiated by pressingthe compute button.

The last tab that relatesto the lecture le isthe\ Full Text Search" tab. It revealsthe
current status of the search base i.e. whether a seard baseis available and of what
kind (ASCII 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 reguestdialog and than imported by pressingthe import button. Any modi ed
elemerns will be permanertly stored within the lecture le by pressingthe store
button.

An additional feature of the TTT isthe possibility of creating an html script with an-
notations for ead 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. Howewer, the TTT
also can store screenshotghat are optimized for optical character recognition issues
(Section 8.1.3). The user can selectwhether to compute and store an html script,
OCR input or both by pressingthe 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 dierent le endingsand possibly additional sequencenumbers
(referring to indices). Afterw ards, the html script can be published (e.g. copiedto a
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web server) and the OCR input can be read by the OCR software and the resulting
name can then be imported asthe search base for the lecture as described above.

9.3.2 Post Pro cessing Worko w

Although recorded lectures can be distributed and replayed without post processing
we suggesta few post processingstepsin order to createfull- e dged electronic lectures
for the students' cornvenience.Quick post processing of recordedlecturesis typically
performed as follows.

1. open lecture via the \ Post Processing open.." menu entry
(indexing structure and thumbnails will be computed automatically)

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

3. create search base:
a) open OCR application and initiate readingand recognition of the OCR input

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

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

5. press the \ Store" button
(createsa full- e dgal electronic lecture)

Note that stepfour only imports the seart base,i.e. readsand parsesthe search base
le and interlinks the seard 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, sothat thesefeatureswill be available to students
(without additional computation or reading a seperate search base le on startup).

Details concerningthe supported search base le formats (ASCII 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 full
text search can only be performed if a search base is available (either as a separate
sarch 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 doesnot support the
publishing of lectures as an integrated feature yet. Currently we use a script that
padks the audio, video and desktop le asoneZIP archive and copiesthe ZIP archive
to our web sener. Furthermore, the script copiesthe html script and the search base
le to the appropriate directories of our webserver, sothat they are respectedby the
online full text search. Besidespacking and copying, the script cheds the consistent
naming and lists the information neededto create the appropriate ertries 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 padking can easily be integrated. Copying les to a web
sener requires some con guration possibilities in order to specify the sener and
the appropriate directories. We suggestadding these con guration parameters to
the corresponding lecture pro le or storing them as an additional publishingpro 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 commert. Afterwards the documert can be copied back to the web sener.
Another possibility would be to implement a dynamic downlaad page analogousto
the dynamic online full 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 sud as le sizesand duration or should link courserelated materials or
the teacher's web page, the script must be extended correspondingly.

Instead of providing an own web server with proprietary services,an interface to
support an Learning Management System such as CLIX Campus [CLIX, 2009 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-cortained 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 system startup a courseoverview will be preserted
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 systemincluding any software and provides
a special folder for the courserelated data. In order to produce a self-cortained
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 Converter

Distributing electronic lecturesin a standard le or streaming format is preferable
as no software installation is necessary[Lauer and Ottmann, 200J. However, most
standard video formats and compressioncodecsare designedto compress\ real world
video content" and are not suitable in order to compress\ computer-tasead content"
such asslide presenations [Hogrefeet al., 2003 Lauer and Ottmann, 2003 and fur-
thermore it is very dicult or evenimpossibleto integrate enhancednavigational
and retrieval features to standard video formats.

One wide-spreadvideo and animation format that is especially designedto compress
computer-basedcontent is Adole Flash (formerly Macromedia Flash) [Flash, 2004.
In a diploma thesis one of our students developed and implemented a prototype
of a converter that transfers recorded lectures from the TTT format to Flash
[Nopoudem, 2006. The cornverted 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 ead messageobject is extended by an additional writeToFlash() method
and therefore it should be an relative easytask to integrate the cornverter 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-kaseal navigation
via a thumbnail overview A slider for timeline navigation and visible scrolling is
currently not available within the resulting Flash movies Furthermore, full text
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sarch is not supported. Nevertheless,by implementing a conversion of TTT/RFB
messagesnd implemerting the basicnavigation functions, the diploma thesisproved
that TTT lectures can be transformed to a wide-spread (quasi) standard format.
Extending the corverter 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 seeral minutes
after the actual end of the lecture. Furthermore, lectures may be cut and concate-
nated sothat the resulting pieceswill relate to certain topics instead of re ecting a
90 minute lecture period.

An exdhangestudent from the School of Computer Science, The Queen'sUniversity
of Belfast, hasdeweloped and implemerted an editor for TTT recordings asa master
thesis [Bankhead, 2005. Due to the requiremerts of the university, the TTT Editor
was implemented as a stand alone application. In cortrast to the TTT implemen-
tation, which processedectures as messagestreams plus additional structuring data
such asthe timestamps that correspond to slide indices, the editor implemertation
usesindices as the major data structure and ead index object cortains 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 oers
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 elemeris (such as the
timeline slider and other replay controls) and also additional cortrols to set markers
for editing purposes.

The areaon the right hand side of the GUI displays one of 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 9.12to
the right) and a represertation 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 (right)

The \ Detail" tab represerts the list of indices and for ead 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 seard 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
canbedeletedand, in future, possiblythe 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. Howewver, 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 studerts.
[Lienhard and Zupancic, 2003 suggestlimiting annotating featuresduring replay to
setting static textual annotations (\ Postlts") 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 showvn on the
right hand side of 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 desired position 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 usefulto place markerswheneer one of the other tabs is
displayed. Setting a certain time can be done by timeline and slide-kasal navigation,
by pressingthe pause button during replay or by explicitly setting the desiredtime
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 zeroand 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 seweral piecesby placing appropriate markersand selectingthe \ Save&
subdivide' entry in the \ File" menu, which is shawvn in Figure 9.14. The beginning
and end of the lecture will be cut and ead sub division will result in an own lecture
le . Concatenating two or more les is done by selecting the \ File! Concatenaté
menu entry and choosingthe 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 aswell.

Normally we do not edit our recordedlectures but rather usethe editor only to cut
a lecture whene\er the beginning or end of the recording signi cantly diers 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 summer semester2005,in order to demonstrate how 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. chaptersand
topics, rather than to the presenation schedule,i.e. two 90 minute lectures a week.
The edited courseis available to students in the form of a self-cortained DVD (as
described in Section 9.3.3).

9.4 Transmitting Liv e Lectures

The TeleTeachingTool provides synchmonous 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 arethen sen to the students' TTT Clients. The TTT Server parses(to process
distinct messagesSection4.2.6), splits (to respect packet limits; Sections4.2.4and

4.2.5) and padketizes (as UDP datagrams; Section 4.2.7) the incoming messages.
Additionally , the TTT Server will sert an audio and (optionally) a video stream.

Starting a TTT Serverisinitiated by selectingthe \ Servel Start TTT-Server' menu
entry as shown in Figure 9.16. Note that this and any further screenshotsin this
section shav an older version of the TeleTeachingTool, becausethe server function-
ality is currently not fully implemented in the redesignedversion of the TTT (but
will bein future).

Fig. 9.16. TTT Server



202 9 The TeleTeadingT ool

Selectingthe 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 setto meaningful
default values. In order to run a TTT Server it is sucient 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
selectingthe appropriate check boxes at the bottom of the simple options tab. The
default audio and video devies will be usedand the serer will be accessabléy the
students under the host name (of the machine) and a preassignedport (commonly
port 33229)aslisted 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 advaned options dialog providestweaking of the preassigneddefault parameters
and is accessedrom the simple options dialog by pressingthe \ advaned>>" button.
The advaned options dialog consistsof three di erent 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
deviees which can be selectedfrom the list of all determined devices.Additionally
the color depth can be assigned,which will be usedfor 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 transmissiontab 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 shaws the teacher to be set and the time-to-live ! (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, becausat is the host name of the machine on which the TTT Serveris 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) oers the possibility to
enableor disablethe recording of the three data streams(desktop, audio and video)
aswell asto adjust the sizefor the recordedvideo (of the teacher).

The user can switch betweenthe simple and advan&d options dialog as required.
Any value will be presened 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).

! 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 recert yearsat the Universitat Trier and
the Technische Universitat Meunchen. We have usedthe TTT in dierent set-ups
which will be described here.

A absolutely transparent recording ervironment was used while recording the Lec-
ture \ Informatik 1l " by Prof. Dr. Johann Sdhlichter. He usea tablet PC to presert
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
aTTT Server running on another machine, which was also connectedto the audio
and video equipmen of the lecture hall. The tablet PC was also connectedto the
beamerin order to presert the slidesto the audience. This scenarioenabled Prof.
Sdlichter to give his lecture in the sameway aswould have beenthe casewithout
recording. Sincewe achieved the highest degreeof transparency and exibilit y.

A very similar set-up is usedat the Universitat Trier in order to record the lectures
given by Prof. Dr. Hans-Jurgen Bucher. Instead of a tablet PC, Prof. Bucher uses
an ordinary labtop. Again the PC of the teacher was accessedemotely by a TTT

Server in order to be recorded. Sincethe usedlaptop doesnot provide appropriate
input devicesfor annotating purposes,we also placed an electronic tablet into the
lecture hall, which preseried 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 wheneer he required an
annotation feature, he usedthe electronic tablet.

In order to record the lecture of Prof. Dr. Helmut Seidl we use a rather dierent
solution. Instead of using a laptop assourceof the desktoprecording, we rather usean
o ce PC, which isremotely cortrolled. In fact, this o ce PC is placedin Prof.Seidl's
o ce and isthe 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 Sener 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 preserted cortent. 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 presert rst. In fact, the VNC serwer is
never terminated in our set-up and therefore the presenation can be initiated the
day before the lecture is given. Consider an lecture which takes place early in the
morning, but ewverything is already prepared the day before. The lecture can be
started be just connectingto the o ce PC.

This three scenariosshow the di erent possibilities our lecturing environment o ers.
Which of these scenariosshould 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 encaded within the messagestream/ desktop stream (encoading the desktop
presertation), but are rather delivered and recorded by use of suitable standard
media formats, such as the Real-time Transprt 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. whene\er a client con-
nectsto the TTT Server) the IP addressesand ports are speci ed, describingwhere
to receive additional media streams. For asynchionousreplay (of previously recorded
lectures) the additional media streams are determined by appropriate lenames
(same as the desktop le but dierent endings). Since this thesis focuseson the
recording, transmission and automated post-processingof computer-basedpresena-
tions, i.e. the preseried virtual desktop, and not on capturing, encading and replay-
ing of audio and video streams, we prefer to usean existing ervironment instead of
implemerting the appropriate functionalities.

The Java Media Framework (JMF) [JMF, 200§ is an optional padkagefor 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 Framework API (application programming interface). Nevertheless,the

framework might be replaced by any other appropriate padkage that is accessible
from within Java applications or, as the implementation of the ideasthat are de-
scribedin this thesisdoesnot necessarilyneedto be implemented in Java, any other

languageas well.

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

Regarding the formats and codecs,we prefer standard formats (Criterion: C9d) and,
sincewe do not intend to implement any codecs(which can be integrated into the
JMF), we will useonly those codecsand formats that are supported by and available
for the JMF. From the available video formats? only the h.263 codecis capable of
producing acceptable data transfer rates and le sizes(about 70{90 Mbyte for a
video of 90 minutes at a resulotion of 176 144 pixels). All other supported formats
produce les of seweral 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 aslow as possible.However, a reduced sound 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 speet with

dropouts or nasal reproduction must be avoided. By analyzing the produced data
rate (and thusthe le sizesand bandwidth consumption) and the sound quality of
the recorded speedt, 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 speed in stereois not necessaryAs JMF doesnot support mp3
for transmission purposes,we must use another codec for syncironous 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 used QuickTime. As the
JMF cannot record mp3 audio within a QuickTime video we record one le for eat
stream.

For synchmonous transmission the JMF supports the real-time transport protocol
(RTP), which de nes a standardized padket format for delivering audio and video
over the Internet [Schulzrinne et al., 2003 and is commonly used by many video
conferencing systems. If comparedto other streaming media formats, the benet
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/IMF In terface

The interface between the JMF and the TTT can be limited to a few functions
in order to syndronize the desktop handling with the media streams, which are
processedby the JMF. In particular the following functionality is required for the
sener and recording componert 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 componert requires:

receiving and replaying of transmitted audio/video stream,
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reading and replaying (including start, stop and pause)of recorded streams,
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
classef):

javax.media.proto col .DataSaurce the origin of a media stream;

javax.media.Playe r replays a media stream;
javax.media.Proce ssor transforms a media stream

(e.g. encading and decaling) and
javax.media.DataS ink sepci es the output for a media stream.

The TTT recording and transmitting componerts create a DataSource for the se-
lected audio and video capture devies In order to support di erent outputs (e.g.
for recording and transmission), the media stream of the DataSource is multiplexed
and handedto appropriate Processor s. Each Processor encadesthe media stream
accordingto the given format speci cations (e.g. law/rtp, 8000Hz, 8-bit, Mono for
our audio transmission) and deliversthe encaded streamto an appropriate DataSink,,
which is either related to an output le or an output sacket

Replaying is doneby creating an appropriate DataSource, which is either assaiated
with a recorded le or an input sacket (which is connectedto the output sacket 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 syndironization between the audio and the video stream is accomplished by
the JMF. The desktopstream is synchronizedto 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 replayedinstantaneously. Random accessis performedby setting
the replaytime of the audio and video streams accordingto the speci ed timestamp,
computing the current state of the desktopframebu er (as describedin Section5.3)
and setting the rst messagethat exceedsthe given timestamp as next messageto
be processedNo syndhronization 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 suc 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 syncdhronization. The recorded audio streams are
sometimestoo short. The reasonis that small pausesmay occur during which no
audio is recordedand which are mostly generatedby high systemloads 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 seweral secondsor,
in the worst case,even minutes. During replay the synchronization betweenthe au-
dio and the desktop stream (video aswell) will be ne at the beginning but will get
worsetowards the end. Hence,in order to produce synchronousrecordings,hardware
that will not be a ected by this problem must be used, which can be troublesome
due to the high number of possible hardware combinations. Typically stand alone
sound adapters are better suited than today's commonly used onboard solutions.

In order to provide a workaround, the TeleTeachingTool cheds during replay
whether the data streams are of equal lengths. If not, the desktop replay rate will
be slightly increasedso that the replay duration matchesthe duration of the au-
dio stream. However, the pausesare not necessarilyequally distributed throughout
the duration and therefore this is only a slight improvemert but at least limits the
asyndironism to a few secondswhich is an improvemert while replaying progresses
towards the end of the electronic lecture. Nevertheless the replay of the video stream
will still be asyndronous. 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 (Tedcnische
Universitat Graz). He usesthe TeleTeachingTool for recording his lectures, but ad-
ditionally recordsthe 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 dewveloper 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-
tive. In fact the latest update on the JMF web pagesis dated \No vember 2004".
QuickTime for Java [QTJava, 2004 o ers accesgo the QuickTime API for Java ap-
plications, but doesnot support the linux operating system. The open sourceproject
Freedom for Media in Java (FMJ) [FMJ, 2004 aims to reimplemert 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 functionality that
is required to build up an ervironment for recording and replaying asyncronous
electronic lectures as well as to transmit and receive syncironous onesand there-
fore is a suitable basisto 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 encadings are rather
limited and somehav \outdated" and furthermore the current implemenrtation of the
Java Media Framework has somedrawbadks, another possibility to integrate audio
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and video streamsshould be preferredto 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 cortain
indexing structures thumbnails and search bases and the main body that storesthe
loggel messages

Sincethe TTT is derived from the VNC, the TTT format shows many analogies
to the RFB protocol speci ¢ ation [Richardson, 2005. Unlike the RFB protocol, the
TTT protocol enablesreading (and skipping) of (potentially unknown) messageypes
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 encades/compressesany subsequent 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 specic 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-lengthbyte array|name-string

Now a possibly empty list of extensionsfollows, where an extension length of zero
bytes indicates the end of the list:
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No. of bytes Type Description
4 int length-of-extension
length-of-extensiornbyte 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, suc asindexing structures without
modifying the protocol header or the messagetype speci ¢ ations.

Currently the TTT suports the following two extensiontypes:

Type 1:index table extension
Type 2: searchbase extension

Each extension must start with a byte specifying the extension-type and is followed
by type speci ¢ data. Sinceead extension is precededby its size (seeheader), any
unknown extension can be skipped (ignored).

Index Table Extension

The index table extension storesthe indexing structure of a recording and optionally
contains thumbnails (preview images)and ASCII serch basesfor the indices.

The index table extension starts with:

No. of bytes|Type |Description
1 byte |extension-type [1]
2 short |numkber-of-indices

followed by number-of-indices \ index entries":

No. of bytes Type Description

4 int timestamp (milliseconds since beginning)
1 byte title-length

title-length byte array |title-string

4 int sarchtase-length(no seardbaseif zero)
sarchkase-lengthbyte array|searchtase-string (ASCII)

4 int thumbnail-size (no thumbnail if zero)
thumbnail-size |byte array|thumbnail-image (png image)
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Search Base Table with Coordinates Extension

The search base table extension stores a search base with coordinates (in order to
emphasizeseard results) for ead index entry of a recording.

The saarch base table 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), becauseSanSoft'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 base entries™:

No. of bytes|Type |Description

2 short |[numkber-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 )
2 short X-position

2 short y-position

2 short width

2 short height

9.7.3 Body

The body of a TTT le cortains a sequen@ of messageswhich is terminated by the
end of le (\ EOF). Each messagestarts as follows:

No. of bytes|Type|Description
4 int |message-length
1 byte |enaoding (messagetype)

where the enading is one of the following:
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value|Description
0|EncodingRaw
EncodingCopyRect
5|EncodingHextile
17|EncodingTTTCursorPosition
18|EncodingTTTX Cursor
19|EncodingTTTR ichCursor
20|AnnotationRectangle
21|AnnotationLine
22|AnnotationFreeshand
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 encaling. The EncodingFlagUpdate is only relevant for
transmitted lecturesand revealsthat a messageontains potentially outdated updates
which will only be displayed by clients with an uninitialized framebu er assuggested
in Section4.2.12 (reusing non-incremental keyframe strip es).

If the EncodingFlagTimestamp is set, the enaoding 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 accessto the rectangle headers we store individual rect-
angles instead of messagesthat corntain sequenes of rectangles (as suggestedin
Section 5.1.2). Furthermore, we have placed the enading eld in front of the co-
ordinates and dimensions(unlik e the RFB protocol). The RFB rectangle enadings
areusedas TTT enadings unlessthey donot t in our 1 byte enaoding- eld (since
the RFB protocol uses4 bytes), which is the casefor the cursor pseudoenadings:
(EncodingXCursor [-240] and EncodingRichCursor [-239]).

Any framebu er update rectangle or cursor enading 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 succeededy enading related data accordingto the corresponding RFB
enaodings as speci ed in the RFB protocol speci ¢ ation [Richardson, 2005.

Note that any enading related data can be read without parsing due to the sizetag
that precedesead message.The length of the enading 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 enable skipping of message®f unknown encading 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

Thesemessagéaypesonly di er in their graphical represenation (and obviously the
enading eld ). The format of all three typesis:

No. of bytes|Type |Description

1 byte |color (of a prede ned color table)
short |start-x-position

short |start-y-position

short |end-x-position

short |end-y-position

2
2
2
2

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 I led in
a translucent color, sothat 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 eact 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 be deletedbut rather any annotations that corntain
the point of deletion, i.e. that a ect/pain t the pixel at the corresponding coordinate.

AnnotationDeleteAll

This messagenitiates the deletion of any currently shovn annotations and needsno
further messagespeci ¢ data.

Enco dingWhiteb oard

Whiteb oard messagesre usedto switch betweenblank page(s), the whiteboard, and
the desktop and consistsof the following eld only:

No. of bytes

Type

Description

1

byte

page-numiler

where 0 relatesto the desktop(whiteloard disablel) and larger valuescorrespond to
whitetoard pages (whiteloard enable).
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Conclusion

The lightweight approadc of recording and transmitting live lectures enablesthe cost-
e cient production of multimedia-based learning materials for distance education
aswell asfor local students in order to study independert of time and place.

In general,there are two con icting recording approades:recording symtolic repre-
sentation and pixel-basel screen recording. Symhtolically representel documents typ-
ically oer structured data and thus enhanced navigational features editing and
seardable content, but restrict the teaching and recording processbecauseonly cer-
tain documert formats and presenation applications can be supported. In contrast,
screen recording o ers avery exible techniquefor the grabbing/recording processas
it allows virtual ly any material to be captured (on a pixel basis) displayed during a
preseriation, but commonly supports only sequential replay and timeline navigation,
and lacks any retrievability.

The rst main gaal of this thesiswasthe designand developmert of a exible, easy-
to-use recording and transmission environment, which doesnot restrict teachersin

their content production and preseration 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 basisto create a ex-
ible environment. By remotely accessing/grabbingthe preseried desktop via VNC,
lecture recording and transmission can be seamlesslyintegrated into almost any ex-
isting learning environment aslong asthe teacher usescomputer-basel presentations
Moreover, this approach does not restrict the teachersin their choice of preserted
documerts and applications.

In order to support a salabledesktoptransmission i.e. to support a large number of
simultaneously connectedstudents, we have additionally modi ed the VNC infras-
tructur e and its Remote Framebu er (RFB) protocol by reducing the unnecessarily
huge number of di erent pixel formats and individual handling of clients. Moreover,
the transmission was transferred from connection-orierted TCP communication to

connection-lessUDP data transmission in order to make use of scalable multicast

data transfer, which requires messagesplitting and regarding the e ects of padket
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loss. By adding audio and video streams, which are captured and transmitted by
use of the Java Media Framework (JMF), this now salable VNC environment can
be usedto deliver synchmonous electronic lectures for distance learning.

In order to support the special requiremerts of an all-digital recording ernvironment,
we enriched the presenation capabilities by adding an (optional) easyto useanno-
tation system which can be usedto emphasizecertain presered elemeris during a
lecture in order to focus the attention of the audience.Suc an annotation system
also enableson demand commerting and drawing of sketches,annotating preserted
slidesand an additional electronic whiteboard, which are possibilities to replacethe
tradionally usedchalk and blackboards.

The secondmain gaal was the automated production of full- e dged asynchionous
electronic lectures The VNC ervironment can easily be extended to record VNC
sessionsby logging timestamped messagesWe have adapted the recording format
to enable direct access to messageand rectangle headers,which improvesthe us-
ability and performance during replay. As we have proved that random access can
be performed e cien tly for our recording, we have given the basisfor other naviga-
tional features. The main drawbadk of the screenrecording approad is the missing
structure of the producedelectronic lectures. We have shovn how analyzingthe pixel-
basal 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-tased navigation via a comfortable
thumbnail overview giving a meaningful visual representation of indices The index-
ing structure also enablesthe automated genemtion 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 presenation, which enablesthe useosslide indicesin order to access
previously preserted slidesincluding the corresponding annotations. By performing
an e cien t comparisonof framebu er statesewven an interlink ageof annotations and
(pixel-based) content can be accomplished.

Retrievability of content is an important issuefor electronic lectures sinceit enables
studerts to locate and accesscertain topics of their interest. Textual (and any other)

cortent is stored pixel-baseal. Neverthelesswe suggesteda possibility to create a tex-
tual search base which allowsto perform full text search for screen recorded lectures:

The indexing structure makesit possibleto addressa pixel-basedrepreseration of
recorded slides. Applying optical character recognition to automatically generated
slide imagesdeliversthe textual content of ead slide, which then is interlink ed with

the indexing structure of the recording. Hence,we can perform full text search and

receive accessableseard results in the form of slide indices If the character recog-
nition delivers the coordinates of the recognizedelemerns, we can even emphasize
the search results

Furthermore, we have suggestedand implemented se\eral solutions to enable cross
lecture searchesin order to handle the huge number of electronic lectures within a



10.1 Future Work 219

datatase of lectures Our own lecture recording archive currently contains about 600
hours of recorded lectures. The online full text search regardsall individual lecture
seard basesand deliversthe nameand the indices of matching lecturesfor any given
seard pattern. With the Search&BrowsingTool we o er a more comfortable cross
lecture search by classifying recordings according to metadata, sucdh as name and
date. By providing various views a suitable represenation of seard results can be
achieved.

Hence, we have overcomethe limited navigational and missing retrieval features
of the screen recording approach Another drawbadk is the missing salability of
pixel-tasal content. Electronic lectures which are produced by use of symiwnlic rep-
resentationsincluding vector fonts and vector graphics can be saled to any screen
resolution without lossin quality. Scaling pixel-tasal recordings will result in a loss
of quality. Currently, we do not seehow to eliminate this drawback. However, as
many lecture recorderseither use pixel-tasal input formats (to achieve more exi-
bility) 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 easyto use solution to lecture
recording and salable 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 lecturesin 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 serwer, a learning managemen
systemor any other database.The crosslecture search may be extendedto include
additional learning materials or the searchability of electronic lectures should be
enabled from within conventional search engines (perhaps within a learning man-
agemen system). It might be usefulto improve the content analysis of pixel-based
recordings (for instance by use of color histograms) in order to enablethe searding
of slideswith gures or images.Retrievability canbe further improved by integrating
support for audio retrieval by use of speech recognition.

Another meaningful approach of multimedia-based learning material is the
integration of digital student annotations as suggested by [Scwutz, 2002
Lienhard and Lauer, 2002 Lienhard and Zupancic, 2003. Since TTT annotations
are handled on a serate layer anyway, the concept of annotation layering can
easily be addedto the TTT protocol but an infrastructure for live annotating and
exchanging annotations must be added. Currently the TTT doesnot support textual
annotations, becausetypically the freehand drawing feature is preferred over typing
textual notes during a live presenration. However, students probably will not have
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suitable input devicessud asan electronic pen. Hence,the TTT's annotating system
should be extendedto support textual annotations. Possibly other kinds of annota-
tions such aslinks to other materials (e.g. web pages)will also be meaningful. The
TTT protocol can be easily extendedby adding additional messagéaypes Unlik e the
original RFB protocol, which cannot handle unknown messageypesor encadings,
the TTT protocol will simply skip any unknown messageswhich is possibledue to
the size tag that precedeseach message.

Regardingthe online transmission, a protocol that respectsa given bandwidth would
be preferableinstead of the currently usedproto col, 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 between multiple simultaneously connected
desktops and supporting verbal communication between seweral participants and
thus provide an ervironment for an electronic classioom or electronic seminars
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File sizes of recorded VNC Sessions

This appendix lists the le sizes the average per minute sizesand the average pixel
densities i.e. the average number of pixels that are modi ed (updated) within a
minute, for real live lecturesthat were recordedthroughout the last yearsby use of
the TeleTeachingTool. Note that someerroneousrecordings(e.g. split due to network
failure) aswell asthe few lectures with other resolutions are not listed here.

A.1 8 bit recordings with update strip es

The following courseswererecordedwith the rst prototype of the TeleTeachingTool.
The recordings contain Hextile encaded VNC sessionswith non-incremental update
stripes (12 stripes at a rate of %Hz and thus a 2 min period). No additional le
compressionwas used. The resolution is 1024 768 pixels (or slightly lessto make
spacefor control elemens) at 8 bit per pixel.

The sessionsnclude mainly slide presenrations and sometimesdynamic cortent (e.g.
animated simulations and programming examples). Annotations (if applied) and
pointer movemerts are generally stored pixel-based.

Course: "Abstract 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 sh.vnc 71 min 33.5 Mbytes 483 kbytes/min
abstrakt_2002_06_04_sbh.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 |" (Seidl, 2001/02):

name duration size density

infol_2001_10 30.vnc 78 min 3.4 Mbytes 45 kbytes/min
infol_2001_11 02.vnc 87 min 3.5 Mbytes 41 kbytes/min
infol_2001_11 06.vnc 86 min 3.4 Mbytes 41 kbytes/min
infol_2001_11 09.vhc 86 min 3.4 Mbytes 40 kbytes/min
infol_2001_11 13.vnc 81 min 2.4 Mbytes 31 kbytes/min
infol_2001_11_16.vnc 84 min 4.5 Mbytes 55 kbytes/min
infol_2001_11 20.vnc 87 min 14.2 Mbytes 168 kbytes/min
infol_2001_11 23.vnc 77 min 9.6 Mbytes 128 kbytes/min
infol_2001_11 27.vnc 88 min 16.8 Mbytes 195 kbytes/min
infol_2001_11 30.vnc 72 min 7.2 Mbytes 103 kbytes/min
infol_2001_12 04.vnc 88 min 15.0 Mbytes 175 kbytes/min
infol_2001_12_07.vnc 89 min 10.6 Mbytes 122 kbytes/min
infol_2001_12 11.vnc 85 min 17.7 Mbytes 214 kbytes/min
infol_2001_12_14.vnc 88 min 17.3 Mbytes 201 kbytes/min
infol_2001_12_18.vnc 88 min 18.3 Mbytes 213 kbytes/min
infol_2001_12 21.vnc 89 min 17.9 Mbytes 206 kbytes/min
infol_2002_01_08.vnc 57 min 0.8 Mbytes 15 kbytes/min
infol_2002_01_11.vnc 92 min 13.6 Mbytes 152 kbytes/min
infol_2002_01_15.vnc 90 min 17.9 Mbytes 204 kbytes/min
infol_2002_01_18.vnc 89 min 16.8 Mbytes 193 kbytes/min
infol_2002_01_22.vnc 89 min 12.7 Mbytes 146 kbytes/min
infol_2002_01_25.vnc 87 min 10.0 Mbytes 117 kbytes/min
infol_2002_01_29.vnc 88 min 17.1 Mbytes 199 kbytes/min
infol_2002_02_01.vnc 90 min 15.8 Mbytes 179 kbytes/min
infol_2002_02_05.vnc 89 min 14.5 Mbytes 167 kbytes/min
infol_2002_02_08.vnc 89 min 11.4 Mbytes 132 kbytes/min
infol_2002_02_12.vnc 86 min 14.5 Mbytes 173 kbytes/min
infol_2002_02_19.vnc 61 min 7.3 Mbytes 123 kbytes/min

average: 134 kbytes/min
Course: "Medienwissenschaft 1" (Buc her, 2002):

name duration size density

medien1l_2002_04_16.vnc 87 min 9.9 Mbytes 117 kbytes/min
medienl_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
medien1l_2002_05 07.vnc 86 min 12.8 Mbytes 152 kbytes/min
medienl_2002_05 14.vnc 91 min 15.8 Mbytes 178 kbytes/min
medienl_2002_05 28.vnc 78 min 6.6 Mbytes 86 kbytes/min
medien1l_2002_06_11.vnc 84 min 16.8 Mbytes 205 kbytes/min
medienl_2002_06_18.vnc 94 min 17.1 Mbytes 186 kbytes/min
medienl_2002_06_25.vnc 95 min 12.7 Mbytes 137 kbytes/min
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medienl_2002_07_09.vnc 86 min 26.7 Mbytes 317 kbytes/min
medienl_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 11l.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 esand le compression

The following courseswererecordedwith the TeleTeachingTool with additional zlib
de ate compression(applied to the le body). The recordings contain Hextile en-
coded VNC sessionavith non-incremental update stripes (24 strip esat a rate of %Hz
and thus a 2 min period). The resulution is 1024 768pixels (or slightly lessto make
spacefor control elemerns) at 16 bit per pixel.

The following sessionsnclude mainly slide presenations and somedynamic cortent
(e.g. animated simulations and programming examples). Annotations and pointer
movemerts are generally stored symbolically.
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Course: " Abstrakte 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: " Abstrakte 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_009.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

ignoring abstrakt_2004_05_19.ttt average: 31 kbytes/min 1344 kpixel/min
Course: " Programmierspr achen" (Berlea, 2005/06):

name duration size density pixel density

prgsprachen_2005_10_109.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




A.2 16 bit recordings with stripesand le compression
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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 1" (Seidl, 2002/03):
name duration size density pixel density
infol_2002_10_ 29.ttt 85 min 2.4 Mbytes 29 kbytes/min 659 kpixel/min
infol_2002_11_05.ttt 89 min 4.1 Mbytes 48 kbytes/min 1030 kpixel/min
infol_2002_11_08.ttt 88 min 3.9 Mbytes 46 kbytes/min 1003 kpixel/min
infol_2002_11_12.ttt 88 min 5.0 Mbytes 58 kbytes/min 1604 kpixel/min
infol_2002_11_15.ttt 77 min 8.6 Mbytes 114 kbytes/min 1937 kpixel/min
infol_2002_11_19.ttt 90 min 3.9 Mbytes 44 kbytes/min 1623 kpixel/min
infol_2002_11_22.ttt 90 min 3.5 Mbytes 40 kbytes/min 1326 kpixel/min
infol_2002_11_26.ttt 90 min 4.8 Mbytes 55 kbytes/min 1912 kpixel/min
infol_2002_11_29.ttt 89 min 2.4 Mbytes 28 kbytes/min 1036 kpixel/min
infol_2002_12_03.ttt 81 min 1.7 Mbytes 22 kbytes/min 882 kpixel/min
infol_2002_12_06.ttt 89 min 1.8 Mbytes 21 kbytes/min 863 kpixel/min
infol_2002_12_10.ttt 89 min 3.0 Mbytes 35 kbytes/min 940 kpixel/min
infol_2002_12_13.ttt 90 min 4.2 Mbytes 47 kbytes/min 1115 kpixel/min
infol_2002_12_17.ttt 91 min 3.7 Mbytes 42 kbytes/min 978 kpixel/min
infol_2002_12_20.ttt 90 min 3.4 Mbytes 39 kbytes/min 764 kpixel/min
infol_2003_01_07.ttt 79 min 2.8 Mbytes 37 kbytes/min 1033 kpixel/min
infol_2003_01_10.ttt 87 min 2.9 Mbytes 35 kbytes/min 798 kpixel/min
infol_2003_01_14.ttt 88 min 2.9 Mbytes 34 kbytes/min 854 kpixel/min
infol_2003_01_17.ttt 88 min 2.4 Mbytes 28 kbytes/min 1139 kpixel/min
infol_2003_01_21.ttt 88 min 2.8 Mbytes 33 kbytes/min 962 kpixel/min
infol_2003_01_24.ttt 89 min 2.9 Mbytes 33 kbytes/min 680 kpixel/min
infol_2003_01_28.ttt 91 min 2.7 Mbytes 30 kbytes/min 811 kpixel/min
infol_2003_01_31.ttt 90 min 5.1 Mbytes 58 kbytes/min 1309 kpixel/min
infol_2003_02_04.ttt 90 min 3.9 Mbytes 45 kbytes/min 1165 kpixel/min
infol_2003_02_07.ttt 89 min 4.3 Mbytes 49 kbytes/min 1038 kpixel/min
infol_2003_02_11.ttt 89 min 3.6 Mbytes 41 kbytes/min 1177 kpixel/min
infol_2003_02_18.ttt 79 min 4.0 Mbytes 52 kbytes/min 1269 kpixel/min
average: 42 kbytes/min 1107 kpixel/min
Course: "Informatik 1" (Seidl, 2004/05):
name duration size density pixel density
infol_2004_10_ 21.ttt 48 min 1.8 Mbytes 39 kbytes/min 819 kpixel/min
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infol_2004_10_22.ttt 83 min 3.5 Mbytes
infol_2004_10_28.ttt 89 min 1.9 Mbytes
infol 2004 10 29.ttt 83 min 1.8 Mbytes
infol_2004_11_04.ttt 88 min 3.6 Mbytes
infol_2004_11_11.ttt 89 min 2.3 Mbytes
infol 2004 11 12.ttt 86 min 2.2 Mbytes
infol_2004_11_18.ttt 87 min 2.3 Mbytes
infol_2004_11_25.ttt 86 min 3.1 Mbytes
infol 2004 11 26.ttt 86 min 2.1 Mbytes
infol_2004_12_03.ttt 87 min 1.8 Mbytes
infol_2004_12_09.ttt 84 min 3.0 Mbytes
infol 2004 12 10.ttt 85 min 2.9 Mbytes
infol_2004_12_16.ttt 78 min 2.8 Mbytes
infol 2004 12 17.ttt 86 min 3.0 Mbytes
infol 2004 12 23.ttt 86 min 3.3 Mbytes
infol_2005_01_07.ttt 92 min 2.8 Mbytes
infol 2005 01 13.ttt 82 min 2.0 Mbytes
infol 2005 01 14.ttt 85 min 2.2 Mbytes
infol_2005_01_20.ttt 85 min 2.7 Mbytes
infol 2005 01 21.ttt 86 min 2.6 Mbytes
infol 2005 01 27.ttt 83 min 2.6 Mbytes
infol_2005_01_28.ttt 85 min 3.5 Mbytes
infol_2005_02_03.ttt 84 min 3.3 Mbytes

infol_2005_02_04.ttt 83 min 7.9 Mbytes
 average:

Course: "Informatik Il " (Seidl, 2005):

name duration size

info2_2005_04 12.ttt 86 min 3.7 Mbytes
info2_2005_04 15.ttt 84 min 5.3 Mbytes
info2_2005_04_19.ttt 90 min 4.4 Mbytes
info2_2005_04 22 .ttt 88 min 4.0 Mbytes
info2_2005_04 26.ttt 88 min 3.3 Mbytes
info2_2005_04_29.ttt 88 min 2.3 Mbytes
info2_2005_05 03.ttt 90 min 2.3 Mbytes
info2_2005_05_ O06.ttt 88 min 2.6 Mbytes
info2_2005_05_10.ttt 90 min 2.4 Mbytes
info2_2005_05 13.ttt 93 min 5.5 Mbytes
info2_2005_05_ 20.ttt 85 min 3.0 Mbytes
info2_2005_05_24.ttt 89 min 4.0 Mbytes
info2_2005_05 27.ttt 82 min 2.9 Mbytes
info2_2005_05_31.ttt 90 min 3.4 Mbytes
info2_2005_06_03.ttt 88 min 3.5 Mbytes
info2_2005_06_07.ttt 85 min 3.0 Mbytes
info2_2005_06_10.ttt 83 min 2.8 Mbytes
info2_2005_06_14.ttt 88 min 4.6 Mbytes
info2_2005_06_17.ttt 74 min 2.9 Mbytes
info2_2005_06_21.ttt 83 min 1.8 Mbytes
info2_2005_06_24.ttt 82 min 2.3 Mbytes

kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min

kbytes/min

density

kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min
kbytes/min

1078 kpixel/min
585 kpixel/min
532 kpixel/min

1039 kpixel/min

1024 kpixel/min

1013 kpixel/min

1477 kpixel/min

1017 kpixel/min

1064 kpixel/min
801 kpixel/min
995 kpixel/min
754 kpixel/min
788 kpixel/min
656 kpixel/min

1487 kpixel/min
787 kpixel/min
587 kpixel/min
666 kpixel/min
841 kpixel/min
817 kpixel/min
823 kpixel/min
771 kpixel/min
934 kpixel/min

2320 kpixel/min

947 kpixel/min

pixel density

850 kpixel/min
1067 kpixel/min
1210 kpixel/min

779 kpixel/min

917 kpixel/min

856 kpixel/min

938 kpixel/min
1007 kpixel/min

918 kpixel/min
1216 kpixel/min

781 kpixel/min

916 kpixel/min

661 kpixel/min

733 kpixel/min

680 kpixel/min

687 kpixel/min

890 kpixel/min
1055 kpixel/min

710 kpixel/min

585 kpixel/min

651 kpixel/min



info2_2005_06_28.ttt 86 min 3.5 Mbytes 42 kbytes/min
info2_2005_07_01.ttt 87 min 3.8 Mbytes 44 kbytes/min
info2_2005_07_05.ttt 86 min 3.1 Mbytes 37 kbytes/min
info2_2005_07_08.ttt 84 min 3.1 Mbytes 38 kbytes/min
info2_2005_07_12.ttt 73 min 4.0 Mbytes 57 kbytes/min

average: 40 kbytes/min

A.2 16 bit recordings with stripesand le compression

731 kpixel/min
724 kpixel/min
615 kpixel/min
731 kpixel/min
1680 kpixel/min

868 kpixel/min
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The following sessionsinclude pixel intensive slide presenations (e.g. animated
content, pixel-basedannotations, high colored pictures or scannednewspager arti-

cles).
Course: "Medienwissenschaft |" (Buc her, 2003/04):
name duration size density
medienl_2003_10_28.ttt 101 min 31.8 Mbytes 323 kbytes/min
medienl_2003_11 04.ttt 95 min 17.7 Mbytes 191 kbytes/min
medienl_2003_11 11.ttt 84 min 9.1 Mbytes 111 kbytes/min
medienl_2003_11 18.ttt 92 min 9.1 Mbytes 101 kbytes/min
medienl_2003_11 25.ttt 87 min 10.0 Mbytes 118 kbytes/min
medienl_2003_12 02.ttt 92 min 21.9 Mbytes 244 kbytes/min
medienl_2003_12 09.ttt 65 min 8.2 Mbytes 129 kbytes/min
medienl_2004_01_06.ttt 94 min 12.4 Mbytes 136 kbytes/min
medienl_2004_01_13.ttt 95 min 24.4 Mbytes 263 kbytes/min
medienl_2004_01_27.ttt 68 min 22.6 Mbytes 341 kbytes/min
medienl_2004_02_03.ttt 89 min 15.0 Mbytes 173 kbytes/min
medienl_2004_02_10.ttt 86 min 7.1 Mbytes 84 kbytes/min
medienl_2004_02_17.ttt 89 min 17.4 Mbytes 200 kbytes/min
average: 185 kbytes/min
Course: "Medienwissenschaft [l " (Buc her, 2002/03):
name duration size density
medien2_2002_11 05.ttt 65 min 10.8 Mbytes 170 kbytes/min
medien2_2002_11 26.ttt 70 min 12.5 Mbytes 183 kbytes/min
medien2_2002_12 03.ttt 93 min 22.2 Mbytes 244 kbytes/min
medien2_2002_12_17.ttt 90 min 19.5 Mbytes 222 kbytes/min
medien2_2003_01_07.ttt 92 min 30.8 Mbytes 343 kbytes/min
medien2_2003_01_14.ttt 94 min 25.2 Mbytes 274 kbytes/min
medien2_2003_01_21.ttt 98 min 21.8 Mbytes 227 kbytes/min
medien2_2003_01_28.ttt 93 min 17.8 Mbytes 197 kbytes/min
medien2_2003_02_11.ttt 92 min 3.5 Mbytes 39 kbytes/min
medien2_2003_02_18.ttt 82 min 11.3 Mbytes 141 kbytes/min
average: 204 kbytes/min

Course: " Informatik

name

Il " (Schlic hter, 2005/06):

duration

size

density

pixel

density

842 kpixel/min
897 kpixel/min
640 kpixel/min
626 kpixel/min
606 kpixel/min
752 kpixel/min
762 kpixel/min
662 kpixel/min
800 kpixel/min
1237 kpixel/min
830 kpixel/min
673 kpixel/min
765 kpixel/min

713 kpixel/min
1036 kpixel/min
854 kpixel/min
936 kpixel/min
1006 kpixel/min
815 kpixel/min
560 kpixel/min
862 kpixel/min
638 kpixel/min
764 kpixel/min

818 kpixel/min

pixel density
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info3_2005_10_18.ttt
info3_2005_10_24 ttt
info3_2005_10_25.ttt
info3_2005_10_31.ttt
info3_2005_11 07.ttt
info3_2005_11_08.ttt
info3_2005_11 14ttt
info3_2005_11 21 .ttt
info3_2005_11 22.ttt
info3_2005_11_28.ttt
info3_2005_11 29.ttt
info3_2005_12_05.ttt
info3_2005_12_06.ttt
info3_2005_12_ 12.ttt
info3_2005_12_13.ttt
info3_2005_12_19.ttt
info3_2006_01_09.ttt
info3_2006_01_10.ttt
info3_2006_01_ 16.ttt
info3_2006_01_ 17.ttt
info3_2006_01_23.ttt
info3_2006_01_ 24 .ttt
info3_2006_01_30.ttt
info3_2006_01_31.ttt
info3_2006_02_06.ttt

A.3 32 bit recordings with

85
73
85
87
89
84
89
92
89
91
88
86
90
90
90
89
86
84
80
87
85
89
81
86
84

A File sizesof recorded VNC Sessions

Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes

average:

124 kbytes/min
106 kbytes/min
138 kbytes/min
110 kbytes/min
106 kbytes/min
122 kbytes/min
149 kbytes/min
147 kbytes/min
164 kbytes/min
128 kbytes/min
184 kbytes/min
134 kbytes/min
123 kbytes/min
135 kbytes/min
212 kbytes/min
154 kbytes/min
128 kbytes/min
172 kbytes/min
120 kbytes/min
119 kbytes/min
187 kbytes/min
159 kbytes/min
194 kbytes/min
145 kbytes/min
151 kbytes/min

144 kbytes/min

1087 kpixel/min
1132 kpixel/min
1156 kpixel/min
1013 kpixel/min
922 kpixel/min
1011 kpixel/min
1347 kpixel/min
1290 kpixel/min
1292 kpixel/min
1166 kpixel/min
1550 kpixel/min
1165 kpixel/min
1174 kpixel/min
1220 kpixel/min
1582 kpixel/min
1305 kpixel/min
1134 kpixel/min
1823 kpixel/min
946 kpixel/min
1108 kpixel/min
1469 kpixel/min
1318 kpixel/min
1598 kpixel/min
1190 kpixel/min
1300 kpixel/min

1251 kpixel/min

le compression but no strip es

The following courseswere recorded with the TeleTeachingTool with additional
zlib de ate compression (applied to the le body). The recordings contain Hex-

tile encaded VNC sessionswithout

non-incremental update stripes The resulution

is 1024 768 pixels (or slightly lessto make spacefor cortrol elemeris) at color
depth of 24 bit but pixel valuesare stored at 4 byte per pixel (32 bit).

The sessionsinclude mainly slide presenations and some dynamic content (e.g.
animated simulations and programming examples). Annotations and pointer move-
ments are generally stored symbolically.

Course: " Abstrakte Maschinen " (Seidl, 2006):

name

abstrakt 2006 05 18.ttt
abstrakt_2006_06_01.ttt
abstrakt 2006 _06_08.ttt
abstrakt 2006 _06_22.ttt

duration

size density
2.2 Mbytes 25 kbytes/min
0.8 Mbytes 9 kbytes/min
28.7 Mbytes 439 kbytes/min

1.1 Mbytes

14 kbytes/min

pixel density
709 kpixel/min
286 kpixel/min
30071 kpixel/min
483 kpixel/min



A.3 32 bit recordings with

abstrakt_2006_06_29.ttt
abstrakt_2006_07_06.ttt
abstrakt 2006 _07_13.ttt
abstrakt_2006_07_20.ttt
abstrakt_2006_07_27.ttt

85
86
91
90
29

min
min
min
min

ignoring  abstrakt_2006_06_08.ttt

1.9
1.6
1.2
1.8
0.4

Mbytes
Mbytes
Mbytes
Mbytes

average:

le compressionbut no strip es

23 kbytes/min
19 kbytes/min
14 kbytes/min
20 kbytes/min
16 kbytes/min

15 kbytes/min

373 kpixel/min
648 kpixel/min
484 kpixel/min
546 kpixel/min
455 kpixel/min

442 kpixel/min

Without the pixel intensive lecture of the 2006/06/08 (which obviously is a massiwe
outlier) an averageof 17 kbytes/min and 498 kpixel/min are achieved.

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

name

compiler_2006_04_26.ttt
compiler_2006_05_03.ttt
compiler_2006_05_08.ttt
compiler_2006_05_15.ttt
compiler_2006_05_17.ttt
compiler_2006_05_22.ttt
compiler_2006_05_24.ttt
compiler_2006_05_29.ttt
compiler_2006_05_31.ttt
compiler_2006_06_07.ttt
compiler_2006_06_12.ttt
compiler_2006_06_14.ttt
compiler_2006_06_19.ttt
compiler_2006_06_21 .ttt
compiler_2006_06_26.ttt
compiler_2006_06_28.ttt
compiler_2006_07_03.ttt
compiler_2006_07_05.ttt
compiler_2006_07_10.ttt
compiler_2006_07_12.ttt
compiler_2006_07_17.ttt
compiler_2006_07_19.ttt
compiler_2006_07_24.ttt
compiler_2006_07_26.ttt

89
87
88
88
86
89
90
85
88
69
85
80
89
87
74
89
87
78
88
89
86
89
82
55

Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes
Mbytes

average:

7 kbytes/min
29 kbytes/min
27 kbytes/min
15 kbytes/min
29 kbytes/min
kbytes/min
kbytes/min
180 kbytes/min

26 kbytes/min

28 kbytes/min

29 kbytes/min

15 kbytes/min

21 kbytes/min

19 kbytes/min

50 kbytes/min

56 kbytes/min
kbytes/min
15 kbytes/min
39 kbytes/min
12 kbytes/min
12 kbytes/min
18 kbytes/min
31 kbytes/min
33 kbytes/min

34 kbytes/min

pixel density
224 kpixel/min
1021 kpixel/min
492 kpixel/min
451 kpixel/min
547 kpixel/min
685 kpixel/min
786 kpixel/min
2392 kpixel/min
506 kpixel/min
499 kpixel/min
427 kpixel/min
393 kpixel/min
493 kpixel/min
445 kpixel/min
751 kpixel/min
917 kpixel/min
837 kpixel/min
370 kpixel/min
567 kpixel/min
306 kpixel/min
282 kpixel/min
404 kpixel/min
546 kpixel/min
667 kpixel/min

625 kpixel/min
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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 Einfehrung in die Informatik | [WS2004/05]

Prof. Dr. Helmut Seidl/ Tednische Universitat Munchen
1024 x 768 (16 bit truecolor), 16 bits per pixel, 2 bytes per pixel
with keyframe strip es

infol_2004_10_22.kbytes
100

80 -+

60 —

40 -

size in kbytes

100

80 -+

60 —

40 -

affected area (%)

o 10 20 30 40 50 60 70 80 90
time in minutes
infol_2004_10_22.areas
o 10 20 30 40 50 60 70 80 90

time in minutes
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size in kbytes

affected area (%)

size in kbytes

affected area (%)
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B Messagesizesby-byte and by-area

infol_2004_10_29.kbytes
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40 50
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size in kbytes

affected area (%)

size in kbytes

affected area (%)
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infol_2004_11_11.kbytes
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size in kbytes

affected area (%)

size in kbytes

affected area (%)
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B Messagesizesby-byte and by-area

infol_2004_11_25.kbytes

time in minutes

1 Ll ]
o 10 20 30 40 50 60 70 80 90
time in minutes
infol_2004_11_25.areas
o 10 20 30 40 50 60 70 80 90
time in minutes
infol_2004_11_26.kbytes
bl b LIS bl g il m“u, WI Ml ‘MHM | g o b L “\4 ul i u ‘l I .‘U MI ﬁ
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B.2 Medienwissensbaft I: Theorien und Methoden [WS2003/04]

B.2 Medien wissenschaft |I: Theorien und Metho den
[WS2003/04]

Prof. Dr. Hans-Jurgen Bucher / Universitat Trier

1024 x 768 (16 bit truecolor), 16 bits per pixel, 2 bytes per pixel
with keyframe stripes

medienl_2003_11_04.kbytes
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(o) 10 20 30 40 50 60 70 80 90
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o 10 20 30 40 50 60 70 80 90
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size in kbytes

affected area (%)

size in kbytes

affected area (%)
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B Messagesizesby-byte and by-area

medienl_2003_11_11.kbytes

time in minutes

bk bbbl b it bl Ll
t
o 10 20 30 40 50 60 70 80 90 100
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medienl_2003_11_25.kbytes
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o 10 20 30 40 50 60 70 80 90 100
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medienl_2003_11_25.areas
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size in kbytes

affected area (%)

size in kbytes

affected area (%)
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medienl_2003_12_02.kbytes
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200 -
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o | (T oyl ‘IMW.U\I“\MMM. ol
o] 10 20 30 40 50 60 70 80 90 100

time in minutes

medienl_2004_01_06.areas
100

80 -+

60 —

40 -

20 -+

o 10 20 30 40 50 60 70 80 90 100
time in minutes
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size in kbytes

affected area (%)

size in kbytes

affected area (%)

300

250

200

150

100

50

100

80

60

40

20

300

250

200

150

100

50

100

80

60

40

20
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medienl_2004_01_13.kbytes

20

30

40 50
time in minutes

medienl_2004_01_13.areas

60

70

80

90

20

30

40 50
time in minutes

medienl_2004_02_03.kbytes

60

70

80

90

100

20

30

40 50
time in minutes

medienl_2004_02_03.areas

60

70

80

90

20

30

40 50
time in minutes

60

70

80

90

100
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B.3 Abstrakte Maschinen im Ub ersetzerbau [SS2004]

Prof. Dr. Helmut Seidl/ Tednische Universitat Menchen
1024 x 768 (16 bit truecolor, BigEndian), 16 bits per pixel, 2 bytes per pixel
with keyframe stripes

abstrakt_2004_04_19.kbytes
90

80—-
70 ]
60—-
50—-

size in kbytes

40 -
30
20

12 : ik i !L"ML'. by \‘H 'ﬂ Wl

[0} 10 20 30 40 50 60 70 80
time in minutes

abstrakt_2004_04_19.areas
100

90 -+

80 -+
70 +
60 —
50 4
40 -

affected area (%)

30 H
20 H
10 -
Jogm = LT LT T T T T T T T T T
o 10 20 30 40 50 60 70 80

time in minutes
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size in kbytes

affected area (%)

size in kbytes

affected area (%)

B Messagesizesby-byte and by-area

100

abstrakt_2004_04_21.kbytes

90
80
70 o
60 -
50 o
40 -
30
20
10 H

0 ”\l

u{ 1

(o]

100

10

20

30 40 50

time in minutes

abstrakt_2004_04_21.areas

60

70

80

920 -
80
70 -
60 -
50
40 -
30 o
20
10

90

10

30

40 50
time in minutes

abstrakt_2004_04_26.kbytes

60

70

80

90

80 -
70 4
60 —
50 o

30 A
20 A

o

100

SEITTImAn)

2

I,

bl

Ll

\Lx i Lol

JJU‘u‘“ l kAL G

5i
time in minutes

abstrakt_2004_04_26.areas

[ 1L
60

i NH‘
T
70

80

90
80
70 o
60 -
50 o
40 -
30
20
10 H

10

20

30

40 50
time in minutes

60

70

80

90



size in kbytes

affected area (%)

size in kbytes

affected area (%)

100
90
80
70
60
50
40
30
20
10

100
90
80
70
60
50
40
30
20
10

160

140

120

100

80

60

40

20

100
90
80
70
60
50
40
30
20
10
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abstrakt_2004_05_05.kbytes

b i
o 10 20 30 40 50 60 70 80 90
time in minutes
abstrakt_2004_05_05.areas
o 10 20 30 40 50 60 70 80 90
time in minutes
abstrakt_2004_05_12.kbytes
NI LAl JIM Bkl IILILI}\L um I ‘:‘ A IW WLl jolda i gl U I
o 10 20 30 40 50 60 70 80 90
time in minutes
abstrakt_2004_05_12.areas
o 10 20 30 40 50 60 70 80 90

time in minutes
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B.4 Compilerbau [SS2006]

Prof. Dr. Helmut Seidl/ Tednische Universitat Munchen
1024 x 768 (24 bit truecolor), 32 bits per pixel, 4 bytes per pixel
no keyframe stripes

compiler_2006_04_26.kbytes
100

90
80 -
70
60 -
50
40 -

size in kbytes

30
20
10 H

T
o 10 20 30 40 50 60 70 80
time in minutes

compiler_2006_04_26.areas

90

100
90
80
70 o
60 -
50 o
40 -

affected area (%)

30
20
10 H
o T T T T T T T

o 10 20 30 40 50 60 70 80
time in minutes

90



size in kbytes

affected area (%)

size in kbytes

affected area (%)

350

300

250

200

150

100

50

100
90
80
70
60
50
40
30
20
10

1200

1000

800

600

400

200

100
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compiler_2006_05_08.kbytes

T O 1 O
60 7

10 20 30 40 50 0 80
time in minutes

compiler_2006_05_08.areas

T T T T T
10 20 30 40 50 60 70 80
time in minutes

compiler_2006_05_17.kbytes

90

| ‘ | [ o | I | H‘HHI | w HM‘IH\‘\ uMIH\ T

10 20 30 40 50 60 70 80
time in minutes

compiler_2006_05_17.areas

90 -+
80 -+
70 —
60 —
50 4
40 -
30 4
20 -+
10 H

T T T T T T T
10 20 30 40 50 60 70 80
time in minutes

90



244

size in kbytes

affected area (%)

size in kbytes

affected area (%)

900
800
700
600
500
400
300
200
100

100
90
80
70
60
50
40
30
20
10

800

700

600

500

400

300

200

100

100
90
80
70
60
50
40
30
20
10
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compiler_2006_05_22.kbytes

‘\ \‘ \
|
(o] 80 90

NI I T | '.‘M LI ‘.“‘ \ I\IM“H

o 10 20 30 40 50 6
time in minutes

compiler_2006_05_22.areas

T
o 10 20 30 40 50 60 70 80 90
time in minutes

compiler_2006_05_24.kbytes

o 10 20 30 40 50 60 70 80 90
time in minutes

compiler_2006_05_24.areas

T T
o 10 20 30 40 50 60 70 80 90
time in minutes
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affected area (%)

size in kbytes

affected area (%)

700

600

500

400

300

200

100 -+

100
90
80
70
60
50
40
30
20
10

250

200

150

100

50

100
90
80
70
60
50
40
30
20
10
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compiler_2006_05_29.kbytes

IV e

20 30 50 60

time in minutes

compiler_2006_05_29.areas

T T T T
20 30 40 50 60 70 80 90
time in minutes

compiler_2006_06_07.kbytes

I | | | | !3,0\ |

| ‘ ‘ ‘ ” | |
r r
50 60

compiler_2006_06_07.areas

40
time in minutes

70

T T T T
20 30 40 50 60 70
time in minutes
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size in kbytes

affected area (%)

size in kbytes

affected area (%)

160

140

120

100

80

60

40

20

100
90
80
70
60
50
40
30
20
10

160

140

120

100

80

60

40

20

100
90
80
70
60
50
40
30
20
10
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compiler_2006_06_12.kbytes

T
40

10 20 30 50 60 70 80 90
time in minutes
compiler_2006_06_12.areas
T T T T T
10 20 30 40 50 60 70 80 90
time in minutes
compiler_2006_07_26.kbytes
: .
10 20 30 40 50 60
time in minutes
compiler_2006_07_26.areas
T T
10 20 30 40 50 60

time in minutes
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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 $l.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

Is -1 $1*

echo

test -s $L.ttt || echo $1.ttt not found

test -s $l.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 $l.ixt || echo $1l.txt not found - ASCIlI Searchbase
test -s $1.xml || echo $1.xml not found - XMLSearchbase

test -d $1l.html || echo $1.html not found - HTMLScript folder
echo

echo

echo "* HTMLScript *

echo

echo

test -d $1l.html || echo html script missing: $1.html
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test -d $1l.html &&

(scp $1.html/thumbs/*.png
ziewer@ttt.uni-trier.de:/usr

scp $1.html/images/*.png
ziewer@ttt.uni-trier.de:/usr

scp $1.html/htmi/*.html
ziewer@ttt.uni-trier.de:/usr

echo

echo * *
echo "* Searchbase
echo

echo

/loc al/h ttpd/ htdocs/se arch/thu mbs/;
/loc al/h ttpd/ htdo cs/se arch/images/;

Nloc al/h ttpd/ htdo cs/se arch/htm|/)

test | -s $l.txt &&test -s $1.xml &&
java -cp /home/ziewer/workspace/TTT3 /clas ses ttt.XMLHandler -txt $1.xml
test -s $l.txt || echo searchbase missing: $1.txt - ASCIl Searchbase

test -s $l.txt &&scp $l.txt

ziewer@ttt.uni-trier.de:/usr

/loc al/h ttpd/ htdo cs/se arch/searchbase/

test -s $1.xml || echo searchbase missing: $1.xml - XMLSearchbase

test -s $1l.xml &&scp $1.xml

ziewer@ttt.uni-trier.de:/usr

echo
echo
echo "*
echo
echo
echo backup original
scp $1.ttt
test -s $1l.ttt.orig

Backup Original

test -d $l.orig &&scp -r $l.orig

echo

echo * *
echo "* Zip Archives
echo

echo

echo zip $1.zip

test -e $l.zip &&rm -f $1.zip

zip $l.zip $1.ttt
echo zip $1_v.zip

$1.mp3

recording

/loc al/h ttpd/ htdo cs/se arch/searchbase/

%1

to server ttt.uni-trier.de
$1.mp3 $1.mov ziewer@ttt.uni-trier.de:/data ttt /
&& scp $1.ttt.orig

ziewer@ttt.uni-trier.de:/dat altt t/
ziewer@ttt.uni-trier.de:/dat alttt /

*1

test -e $1 v.zip &&rm -f $1 v.zip

zip $1 v.zip S$L.ttt

echo

Is -hl $1.zip
Is -hl $1_v.zip
echo

$1.mp3 $1.mov

echo copy zip to server ttt.uni-trier.de

scp $l.zip $1 v.zip ziewer@tit.uni-trier.de:/data

Is -hl $1*zip

/webspace
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echo

echo * *

echo "* Finished x
echo * *

echo

echo
echo
echo " Recording Check  *"
echo * *

echo

echo "Missing files:"

test -s $L.ttt || echo $1.ttt not found

test -s $l.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 $l.xt || echo $1l.txt not found - ASCIlI Searchbase
test -s $1.xml || echo $1.xml not found - XMLSearchbase

test -d $1l.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:"
Is -hl $1.zip
Is -hl $1_v.zip
echo
echo "Length of recoding:'
tttinfo  $1
echo
echo "Rememberto edit download page:"
echo " ziewer@ttt.uni-trier.de:/usr/| ocal/ http d/ht docs/ recording s/*. html"
echo

Note that ttt.info lists the durations of the audio,video and desktop streams.

249






References

[Abowd et al., 1998] Abowd, G. D., Atkeson,C. G., Brotherton, J. A., Engvist, T.,
Gulley, P., and LeMon, J. (1998). Investigating the Capture, Integration and Access
Problem of Ubiquitous Computing in an Educational Setting. In Proceedings of the
SIGCHI conference on Human factors in computing systems(CHI 1998, pages440{447.
ACM Press/Addison-W esley Publishing Co.

[AdderLink, 2006] Adder Tedcnology (2006). AdderLink IP product site.
http://www.adder.com/.

[AOF, 2006] AOF Team (2006). Authoring on the Fly product site.
http://ad.informatik.uni-freiburg.de/aof/index.nh  tml.

[QTJava, 2006] Apple Computer, Inc. (2006). QuickTime for Java product site.
http://dev eloper.apple.com/quicktime/qtja va/.

[Bacher et al., 1997] Bacher, C., Meuller, R., Ottmann, T., and Will, M. (1997).
Authoring on the Fly: a new way of integrating telepresertation and courseware
production. In Proceedings of the International Conference of Computers in Education
(ICCE'97) , pages89{96, Kuching, Sarawak, Malaysia.

[Bankhead, 2005] Bankhead, P. (2005). The Design and Implementation of an Editor for
the TeleTeadingT ool Environment. Master thesis, School of Computer Science,The
Queen's Univ ersity of Belfast and Tednische Univ ersitat Meinchen.

[Brusilovsky, 2000] Brusilovsky, P. (2000). Web lectures: Electronic presertations in
Web-basedinstruction. Syllabus 13(5):18{23.

[Brusilovsky and Miller, 2000] Brusilovsky, P. and Miller, P. (2000). Course Delivery
Systemsfor the Virtual University. In Tschang, T. and Serta, T. D., editors, Accessto
Knowledge: New Information Technologies and the Emergene of the Virtual University,
pages167{206. Elsevier Science,Amsterdam, The Netherlands.

[Windows Media, 2006] Corporation, M. (2006). Windows Media product site.
http://www.microsoft.com/windo  ws/w indowsmedia/.

[Damerau, 1964] Damerau, F. (1964). A technique for computer detection and correction
of spelling errors. Communications of the ACM, 7(3):171{176.

[Deering and Hinden, 1998] Deering, S. and Hinden, R. (1998). RFC 2460: Internet
Proto col, Version 6 (IPv6) Speci cation. ftp://ftp.rfc-editor.org/in-notes/rfc2460  .txt.

[Deutsch and Gailly, 1996] Deutsch, P. and Gailly, J.-L. (1996). RFC 1950: ZLIB
CompressedData Format Speci cation version 3.3.
ftp://ftp.rfc-editor.org/in-notes/rfc1950.txt.

[Ecma, 1999] Ecma International (1999). Standard ECMA-262: ECMAScript Language
Speci cation.
http://www.ecma-in ternational.org/publications/standards/Ec ma-262htm.



252 References

[Edelmann, 1995] Edelmann, W. (1995). Lernpsycholgie. Psychologie-Verlags-Union,
Weinheim.

[E elsb erg and Geyer, 1998] E elsb erg, W. and Geyer, W. (1998). Tools for Digital
Lecturing - What We Have and What We Need. In Proceedings of BITE '98 (Bringing
Information Technology to Education), pages151{173, Maastricht, The Netherlands.
Klu wer Verlag.

[Garofolo et al., 2000] Garofolo, J., Auzanne, G., and Voorhees, E. (2000). The trec
spoken documert retrieval track: A successstory.

[Gruber and Leiter, 2006] Gruber, J. and Leiter, U. (2006). Erweiterung der
Sudhfunktion des TeleTeadingTool: Das Seardh&Bro wsingTool.
Systementwicklungsprojekt, Technische Univ ersitat Meinchen.

[Hauptmann and Wactlar, 1997] Hauptmann, A. and Wactlar, H. (1997). Indexing and
seard of multimo dal information.

[Hilt et al., 2001] Hilt, V., Mauve, M., Vogel, J., and E elsb erg, W. (2001). Interactive
media on demand: Generic recording and replay of interactive media streams. In ACM
Multime dia 2001, Asscciation of Computing Machinery, pages593{594, Ottawa,
Canada.

[Hogrefe et al., 2003] Hogrefe, D., Koster, R., Werner, C., and Zibull, M. (2003).
Teleteacing an der universitat gettingen: Systemarditektur und problematik en. In
DelLFl, pages129{133.

[Finereader, 2006] House, A. S. (2006). Finereader OCR product site.
http://www.abb yy.com/ nereader _ocr/.

[Hunter and Steiglitz, 1979] Hunter, G. M. and Steiglitz, K. (1979). Operations on
Images Using Quad Trees. IEEE Transaction on Pattern Analysis and Machine
Intel ligence (PAMI) , 1(2):145{153.

[Herst, 2003] Herst, W. (2003). Suche in aufgezeihineten Vortreagenund Vorlesungen. In
Bode, A., Desel, J., Rathmeyer, S., and Wessner,M., editors, Tagungsland: Die 1.
e-Learning Fachtagung Informatik (DeLFI 2003), volume 37 of LNI, pages27{36,
Garching bei Menchen. Gl-Edition Lecture Notes in Informatics.

[Herst et al., 2003] Herst, W., Kreuzer, T., and Wiesenhetter, M. (2003). A Qualitativ e
Study Towards Using Large Vocabulary Automatic Speed Recognition to Index
Recorded Presertations for Seard and Accessover the Web. IADIS International
Journal on WWW/Internet , 1(1):43{58.

[CLIX, 2006] imc AG (2006). CLIX Campus product site. http://www.clix.de/.

[Lecturnit y, 2006] imc AG (2006). Lecturnit y product site. http://www.lecturnit y.de/.

[Flash, 2006] Incorp orated, A. S. (2006). Adobe Flash (Macromedia Flash) product site.
http://www.adob e.com/de/pro ducts/ ash/.

[DublinCore, 2003] Initiativ e, D. C. M. (2003). Dublin Core Metadata Element Set,
Version 1.1. ISO Standard 15836-2003.

[DublinCoreV ocabulary, 2004] Initiativ e, D. C. M. (2004). DCMI Type Vocabulary.
http://dublincore.org/do cuments/dcmi-t ypevocabulary/.

[DCMI, 2006] Initiativ e, D. C. M. (2006). Dublin Core Metadata Initiativ e web page.
http://dublincore.org/.

[Ishii and Miy ake, 1991] Ishii, H. and Miy ake, N. (1991). Toward an open shared
workspace: Computer and video fusion approach of teamworkstation. Commun. ACM,
34(12):36{50.

[Jackson et al., 2000] Jackson, J. R., Anderson, D. V., and Hayeslll, M. H. (2000).

E ectiv e and E cien t Distance Learning Over the Internet: Tools and Tedcniques. In
Proceedings of the International Conference on Engineering Education (ICEE 2000),
Taipei, Taiwan.

[Kandzia et al., 2004] Kandzia, P.-T., Kraus, G., and Ottmann, T. (2004). Der
Univ ersitare Lehrverbund Informatik - eine Bilanz. Gl Softwaretechnik-Trends
24(1):54{61.



References 253

[Kandzia and Maass, 2001] Kandzia, P.-T. and Maass, G. (2001). Course Production -
Quick and E ectiv e. In Proceedings of the 3rd International Conference on New
Learning Technologies (NLT 2001), Frib ourg, Switzerland.

[TightVNC, 2006] Kaplinsky, C. (2006). TightVNC product site.
http://lwww.tigh tvnc.com/.

[Knopp er, 2006] Knopp er, K. (2006). KNOPPIX product site.
http://www.knopp er.net/knoppix/.

[LaRose et al., 1997] LaRose, R., Gregg, J., and Heeter, C. (1997). An evaluation of a
Web-baseddistributed learning environment in higher education. In Proceedings of
ED-MEDIA/ED-TELECOM'97 - World Conference on Educational Multimedia /
Hypermedia and World Conference on Educational Telecommunications, pages
1286{1287, Calgary, Canada. AA CE Press.

[Lauer and Ottmann, 2002] Lauer, T. and Ottmann, T. (2002). Means and Methods in
Automatic Courseware Production: Experienceand Tednical Challenges. In
Proceedings of the World Conference on E-Learning in Corporate, Government,
Healthcare, and Higher Education (E-Learn 2002), number 1, pages553{560, Montr eal,
Canada. AA CE Press.

[Levenshein, 1966] Levenshein, V. |. (1966). Binary codes capable of correcting
deletions, insertions, and reversals. Soviet Physics Doklady, 10(8):707{710.

[Li and Hopper, 1998a] Li, S.F. and Hopper, A. (1998a). A Framework to Integrate
Synchronous and Asynchronous Collaboration. In Proceedings of the 7th IEEE
Workshops on Enablings Technologies: Infr astructure for Collaborative Enterprises
(WETICE) , pages96{103, Stanford, CA. IEEE Computer Scciety Press.

[Li and Hopper, 1998b] Li, S. F. and Hopper, A. (1998b). What You Seels What | Saw:
Applications of StatelessClient Systemsin Asynchronous CSCW. In Proceedings of the
Fourth Joint Conference on Information Sciences (JCIS'98) , volume 3, pages10{15,
Researt Triangle Park, North Carolina.

[Li et al., 2000a] Li, S.F., Spiteri, M. D., Bates, J., and Hopper, A. (2000a). Capturing
and Indexing Computer-based Activities With Virtual Network Computing. In
Proceedings of the 2000 ACM Symposium on Applied Computing, volume 2, pages
601{603, Como, ltaly .

[Li et al., 1999a] Li, S.F., Staord-F raser, Q., and Hopper, A. (1999a). Applications of
StatelessClient Systemsin Collaborative Enterprises. In International Conference on
Enterprise Information Systems pages665{673.

[Li et al., 1999b] Li, S.F., Sta ord-F raser, Q., and Hopper, A. (1999b). Frame-bu er on
Demand: Applications of StatelessClient Systemsin Web-basedLearning. In
Proceedings of the 5th International Conference on Information SystemsAnalysis and
Synthesis (ISAS'99) , Orlando, Florida.

[Li et al., 2000b] Li, S.F., Staord-F raser, Q., and Hopper, A. (2000b). Integrating
Synchronous and Asynchronous Collaboration with Virtual Network Computing. In
Proceedings of the First International Workshop on Intel ligent Multime dia Computing
and Networking, volume 2, pages717{721, Atlantic City, New Jersey

[Lienhard and Lauer, 2002] Lienhard, J. and Lauer, T. (2002). Multi-la yer recording as a
new concept of combining lecture recording and students' handwritten notes. In
MULTIMEDIA '02: Proceedings of the tenth ACM international conference on
Multime dia, pages335{338, New York, NY, USA. ACM Press.

[Lienhard and Zupancic, 2003] Lienhard, J. and Zupancic, B. (2003). Annotieren von
vorlesungsaufzeitinungen wahrend der aufnahme- und wiedergabe-phase. In DelLFl,
pages95{99.

[ULI, 2006] Managemert, U. P. (2006). Universitarer Lehrverbund Informatik (ULI)
project site. http://www.uli-campus.de/.

[Mauve et al., 2001] Mauve, M., Hilt, V., Kuhmench, C., and E elsb erg, W. (2001).
Rtp/i - towards a common application level proto col for distributed interactive media.
In IEEE Transactions on Multimedia (TMM'01) , volume 3, pages152{161.



254 References

[Mertens and Rolf, 2003] Mertens, R. and Rolf, R. (2003). Automation Techniques for
Broadcasting and Recording Lectures and Seminars. In Proceedings of SINNO3 - Third
International Technical Workshop and Conference.

[Minneman et al., 1995] Minneman, S. L., Harrison, S. R., Janssen,B., Kurten bach, G.,
Moran, T. P., Smith, I. E., and van Melle, W. (1995). A Confederation of Tools for
Capturing and Accessing Collaborativ e Activit y. In Proceedings of the The Third ACM
International Multime dia Conference and Exhibition (ACM MULTIMEDIA '95), pages
523{534, San Francisco, CA. ACM Press.

[Mitc hell et al., 1996] Mitc hell, J. L., Pennebaker, W. B., Fogg, C. E., and Legall, D. J.,
editors (1996). MPEG Video Compression Standard. Chapman & Hall, Ltd., London,
UK, UK.

[Muehlhaeuser and Trompler, 2002] Muehlhaeuser and Trompler (2002). Digital lecture
halls...

[Nopoudem, 2006] Nopoudem, E. W. T. (2006). Transformation von
TeleTeadingT ool-Aufzeichnungen zur Wiedergabe mit Standard-Software.

Diplomarb eit, Technische Univ ersitat Menchen.

[OmniP age, 2006] Nuance Communications, I. f. S. (2006). OmniP age product site.
http://www.n uance.com/omnipage/.

[FMJ, 2006] open source community (2006). Freedom for Media in Java (FMJ) product
site. http://fmj.sourceforge.net/.

[OSXvnc, 2006] OSXvnc (2006). OSXvnc product site.
http://sourceforge.net/pro jects/osxvnc/.

[Postel, 1980] Postel, J. (1980). RFC 768: User Datagram Proto col.
ftp://ftp.rfc-editor.org/in-notes/rfc768.  txt.

[Postel, 1981a] Postel, J. (1981a). RFC 791: Internet Proto col.
ftp://ftp.rfc-editor.org/in-notes/rfc791.  txt.

[Postel, 1981b] Postel, J. (1981b). RFC 793: Transmission Control Protocol.
ftp://ftp.rfc-editor.org/in-notes/rfc793.  txt.

[RealMedia, 2006] RealNetworks, I. (2006). RealMedia product site.
http://www.realnet works.com/pro ducts/co decs/.

[RealVNC, 2006] RealVNC Ltd (2006). RealVNC product site.
http://www.realvnc.com/.

[Richardson, 2005] Richardson, T. (2005). The RFB Protocol, Version 3.8.
http://realvnc.com/do cs/rfbproto.p df. RealVNC Ltd.

[Richardson et al., 1998] Richardson, T., Sta ord-F raser, Q., Wood, K. R., and Hopper,
A. (1998). Virtual Network Computing. IEEE Internet Computing, 2(1):33{38.

[Samet, 1980] Samet, H. (1980). Region Represenation: Quadtree from Binary Arrays.
Computer Graphics & Image Processing 13(1):88{93.

[Schillings and Meinel, 2002] Sdillings, V. and Meinel, C. (2002). tele-TASK -
Teleteaching Anywhere Solution Kit. In Proceedings of the ACM SIGUCCS 2002, pages
130{133, Providence, Rhode Island, USA.

[UltraVNC, 2006] Schneider, O., Scharpf, M., Vos, R. D., and UltraSam (2006).
UltraVNC product site. http://www.ultra vnc.com/.

[Schulzrinne et al., 2003] Schulzrinne, H., Casner, S., Frederick, R., and Jacobson, V.
(2003). RFC 3550: RTP: A Transport Protocol for Real-Time Applications.
ftp://ftp.rfc-editor.org/in-notes/rfc3550  .txt.

[Schetz, 2002] Scheitz, F. (2002). Annotations: Though standard in conventional learning
a stepchild of elearning. In Vilas, A. M. and Gonzalez, J. M., editors, Proceedings of the
International Conference on Information and Communication Techonolagies in
Education (ICTE2002) , Badajoz, Spain.

[Schetz, 2003] Scheitz, F. (2003). Producing eLearning materials on the y { only a great
dream? In Vilas, A. M. and Gonzalez, J. M., editors, Proceedings of the Second
International Conference on Multime dia and ICTs in Education (m-ICTE2003) ,
Badajoz, Spain.



References 255

[Schetz, 2005] Scheitz, F. (2005). Annotationen in der Lehre { Eine
Annotationsarchitektur zur Erweiterung bestehenderelektronischer Lehrsysteme
Dissertation, Tednische Univ ersitat Meinchen.

[Smartboard, 2006] SMART Tednologies (2006). Smartboard product site.
http://www.smartb oard.com/.

[Spiteri and Bates, 1998] Spiteri, M. D. and Bates, J. (1998). An architecture to support
storage and retrieval of events. In Proceedings of MIDDLEW ARE 1998, IFIP
International Conference on Distributed SystemsPlatforms and Open Distributed
Processing Lancaster, UK.

[RAT, 2006] SUMOVER Project, University College London (2006). Robust Audio Tool
(RAT) product site. http://mediato ols.cs.ucl.ac.uk/nets/mmedia/wi ki/RatWiki.

[VIC, 2006] SUMOVER Project, University College London (2006). Videoconferencing
Tool (VIC) product site. http://mediato ols.cs.ucl.ac.uk/nets/mmedia/wiki/VicWi  ki.
[JMF, 2006] Sun Microsystems, Inc. (2006). Java Media Framework (JMF) product site.

http://ja va.sun.com/products/ja va-media/jmf/.

[Camtasia, 2006] TechSmith Corporation (2006). Camtasia Studio product site.
http://www.tec hsmith.com/cam tasia.asp.

[TSCC, 2006] TechSmith Corporation (2006). TechSmith ScreenCapture Codec product
site. http://www.tec hsmith.com/co decs/tscc/default.asp.

[Targeteam, 2006] Teege,G. (2006). Targeteam product site.
http://www11.in.tum.de/forsc  hung/pro jekte/targeteam/.

[Teegeand Breitling, 2002] Teege,G. and Breitling, P. (2002). Targeteam: Adaptierbare
Lehrinhalt auf Basis on XML und XSLT. In Informatik bewegt: Informatik 2002 - 32.
Jahrestagungder Geselschaft fur Informatik e.v. (Gl) , pages364{368. Gesellstaft fur
Informatik e.v. (Gl).

[teleTASK, 2006] teleTASK (2006). tele-TASK product site. http://www.tele-task.com/.

[Thong et al., 2000] Thong, J. V., Goddeau, D., Litvino va, A., Logan, B., Moreno, P.,
and Swain, M. (2000). Speethbot: A speedt recognition basedaudio indexing system for
the web.

[Wacom, 2006] Wacom Tedchnology (2006). Wacom product site.
http://www.w acom.com/.

[Wayne Hodgins, 2002] Wayne Hodgins, Erik Duval, e. (2002). Draft standard for
learning object metadata, ieee 1484.12.1-2002.Tecnical report, IEEE Learning
Tednology Standards Committee.

[Ziewer, 2001] Ziewer, P. (2001). Visualisierung Abstrakter Maschinen. Diplomarb eit,
Univ ersitat Trier.

[Ziewer, 2004] Ziewer, P. (2004). Navigational Indices and Full-T ext Seard by
Automated Analyses of ScreenRecorded Data. In Proceedings of the World Conference
on E-Learning in Corporate, Government, Healthcare, and Higher Education (E-L earn
2004), pages3055{3062, Washington, D.C. AACE Press.

[VAM, 2006] Ziewer, P. (2006). VAM Simulator product site.
http://wwwseidl.in.tum.de/pro  jekte/v am/.

[Ziewer and Seidl, 2002] Ziewer, P. and Seidl, H. (2002). Transparent Teleteading. In
Williamson, A., Gunn, C., Young, A., and Clear, T., editors, Proceedings of the 19th
Annual Conference of the Australian Scciety for Computers in Tertiary Education
(ASCILITE) , volume 2, pages749{758, Auckland, New Zealand. UNITEC Institute of
Tednology.

[Ziewer and Seidl, 2004] Ziewer, P. and Seidl, H. (2004). Annotiertes Lecture Recording.
In Engels, G. and Seetusen, S., editors, Tagungsland: Die 2. e-Learning Fachtagung
Informatik (DeLFl 2004), volume 52 of LNI, pages43{54, Paderborn, Germany.
Gesellsdhaft fur Informatik e.V (Gl.

[Zupancic and Horz, 2002] Zupancic, B. and Horz, H. (2002). Lecture recording and its
usein a traditional university course. In ITICSE '02: Proceedings of the 7th annual



256 References

conference on Innovation and technology in computer science education, pages24{28,
New York, NY, USA. ACM Press.



