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Abstract

The aim of this thesis is the development of aerautive learning environment
for mobile laboratories. The development suppdrts learner’s individuality
and manages the learning process through lab taskwther active learning
forms (self-tests) complementarily. The thesis emtiates mainly on deve-
loping proper tools for laboratory activities.

The specific aims of the thesis were formulatetbsws.

1. Developing, implementing and testing the intevaclearning environ-
ment in a real learning process, collecting andlyasiveg the answers, and
generating hints both to a student and a teacher.

2. Developing laboratory assignments with a cussechicontent, integrating
them into the learning process and using themioimkedge control.

3. Developing the mobile laboratory equipment sufipg the personal
learning process.

The thesis concentrates on the development of #eraittive learning
environment for mobile laboratories carried outnir@2006 to 2010 in the
Department of Computer Control of the Faculty dbimation Technologyat
Tallinn University of Technology.

A fully web-based learning environment had existsé@dady at the time of
the commencement of the present development, astbased on a traditional
organisation of the practical work. The experiehed shown that this part of
the learning process did not qualify as expectativaas ineffective despite the
students had identified practical assignments agrtbst useful component of
the study.

To achieve the specific aims, the following compueeof the learning
environment were developed and the following atiégiwere undertaken.

1. The HomeLabKit was developed. It is a small febix containing all
necessary laboratory equipment to perform the jmactwork. The
HomelLabKit is designed to be simple and as inexpgenas possible. The
notable advantages of the HomeLabKit could be camed its mobility,
flexibility and durability, also its low cost. Belgs, it enables personalizing
learning. Laboratory experiments can be performedha time and place
appropriate for a student. In addition to the HoateKit, only a computer, the
Internet and a power network (if necessary) araired.

2. Flexible, changeable contents of the laboratovigh the allocation of
competencies and credit units on different partshef syllabus of the course
were created. Competence-based simple lab expesmre introduced and
conducted instead of traditional laboratory te€ismpared with the traditional
form of labs, those changes reduced remarkablyatheunt of information



acquired, and at the same time, enabled the signifiincrease in the total
number of individual laboratory tasks.

3. The operational error analysis based on theestiglattempts, particularly
the unsuccessful ones, allows to adapt to the stisdéndividuality and to
manage acquiring knowledge and skills. The studemtemory model was
introduced and tested. The model simulates thevi@iraof human memory to
forget with time and highlights possible shortcogsnn the students’ acquired
knowledge. It should be noted that the processinbeoreactions of a student is
instant and serves as a measuring instrument ileéneing feedback system.

4. A new method for compiling lab works, processiofy results and
extracting of competences has been developed.

5. The environment was analysed and the staterchatacterizing the stu-
dents’ behaviour were formulated. These results lmanused in the future
development of implementing and complementing thedent's behaviour
model.

The contribution of the author of the study liegshe components described
in Chapters 3, 4 and 5, namely, in developing tleemelLabKit, simple lab
experiments and the analysis of results, also inodmicing the student’s
memory model.

The specific aims were achieved. The developedemvient was tested in a
real learning process and the students’ behaviasrabserved for 4 years. The
results of the analysis of students’ behaviour #redanswers of assignments
were taken into account in the organisation of ksarning process. This
analysis was supported by the data logs collectedlG years.

The author of the dissertation determined alsontaén aims for the future.
Firstly, to introduce the next, third generationtted HomelLabKit. Secondly, to
develop the competence-based interactive learningrament. Thirdly, the
results of the current thesis are the great sofmcémplementing the overall
student’s behaviour model. The author has alredaltesl with realising the
aforelisted aims.



Kokkuvote

Kéesoleva t00 eesmargiks on mobiilsete laborattmrsédde teostamist
vbimaldava interaktiivse 0©pikeskkonna arendaminejs ntoetab O&ppija
individuaalsust ning juhib 8ppetddd laborite jastei aktiivsete dppevormide
(enesetestid) koostt60 kaudu. Antud t00 keskendblorddoorsetele tbodele
vajalike tbdvahendite arendamisele.

Toole pustitatud alaeesmargid olid jargmised.

1. Interaktiivse Gpikeskkonna arendamine, rakendanp testimine tegelikus
Oppeprotsessis, tulemuste automaatne anallus niljetev genereerimine nii

Oppijale kui ka 6ppejoule.

2. Kohandatava sisuga laborikatsete arendamine,deneimtegreerimine

Oppeprotsessi, samuti laborikatsete kasutaminertiséel kontrollis.

3. Individuaalset dppeprotsessi toetavate mobéltioriseadmete komplektide
arendamine.

Kaesolev t06 keskendub mobiilsete laboratoorsetéded teostamist
vdimaldava interaktiivse dpikeskkonna arendamiged#finna Tehnikaulikooli
infotehnoloogia teaduskonna automaatikainstituudiuteooria ja -disaini
Oppetoolis aastatel 2006 kuni 2010.

ToOO alustamise hetkeks oli loodud taielikult vedihiime pikeskkond, kuid
selles kasutati traditsioonilist soorituspdhist kpitkaumide korraldust. Saadud
kogemus nditas, et just see osa Oppeprotsessaseinud eesmargiparasusele
ega efektiivsusndudeile, kuigi Ulidpilased hindasidppetdods koige
kasulikumaks komponendiks just praktikume.

To0s on eesmarkide saavutamiseks loodud jargmileitgmponendid ning
l&bi viidud jargmised tegevused.

1. HomelLabKit'i loomine. HomelLabKit on kaasaskantaborikohver, mis
sisaldab kdiki konkreetses Gppeaines olevate pist&titodde sooritamiseks
vajalikke seadmeid. HomelLabKit on projekteeritudksimaalsest lihtsusest ja
odavusest ldhtudes. Laborikohvri suurimateks edist/dib pidada mobiilsust,
kohandatavust ja vastupidavust, samuti selle odawisaks vdimaldab see
dppevahendeid personaliseerida. Oppija vdib sataitm@borikatseid indivi-
duaalselt valitud ajal ja kohas. Peale HomelLabkitlinGutav vaid arvuti, inter-
net ja vajaduse korral elektrivork.

2. Paindlike, muutuva sisuga laboratoorsete t66dmine koos ainepunktide ja
kompetentside omastamisega dppeaine programmivatgle osadele. Tradit-
siooniliste laborikatsete asemel on kasutusele wbdtompetentsipbhised
lihtsad katsed. Vorreldes traditsioonilise laborimaa, on oluliselt vahendatud



korraga omandatava info hulka, véimaldades sanaltapduvalt suurendada
Uksikute laborikatsete koguarvu.

3 .Oppija (eelkdige ebadnnestunud) soorituste Bltsienub pidev vigade

anallitis, mis v@imaldab adapteeruda Oppija indiathusele ning juhtida
teadmiste ja oskuste omandamist. Kasutusele orud@eidengi méalumudel.

Malumudel modelleerib inimese unustamist ja nadapijatele nende véima-
likke ununevaid teadmisi.

4. Loodud on uus meetod laboritodde koostamisaksmiuste tHdtlemiseks
ning kompetentside ekstraheerimiseks.

5. AnalliUsitud on arendatud @pikeskkonna prakthkiasutamist ning lisatud
Oppijate kaitumist iseloomustavad véited, mis v@dasad oma suhtelise
muutumatuse téttu kasutada ja tdiendada dppija imbkdesdaspidises arendus-
t60s.

ToO autori panuseks on peatiikkides 3, 4 ja 5 Kiaeld komponentide
loomine ja arendamine, tdpsemalt HomelabKit'i, ddie laborikatsete ja
tulemuste analliiisi loomine ja arendamine ning tgdemalumudeli
tutvustamine.

Eelnimetatud alaeesmargid on saavutatud. Arendatadkkonda on
katsetatud reaalses dppettds ning Ulibpilaste kistuon jalgitud nelja aasta
véaltel. Oppijate kaitumise ja llesannete vastustalidisimise tulemusi on
voetud arvesse Oppetdd korralduses. Teostatud imialdetavad ka kiimne
aasta jooksul kogutud andmed.

Too autor on kindlaks méaaranud peamised tuleviknéegid: uue,
kolmanda pdlvkonna HomelLabKit'i tutvustamine, korgresipbhise
interaktiivse Opikeskkonna edasiarendamine, tud&agumismudeli rakenda-
mise tdiendamine. TGO autor on juba alustanud dogtl eesmarkide taide-
viimisega.
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Abbreviations

Abbreviations used in the thesis.

AC - Alternating Current

CMR — Common Mode Rejection Ratio
CT - Circuit Theory

DC — Direct Current

HLK — HomeLabKit

LED — Light-Emitting Diode

opamp — Operational Amplifier

OS - Operating Systems

PC — Personal Computer

TUT — Tallinn University of Technology
USB — Universal Serial Bus

Abbreviations used in names of assignments.

ACC — AC calculations

ACT — AC transfer

DCC - DC calculations

DCT - DC transfer

FRES — Frequency responce
KCL — Kirchhoff's current law
KVL — Kirchhoff's voltage law
M — measurements

OL — Ohm’s law

PH — Phasors

RES — Resonance

RMS — root mean square

TP — Twoports
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1. Introduction

This thesis is dedicated to the world at the tinfette latest learning
technology — e-learning — and its inseparable ipachnical teaching, namely
web-based lab activities. The ried information technology has influenced
mankind profoundly. Today, computers are put toinsal fields of life — from
entertainment to scientific calculations. After, alle computer has become the
main communication tool.

Although e-learning is ubiquitous nowadays, it ktke precise definition.
One among many would be as follows: e-learningésl¢arning method, which
is supported by modern technology [1]. E-learniag be informally defined as
a software solution for educational purposes, whigtbased on theoretical
postulates, trends in cognitive science, artifiaiélligence, and pedagogy [1].
E-learning in its infancy meant the use of eledoanedia such as audio and
video recordings, and later the materials in shdrsks.

Education innovations such as e-learning systenlerftong connections
between theory and real-life [3]. Through the yedms ways to facilitate
learning, e-learning is one of the most effectivetmods [4]. Then, interactive
video-conferencing was developed. With regard te thternet (and in
particular the data transfer speed), the next dpweént step was to place the
materials on the Internet. All of this enables tmduct the study outside the
educational establishment. Next, some modificati@mfs e-learning have
appeared — m-learning (i.e. learning using mobédgicks) and i-learning (i.e.
learning using portable audio players like the )H86{ [6].

The main principle in developing an interactiverfeéag environment is that
the learning process is handled as a technolofgeslback system based on
management objectives, an adequate measuring anéppropriate use of
control algorithms.

Today, the aforementioned e-learning could be clemed as the most
suitable and flexible learning system for the reafimat students often study
alongside working. Therefore, the courses includialgoratory tests and a
knowledge test can be conducted via the Interngbeience has shown that
students accept Internet-based learning with ergbons Students vary in
knowledge, skills and abilities. Also, they havéfatent amount of time for
learning. Besides, having the opportunity of usingpdern technology
encourages the students to experiment.

15



1.1 Lab assignments

The lab activities have been given a central astirditive role in technical
education. Hands-on activities and demonstraticane hbeen developed and
documented for teaching students. Researchersaiswgroposed methods for
creating hands-on learning that help shift the $otnom the teacher to the
student [11]. Some laboratories use technologyhamdis-on manipulative tools
to discover concepts and theorems [12]. Laboraitostruction helps students
develop their experimental skills and ability to rwoin teams, learn to
communicate effectively, learn from failure, and fesponsible for their own
results [13]. Based on the studies, it can bedahat students learn and retain
much more of what they experience directly or pecactioing, as opposed to
what they only hear or see [15]. Also, labs canettgy skills and attitudes such
as creativity, autonomy and self-learning to sabal-life problems.

Nowadays, when technology has advanced greatly sapgorts learning
efficiently, labs need to be interactive. Interaityi means that, like in other
learning activities, immediate feedback should Wevided to the student.
Besides, in order to achieve well-functioning iatdive lab assignments, their
content must be adaptive dynamically according e student's answers.
However, applying conventional technology inhilaithieving the aim.

The mobile set of lab devices — the HomelLabKitqaid.K) — was deve-
loped in order to increase the amount of practieadrk significantly.
Personalized learning allows presenting separaiestat a detailed level in a
user-specific way, and that can be repeated untitess is achieved. Besides,
the number and complexity of the tasks can be darle addition, the
developed mobile set makes the learning processctitie. In the developed
learning environment students submit their answatsare provided immediate
feedback on their performance. Also, in case ofn@oerrect answer, they are
directed to appropriate study materials. Agxample, it could be compared
to the way children play computer and Internet-dagames. They learn very
fast, make decisions and draw conclusions of thesrduring the game. The
used method is called cognitive — trying until sgx is achieved [12], [17],
[18], [19].

The other reason for creating interactive lab ass@nts is the following.
Lectures are usually supported by laboratories they are carried out only at
certain times and on limited bases. Besides, theyat be repeated. Typically,
courses end with an examination, which generallpwsh only a skill of
reflecting knowledge [16].

In the current study, in order to improve persdealrning, all classroom
lectures were cancelled. Instead, the lecturvexe recorded and made
available over the Internet. Also, the number ofistdtations was increased
because every student is different and regquitherefore a different
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approach to knowledge.

By the time when the author of the thesis startedetbping mobile labs,
many e-learning environments had been developeaf, (&/ebCT, Moodle).
These all had one common aspect, namely they wageteaching tools for
organising and archiving the results. However, td&) not support creating
adaptive web-based practical assignments.

1.2 Motivation

There are several motivations for this work. Thestressential motivation is to
create better learning conditions for students.efigmce has shown that using
e-technology improves students’ motivation.

When this study was started, the situation wasadiarised by the following
aspects.

1. The learning activities are becoming the parthef modern information
and communication technology (e-learnifgp]. In other words, the majority
of assignments became place and time independetit id not affect the
practical part of the course, namely, even if teports were in e-mode, labs
were still traditional, students depended from stharemises and had to a
lesser or larger extent rigid timetable.

2. Laboratory space and time constraints will léadhegative effects, the
most important is the volume of work restrictionsfer few students the
scheduled time may be sufficient, however, manyhefn need a lot of more
time [21].

3. The laboratory equipment is relatively expensimd obtaining it in larger
guantities is unfeasible. Since the laboratory gupent is developed only for
specific functions, it can be considerably cheagat thus, the quantity of the
equipment can be increased.

4. If labs are taking place in the premises of $bhool, it is difficult to
repeat the measurements, which is essential inctds® the work-related
calculations show that some measurements shouigpeated or added.

5. Particularly cumbersome and ineffective werel#ratories for distance
learning and distributed learning of the colledes;ause the solutions were not
effective.

6. Modern-day students and companies are dissatisiith the contempo-
rary curriculum. Also, learning methods are arch&i2]. They prefer to use
modern methods and ‘learning by doing’ [23], [24].

7. Many laboratory courses have become an itergineess in which
students only seek to meet requirements and pasotirse [25].

These assumptions were in effect in 2005 when thi€ Was introduced and
the first steps were taken in order to changedhening process. The results of
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this work are reflected from the actual instructéord experience. Intentionally,
there were no experiments conducted.

Consequently, the following tasks were set to gaerling environment.

1. Developing flexible labs with a changeable cohcompanying certain
credit units given to different parts of the course

2. Automating the analysis of results and genegatielpful hints to a
student and to a teacher.

3. Creating the knowledge base using both testdaméxperiments in the
web-based environment.

1.3 History of development

In the following, the solutions and decisions thave been made in order to
reach to the present e-learning environment arecribesl. During the
development process, a number of seemingly promisolutions were
terminated after their inconsistency was provedhin reality. Sometimes, the
outcome was surprising, especially when it conaktrnemmonly accepted
opinion.

The development of the e-learning environment ie epartment of
Computer Control of the Faculty of Information Taology at TUT was started
at the end of the 1990s by introducing simple wabeldl services which made
available the course materials (lecture slides}, \g8 some automatically
processed tests, communication tools (questionsaasdiers), the registration
for lab events, lecture plans, and provided pelsoiew of final marks.
However, lab reports and homework were still presgras paper documents
and consequently, processed by a teacher with arkaivle delay. The delays
appeared to be cumbersome, extending even to weakiularly because of a
tremendous number of reports. Apparently, the migmagessing of the reports
tended to be rather superficial [26].

However, despite of limited facilities, the studénteaction should be
considered positive. For example, the survey cotedun 2001 among 134
students patrticipating in the Introductory CourseElectrical and Computer
Engineering (“Circuit Theory”, hereinaft€&T) in the Department of Computer
Control at TUT showed the following. About 56% tfidents used mainly their
own computer to present reports. The majority (9p¥%€ferred to present their
reports via the Internet. It was found that threerfh of respondents (75%)
preferred to get learning materials from the Iné¢rwhereas 25% preferred
learning materials on paper. As for exercising,ignificant percentage of
students (84%) preferred the Internet, 12% exedcme paper and only 4%
used a textbook. More than a half of responderi®j6downloaded the lecture
notes from the web, 22% preferred to have the teatotes on paper from the
beginning of the course, and 18% preferred to vectie lecture notes before a
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lecture. Approximately one third (33%) of the stotdewrote their lab reports in
a lab on the computer after the measurements rexddmmpleted; another third
of the respondents (31%) compiled the lab reparttlypin a lab and partly at
home; a minority of students (8%) submitted thaly feports on paper. As for
getting support for solving problems, explanatipnsvided by a teacher were
on the first place. The most critical remark waglemabout server faults.

In 2002, the uploading of homework into the datebasas introduced. The
aforementioned supplementary feature simplified cessing homework.
However, delays were not reduced significantlythe CT, the number of tests
was increased from 6 to 9, tasks were generatetiattically, but because of a
relatively limited number of the difficulty leveld0), the average number of
attempts per test and student was about 10, andvigdefinitely insufficient
for persistent learning.

In 2003, the experimental work was moved to the imehe whole extent. It
included an electronic form for the assumed prejmardor a lab conducted at
home, and presumed working in a lab with a compaidy and uploading all
results during the work. Certain verification waddad to the lab software.
Thus, the most common errors were marked by thecodmlr suggesting the
student to verify his work. The teacher processed results using the same
template.

In this version of labs, there is seen explicitipwhstudents used instant
feedback (the coloured results of measurementsaloulations) — to get the
result accepted they started to ‘tune’ data. Usiegeral colours indicating
different levels of accuracy helped the students. mdre sophisticated
‘calculation’ was based on client-side scripts thate available to a user. The
students opened the source code of the web pagtheandafter extracting the
proper parts from it, they could easily get corresults. That has been the most
interesting in-site operation provided by studeBisfore that time, file sharing
(reports of homework, labs etc.) was the most wickesd activity in the
learning processes involving computers. During fo#owing years, the
students created a number of special websites andl Eles that helped the
students to get correct results. For some reaswlysing the client-side code
by the students had dropped to almost zero, prgbbbtause the learning
software did not include the relevant code at tlentside.

During 2003, two series of lectures (both “Circlilteory” and “Operating
Systems”) were recorded as audio files. Howeveir thlsage was near zero and
therefore, the links to those files were eliminaséed no more audio files were
produced.

A significant step was made in 2003. Students rekch several years to
have a tool for exercising. Manual disseminatiod arat is more important,
checking students’ lab reports was inefficient seaof a large number of
students. Using tests for that purpose was notogpiaite because those were
created for an examination and therefore, no consme&are issued. Therefore,
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the Learning Court (Figure 1) was designed to benofor all students
independently of their current assignment actigitifasks were collected into
modules representing separate topics, e.g. Ohmis Umits (DC and AC
separately), series connection, parallel connecétn The modules had a
hierarchical structure where the higher module edeanly when the lower
one(s) had reached a certain level. The total nurabéhe modules that were
initiated was 40, but only 268 tasks were impleraégniThere were 6 difficulty
levels a limited number of which caused constammaints from the students
as same tasks appeared. In 2004, the number g€ anbdules was reduced to
33, the number of tasks and levels were increas&82 and 8 respectively. A
remarkable increase was noticed in the usage ot.élaening Court. In 2003
(the first year of implementation), this number wW&i96, then, in 2004, the
number reached 36,347. This confirmed that thet tighl had been found and
further development was needed.
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Figure 1 Learning Court

The year 2005 marks some decisive actions. Morentdn was
concentrated on the success of the Learning Cdhet,problems with the
classical organisation of labs and the inefficiemttrol of learning process, and
the following steps were made.

First, the course was represented as a set oihassigs ordered in the same
way as the tasks on the Learning Court. The setassignments were
accompanied by a small amount of credit units sd the sum of them was
equal to the credit units needed to pass the cotifs® number of the levels
assigned to the assignments was 13 (from 0 to #R)lewel 5 as minimum to
be considered as the positive outcome of a paati@gsignment. In the course
CT, there were 12 assignments as tests, 7 labgl ataks works that covered
several test assignments each. So, credit unitsngzanied with assignments
were in the range 0.1...0.25, making together G.@~@ure 2).
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Figure 2 Hierarchical structure of assignments (in 2009)

Second, labs were still the same as previously agdnised in the same
way, but a new significant project was introducedall semester 2005. In that
year, a project was initiated to design HomelLabkitthe boxes consisting of
all the components needed to perform labs at hdihe.first experience with
the kits was so successful that after a couple ariths it was decided that all
labs conducted both at university and at home wdwelbased only on those
kits.

Third, presenting regular lectures was finished #&mel recorded videos
accompanied by lecture slides were made availainbea( DVD and via the
Internet). Links to them were organised at theesl&lel.

Fourth, the deadlines for presenting laboratoryeexpents were abandoned
and the limits for repeating actions were removelis step was carefully
considered after analysing the results. The faat &iti students’ activities had
been logged from 2000 simplified the decision-mgkprocess. Until 2005,
tests were also open for certain time but they thalde reopened repeatedly to
meet students’ requests. Contrary to the commorerstehding about dead-
lines, the most remarkable effect was that the $insdents passed the course in
2.5 months instead of the standard 4.5 monthsoAfafe students, no changes
could be noted — about 15% remained late.

In 2006, the development became the main parteoPtD study.

In 2007, several more significant improvements wateoduced. First, the
student’s forgetting model was introduced. Secdahe,number of tasks in the
Learning Court was increased tremendously, to abh61800. Third, labs were
totally reorganised. The last action was suppobg@nother project in which
the second generation of HomelLabKits was desighrethis project, several
institutions took part and totally 200 kits weresigmed. Those two actions were
supported by increasing the number of knowledgeslgevo 128. That was
absolutely needed for the implementation of theasttaken.

Learning without deadlines was a success, but sthoglearly that the
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assignment-based learning system had certain dckebahere was no

mechanism to support remembering the studied it€mse a topic was passed,
the student did not return to it. Also, the leagnamvironment did not provide

any guidance indicating students what they had gistybforgotten during the

time. It caused surprises, especially when somal fexaminations were

provided. This was the main reason to insert thgefiting model into the

learning environment as a tool that should conkearning instead of strict

ordering.

The forgetting model implemented was relatively @in after every action
taken by a student, not only a new level of knogeddifficulty, ability) was
calculated, but at the same time, the decay tinmstaat was upgraded as well
the floor, i.e. the level that was assumed to leddhg-term memory level. This
model needed more levels than used before; peragrs real numbers could
have been used, but it was decided that 128 leveldd be sufficient to avoid
the discretization effects as it happened in thearnon assessment practice
where only 5 or 6 grades were used. Such a low erumbstate values would
not have enabled the effective implementation effdedback control.

Since the assignments were kept as in the previmggls, a student could
see the last levels of all assignments and thagtiea for the next 16 weeks on
a separate sheet. The length of the course, nakBeljeeks, was approximately
equal to the length of a semester and was meamafoulating the final mark,
i.e. the levels were taken into account 16 weeles . ldt follows that learning in
a short time before the final exam (the formal diea)l becomes impossible or
inefficient, as the learning results will form iour months.

In 2007, it was also decided to transform labshe format that had proved
its efficiency in learning theoretical material. $hould be mentioned that
‘theoretical’ here included besides theoreticalnotaor theorems also the tasks
to be solved in tests and exercises. This decisigather with the necessity to
increase the number of tasks in any module, namelgssignment determined
the thorough development work. At that time, it wasvious that creating
numerous different experiments was impossible dué limited resources of
the HLK and complicated processing of measuremesilts. From the other
side, the content of the HomeLabKit supported iasiegy the variety of
assignments.

The most important feature of the assignments edeat the developed
learning environment is that the reaction is imratgliand a student sees the
change of the level immediately after sending thenger. The selection of tasks
is automated and controlled by a feedback loopuitiog the evaluation of the
result, changing the state and selecting a newftagk the set assigned to the
new state.

Before the changes in 2007, class works (micro-ayantluded theoretical
tasks only. Then, experiments were included andtithe slot was increased
from 20 minutes to 40 minutes. The total numbeassignments (modules) was
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21 (12 tests and 9 experiments). The average nurobeest tasks and
experiments per one class work was almost equais thnfirmed that
experiments were more difficult for the studentswhs also seen from the
average results, which were 1.68 for experiments1a@O for tests (in the scale
0.0...3.0).

After the major changes in 2007, more tasks andesohanges in control
have been implemented. One of those was the caatimmof the final mark by
a student himself/herself. When the student hashezhthe required levels in all
assignments (has been evaluated taking into acdéumteeks into the future),
the mark is being proposed and the student haoptions: to confirm it or to
continue to reach a higher mark.

By 2010, it became clear that enough experiencebead collected to start
creating more sophisticated processing of actisult® This work was based
on log files from which it was possible to extractowledge elements. The
main goal was to find out where and why studentdemmaistakes or what had
been misunderstood. The analysis performed by g@2010 showed that in
average about 4 instances of elements could baotatt from any task. The
principal difference from the previous processimgswthat instead of evaluating
the specific assignment from which the task hadchbsesented, from every
answer implication for several elements were médead been a problem in all
previous solutions, because some summative grading needed to be
produced.

The contribution of the author of the study lieshie components described
in Chapters 3, 4 and 5, namely, in developing th& Hsimple lab experiments
and the analysis of results, also in introducirgdtudent’s memory model.
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2. Main features of isc.dcc.ttu.ee learning envirament

The chapter is divided into 8 sections. First, aeroiew of the developed
learning environment is given. Then, the main congmd of the learning
environment, namely the field of assignments, uslistd. Next, the ability levels
and the principles of the the state machine aredoted in separate sections.
One of the sections is devoted to web-based theardésts. In addition, lab
assignments performed by students using the HonkGtabe treated. Finally,
the main principles of class tests and a final naaiekexplained.

2.1 Overview

The learning environment implemented in the Depanthof Computer Control
of the Faculty of Information Technology at TUiRs been developed during 8
years as a fully web-based one. That means theeds any paper documents
and keeping logs of all activities performed bydstats. In the following, a
short description of the developed learning envitent — isc.dcc.ttu.ee is
given (ISC is the abbreviation of the chd)CC stands fothe department and
TTU abbreviates the university where this work basn conducted).

The main difference of the developed Ilearning emrment from
conventional e-learning environments is that cotieeal learning
environments are mostly the tools for organising storing results. The results
are assessed by a human who gives often a sulgjeesult (Figure 3). The
main difference of the developed learning environmis that learning is
controlled by a computer. Assessing and processihgesults are fully
automated (Figure 4).

To use the learning environment isc.dcc.ttu.egpdesit must beegistered
in it. The learning environment can also be used guest mode, but most of
features are disabled. The main features of tlegdntive learning environment
for a student are the following;
communication between a student and a teacher,
the field of learning materials,
the field of assignments,
the learning court,
the registration to a class activity (a lab orassltest),
the HomeLabKit lending management.

ogkrwNE
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All assignments that had to be performed in fixit@s (a computer class or
a lab room) have based on pre-registration. Thesesuhave a hierarchical
assignment structure where a student has to stent lbwer level assignments
and move up after successful completing. The straatepresents either logical
order or replaces time schedule. Every assignneetccompanied by credit
units (0.1...0.4).

HUMAN HUMAN

goal result

L Time problems
Subjective P

Meter

HUMAN
Figure 3 Learning as a closed loop: the feedback is givdy a human

Computer HUMAN

goal result

Instant
feedback,

Human
fast response

(teache
supervisor,
desiner)

Computer
Figure 4 Learning as a closed loop: learning is managday a computer
2.2 Field of assignments

The field of assignments is the main componenthef learning environment
(Figure 5). All active learning based events argaonized there. The field
includes all types of assignments and the inforomatin a student’s current
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status. All prerequisites are also displayed. la field, a learner selects an
assignment by clicking to the icon (Figure 6).
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H

i Lab: Morton and Thevenin (0.35CL)
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Learner
{learning agent)

Personal clock (click on webpage)
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Assignment selector Class | | |
[LAB]| TEST[LAB] [LAB] |TEST1\ Test cT
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Lab

HLK Test
managment assignment assignment

State machine
} I (ability levels,
memory model)

Result Result
processing processing

Instant reaction Time
Figure 6 Structure of the assignment field
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All types of assignments have different handlingtirees. The assignments
used in the ISC learning environment are of thie¥aghg types:
- self-tests,
- lab experiments,
- class tests (‘micro exams’).

2.3 Ability levels

The types of assignments are managed by the coemgihe as follows. A
student has in every assignment (topic) its curstate (the level of ability)
described by a value from 1 to 127. Value 0O is wsethe initial value showing
that an assignment is open. The negative value shbat it is closed. The
assignment opens when all prerequisites have rdatiteethreshold value that
has now set to common value 77 for all assignmérischange the levels’
state, the state machine is used.

2.4 State machine

A state change is the result of an action taken byudent — that means solving
a problem given by the environment and determingdthe current state.

Depending on the correctness of the answer, a nate & calculated using

transition equations. The correctness is evaluaidter by binary values, a
finite number of values between wrong and correcteal values between the
same limits. Transition functions used are showhigure 7. In this figure, the

input (the current state) is located horizontalhd dhe output (the new state)
vertically. The lower curve corresponds to a wramgwer, the upper to an
absolutely correct one, the line in the middle redreutral’, and the bold line

indicates the threshold level. Neutral means, f@mple, in a multiple choice

test 2 correct out of 4 (50%). As seen from theglyrdahe steady-state value for
that answer is 38 — far from the threshold. Theghold level is 62.5% from

maximum.
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Figure 7 Student’s state machine

One of important characteristics of the transitionction is the number of
correct answers needed to achieve a certain $tatethe maximum level 127
this is 7 attempts. To reach the threshold levadpBect answers are enough,
but this has not been observed probably becausessudent continued to reach
higher levels.

To reduce influence of stochastic probes that waseiwved in previous
years, some timing constraints were applied. Dejpgndn the time used to
give the answer, the change of the state is dunfpmdexample, in self-tests if
an answer is given in less than 5 seconds, thailatdcl change in state is
multiplied by 0.2. In addition, certain answer dgofations may cause further
reduction. For example, analysis showed that intipial selection tests, the
answer mask 0000 (nothing clicked) was a typicabbing’ selection and the
reduction coefficient 0.5 was applied in that casgplying the timing factor
did not reduce the number of attempts made by desty but reduced the
oscillations of a state. However, the analysis shdlat the general timing
model is too simple and appropriate constants niestapplied for every
particular task or at least for groups of taskdsTinot simple as every topic in
self-tests consists of about 2500 tasks.

In addition, the state machine uses the forgettiogel. Using the forgetting
model means that the level decreases in time withoy action by a student.
That may mean deactivation of dependable assigrem@névious experience
has shown that such degradation is important teeaehlearning goals. The
forgetting model is described in Chapter 5.
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2.5 Theoretical tests

Students have to pass web-based tests that aeqpigtes to labs. Tests are
not authenticated and therefore they are usedrasang facility (class tests are
based on the same tasks). The total number of i®4i®; the acceptance uses
the following criteria: to reach to the threshotlidl (77). All the tests use
choice answers and have the following structur@réotype situation is given
(for example, a circuit diagram with component ealuand the student is asked
to find from other 4 cases those where some clexiatit (for example, the
current value) is the same. So, in every task tivelrer of correct ticks is from
0 to 4. Evaluation is dynamic: the student hasdheent state evaluated by
levels 0...127 (initial is 0). After receiving astdt (0...4) from a student, the
server calculates a new state using a specialitimngable. The minimum
number of attempts to reach the maximum level is 5.

Those tests are not intended to train the applicadi formulae or standard
calculation scenarios. In most cases, the seledfighe correct answer can be
started from the exclusion of wrong ones by a singallculation or observation.
To find matches, one should compare some simplgegabr structures; usually
a full solution is not needed. So, the main purpok¢hose tests is to train
different simple evaluation and recognition methatie most valuable for an
engineer.

All tests, except the lower ones, have prereq@isBefore proceeding that is
checked (the ability level of prerequisite testsstrioe at last 77 (Figure 8)). If
the level is lower, the student is guided to prarsites.

| I.E‘ Assignments field
LAB
| LAB Yes
[ No
TEST Result | State
TASK Analysis machine
@ Instant feedback

Figure 8 Self test processing algorithm
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Every test is based on a set of about 1500-30@€reiit tasks. The number
of structurally different pictures in a test is abal0-50, but the automatic
reconfiguration produces 4-30 times more schemaiicuit diagrams and
graphs are generated at a client’s side (Javagcript

2.6 Lab assignments

The major handling difference between a lab and tesigaments is time and
workplace dependence (when lab assignments take plauniversity) and the
HomeLabKit management (Figure 9). In addition te dmeck of prerequisites,
there is also the check of the correct workplacd #re time slot. If lab
assignments are performed at home, a student ragiter for a home lab
(HomeLabKit lending). The idea of lab assignmemtd the result analysis are
described in Chapter 4.

W LAB ASS|gnmentsﬁeId| Home register |
No
LAB
ant Home
prereq’? —{TEST Register
—|LAB
Ng
Classroom activity No
Class ’Arecl Carrect
Register PN\ Time ? orkplace, 7
Yes
¥
| Yes
Mo No
Yes LAB | ,| Result | | State
TASK Analysis machine
/
Learny Instant feedback

Figure 9 Lab assignment processing algorithm
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2.7 Class tests (micro exams)

In class tests, the same tasks as in tests aregolbed, but a numerical answer
must be given. Also, the lab assignments are imdudto a class test. A class
test has some prerequisites: the level of 5 assgtsr(a lab or a test) should be
higher than the threshold level (77) including fetting. The structure of
processing a class test is similar to a lab asstgmr{Figure 10). The main
difference is the task selector. The goal of thek taelector is to give to a
student the appropriate task. In general, the itm$ke assignment (a lab or a
test) which ability level is the lowest. In addiiiothe ability level of the
assignment itself should be higher than the thhdshafter processing the
assignment’s results, a new level of the curremisslitest assignment is
calculated. Moreover, the class test affects thelland the forgetting constant
of a similar lab or test assignment. It is one lué motivating tools against
cheating.

The class test is passed when the ability levetdoh class test topic is
higher than the threshold level. In case of an cesssful result, the class test
must be repeated. In case of a successful relsalfjrtal mark is calculated and
the student is asked to continue or quit. In cédseoatinuing, the final mark
depending on the answer can rise or fall.
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Figure 10 Lab assignment processing algorithm

2.8 Final mark

If all ability levels are higher than the threshollde final mark is calculated.
The levels of all assignments are included to thleutation. All assignment
levels AL (in 16 weeks) and the class work statds Must be >=77. Credit
units per assignment are in range 0.1...0.4 (aagnitl to 40 hours). The sum of
credit units must be equal (or more) to the offialmmber assigned to a
particular course in the curriculum. The weights fegular assignments are
wa=0.3 - 0.4 depending on the course, and the gmoreling weights for class
tests are ww=1-wa. The average value L of prodattfsva and WL*ww is
calculated (1).

B Zwan *AL, + wan *WL,

"8 Z wa, + Z ww, "

L
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The final mark is detected using the function (magpdescribed in Table 1.

Table 1 The mark mapping table

Level 77-83 84-93 94-104 105-114 115-127
range

Mark 1 2 3 4
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3. Developing of HomeLabKit

This chapter concentrates on the mobile laboraggquipment named the
HomelLabKit. The first section gives an overview thfe history of the
HomelLabKit. The basic concept of designing the Hoahit is presented in
section 3.2. Finally, the usage of the HomeLabKi ¢he related statistics are
provided.

3.1 History of HomeLabKit

Although a web-based course was conducted in thmabeent of Computer
Control at TUT for a long time, the web-based cewl& not support imple-
menting laboratory works. An important differencetween the traditional
laboratories was that the registration and the niepavere web-based
(essentially just filled web forms). Checking adsnt’'s results was still a craft,
but there were the learning court and automatdeesk already.

In 2004, Kuressaare College of TUT began to tedeltrenics. Some
courses were taught in the way the lectures wela ihedifferent subjects on
different days and in one subject at a time throughthe day. To make
laboratory assignments, students were requiredriiweato Tallinn, or the
equipment itself had to be moved to Kuressaaret iEhavhy the idea of the
HomelLabKit was born. At that time more attentionswaaid to distant and
virtual labs [28], [30] which were obviously lesgpensive and may promise
higher level of cooperation [31], [32]. Also, athiime no reference to similar
solutions could have been found. All solutions fduvere based on distant and
remote labs (e.g. [27]), but nowadays a similanidéthe HomeLabKit is used
in several universities [42], [40].

There were two choices to be had: a distant labsamabile lab. Web-based
laboratories have been used for a long time. Uaf@ately, they are either
simulations [28] or distant labs (the equipment th@scomputer interface [29]).
In both methods, a major drawback is the lost d@lie Computer-based
communication cannot effectively replace hands-qmeaments [33]however
it can effectively complement them [34]. Also, camgrs can effectively be
used to acquire measurement data [35]. From thetieg, the aim was to
offer a mobile laboratory set. The use of the kibidd be simple, flexible,
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reliable and mechanically durable. It must also re&tively inexpensive
because it can only fulfill its purpose if theree aseveral kits for specific
purposes available.

When composing the HomeLabKit there was a choices® the industrial
components or to design devices ourselves. At @ilghce, it seemed that the
use of the industrial equipment appears to be aenwuitable solution.
Investigating the matter, it became clear thatefpg@ipment, which is consistent
with the courses conducted at TUT, is not producedthe price of its
components (e.g. a signal generator, an oscillascagpower supply) is high.
Moreover, there is too much functionality in theluistrial equipment. It was
therefore necessary to design all of the devicedy @ultimeters are industrial
devices.

Two home lab projects were carried out: the firgneration of the
laboratory kits was for the testing purpose (FigLt¢ and the second project
focused on designing main components [36]. Botljepts were co-financed
from the foundations of the European Union. Beside® of the aims of the
second project was to involve other departmentsuaninkrsities from Estonia.
Both projects were successful: the HomeLabKit prsjesupported developing
similar kits in other Estonian universities.

Figure 11 First generation of the HomeLabKit
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3.2 Basic concept of designing HomeLabKit

Understanding of the circuit theory concepts amdtitig them with practical
tasks might cause problems [37]. Therefore, alli@es/must be as simple as
possible and their characteristics clearly visifilee purpose of a device is only
to have essential features. For example, an opaogelmvas designed because
the real opamp had too good parameters. Therefbey, require relatively
expensive measuring equipment [38], [39].

But the implemented model has all real charactesisif a real, decreasing
the cut-off frequency to few kHzs. In this casd, the parameters can be
measured using inexpensive measuring devices. Mergthe purpose of a test
is intended only to show the features of the devideerefore, there was set a
list of parameters, which were required from alvides. They are shown in
Table 2. Those parameters have been chosen bechakertrical safety, low
consuming power and computer compatibility. In &ddi devices must be as
small as possible. Properly designed laboratorycdsvin the field of analogue
electronics promote the acquisition of the necgskaowledge of the subject
studied [41].

Table 2 Required parameters of devices

Voltages Below 30 V
Currents Below 500 mA
Power (V*A) Below 1W
Frequency Below 20 kHz
Computer interface UsB 1.1

Using those parameters, the following devices versigned: a DC power
supply, a 3-phase AC power supply, a signal geoeraith a scope, an
operational amplifier (opamp), an autonomous twepal resistive twoport, a
transformer and separate components: a resistogpacitor, an inductor, a
variable resistor, a nonlinear resistor.

To learn essential electronics there is no neeekpénsive equipment [43].
Industrially produced devices are only multimeteesl connection wires; all
other equipment has been designed in TUT by theoauwlf this dissertation and
under his guidance. The reason why not to use fridusquipment is simple —
there are no devices with appropriate parametettsedrprice is too high.

The appearance of devices has remained the same 2000 [44], [45].
They were designed by the author of this dissertaith his bachelor's thesis.
As the design and mechanical parameters of thecelewere excellent, they
have been taken as a model. All devices have beerginto a 35x90x110 mm
[46] plastic box, which has necessary connectiomiteals.

All devices are indexed. Parameters are measuikthay are entered into a
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database. All parameters were chosen so that eagbeds unique. Thus, it is
made sure that a student is using right devices.

3.3 Solutions for lab devices

Next, special attention is paid to a DC power sypfiiree-phase AC supply,
AC generator and scope in three separate sectidls®, an operational
amplifier, twopole, twoport, fourpole, transformeand two-terminal
components are given as the solutions for lab @svitn addition, different
types of HomelLabKits are introduced and their contés listed and
commented.

3.3.1 DC power supply

A DC power source must have two modes: a voltagecso- an output voltage
is constant and independent of a consumed curaendt,a current source — an
output current is constant and independent of atpubuvoltage. In real
conditions there will be some limitations, espdgiah the consumed power.
That is why the sources have limitations — theag#t source has the limited
current and the current source has the limitedagelt Also, the device must
have an overload indicator with light and sound.

The first version of the developed source is nedusnymore. It had a USB
connection for power and control. The output wagtidled by a PC. But using
a USB as a power source was not the best solulioe.major drawback was
that a USB interface could not handle the sharmgea of the consumed
current, even all parameters were below limitatioBecause of that these
devices were used only for one year.

Because of the unreliability of the first DC soyraemore stable DC source
was designed (Figure 12). It consumes power frorardimary 220V AC power
network through an AC/AC power transformer. Theidewas two independent
voltage sources and one current source. They haeenanon ground terminal.
The parameters of the device are shown in Tab@uBouts are stabilised; also
they are protected against an overload. The sfateitputs is indicated using
LEDs and a buzzer. When the output acts normdilg, dolour of a LED is
green, otherwise the buzzer will sound and the wolkthanges to red. The
structure schematic is shown in Figure 13. Theaeedbnsists of rectifiers and
voltage and current stabilisers. Also, it has el detection and a protection
circuit. All components of the devices aracked into a plastic case
23%12x38 cm.
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DC Power Source:

B -

Figure 12 DC power source

Table 3 Specification of the DC source

Voltage source 1
Vout 5V
I max 400mA
Rout 0.5Q
Voltage source 2
Vout -5V
| max 400mA
Rout 0.5Q
Current source
| out 5mA
V max 24V
Rout 100 kK
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transformer limiter
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= stabilizer v
A y
Overload //
detection P

Figure 13 Structure schematic of the DC source

3.3.2 Three-phase AC supply

A three-phase AC power supply (Figure 14) is ineghdrimarily to explain the
three-phase power grid system. It can be also asedone-phase ordinary AC
power source. The device is powered also from aimary 220V AC power
network through an AC/AC power transformer. Thepotiis generated using a
small microcontroller ATtiny26 [47]. The output ésthree-stage approximated
sine waveform (Figure 15). The reason to use thwlffied sine is simple —
high efficiency and the simplicity of a circuit [pd51]. Also, this waveform
has the parameters very close to a real harmonie.wahe output can be
written using the formula (2).

= sin27y‘iflgsin5*27gﬁf%sin7*27y”+%sinll*27§”+%sinl3*27f”. (2)

It differs from an ordinary square wave by the 1nimgs3rd, 9th, 15th, 19th,
etc. harmonics (Figure 16).
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Figur 14 Three-phase AC source
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Figure 15 Three-stage sine waveform
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Spectrum view of 3-phase generator output
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Figure 16 Spectrum of the output of the AC source (negativealues indicate the
phase shift 186)

The frequency has been chosen 50Hz because mdsnetues show values
correctly in that frequency. That is why ordinaryltimetres can be used. The
device has three equivalent outputs with a phai$el0 degrees.

The parameters have been shown in

Table 4. Using a microcontroller enables to chatige parameters of the
output (the frequency, the waveform) easily. Thevgosupply is also protected
against the overload indicated by a LED and a buspend. The structure
schematic is shown in Figure 17.

Table 4 Parameters of the AC source

Phase Voltage 4.1V

Line Voltage 7.2V
Maximum current 600 mA
Frequency 50 Hz
Phase shift 120 degrees

+12V Output A

~ Current
—>

= limiter ’
~220V| 220vAC/9VAC | ~9V =~ Current -12v Output B

transformer > = limiter [ > D
Output C
v Voltage +5V [,IC D p

stabilizer
f ¢
Overload /;1
detection ——

Figure 17 Structure schematic of the 3-phase AC source
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3.3.3 AC generator and scope

The most sophisticated device is an AC generatdraascope (Figure 18). The
device is designed because of very high pricesddistrial scopes. Industrial
scopes and generators are too difficult to undedstand operate, especially for
a novice student. When designing, there was preduira the user interface
must be in a PC, which gives great flexibility imeating a specific user
interface (with a different step of difficulty). €hdevice is connected to the
computer using an ordinary USB 1 connection (alsoke/ with a USB 2). The

physical limitations of the device have been showiTable 5. The structure

schematic is shown in Figure 19. The device hagitatipart and an analogue
part.

Scope
Inpat |

Ground

Generator s input

Chutput

i -

Girouind

Figure 18 AC generator and scope

The firmware for microcontrollers was designed byttASullin in his master
work in 2007 [48] under the guidance of the autbhbthe present work. The
digital part consists of two microcontrollers AtM&8 [49]. One is used for the
USB interface; another is used as a generator awd@e. The analogue part is
designed by the author of this dissertation andsist& of amplifiers, a
synchronising circuit and a power supply.

The user interface has also been created by thwraaf this dissertation.
Because of the computer interface, flexible sofevean be designed. There
have been designed two similar versions of softwapae for Windows 98/XP
and another for Windows Vista/Their interface (Figure 20) looks like an
ordinary analogue or a digital scope and it is \eagy to use.
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Table 5 Physical limitations of the AC generator and thecope

Output voltage 4V p-p max
Output resistance 110

Output waveform Any kind
Output frequency 10Hz — 30kHz
D/A converter 8 bits

Number of inputs 2

Input resistance >1K

Max input voltage 8V p-p

Input frequency range 10Hz — 30kHz
A/D converter 8 bits

Input amplification

+20dB (selectable)

Synchronization

Generator/external

USB data

@@l

SPI data

Trigger
Qircuit

/

Figure 19 Structure schematics of the AC source
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igure 20 Screenshot of the AC source software

3.3.4 Operational amplifier

An operational amplifier is the one of the most artpnt devices in electronics.
The main reason why the opamp device was desighdzk¢ause industrial
operational amplifiers do not have laboratory catoes. Also, they have good
parameters and therefore measurement needs expegsiypment.

Since the purpose of a lab task is to show how garational amplifier
works, the opamp device (Figure 21) acts like amabropamp but all
parameters are intentionally decreased. They candasured using the scope.
The structure schematic is shown in Figure 22. Teeice consists of a
differential input amplifier, an adjustable low palter and an adjustable
output amplifier. That means that amplification dhel cut-off frequency can be
adjusted. Also, it is possible to make it unstafillh a 100% feedback [52]. The
opamp device is powered from a 9V AC adaptor. Baogut and output are
protected. The parameters of the opamp and the aasop to the widely used
opamp TLO71 [53] is provided in Table 6.
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Operational Amplifier

——— SV AC Inpit P‘Mef

Amplfication
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~220V | 220vVAC / 9VAC -9V |" - Voltage -5V
P ansformer > = P stabilizer >
Inverted input - f
—_— Output
Non inverted input + I> > —
/ /
Figure 22 Structure schematic of the opamp
Table 6 Opamp parameters
Parameter OPAMP lab | TLO71
device
Input resistance 152 >1CGQ
CMR 30 dB 86 dB
Rise time 0.5 ms 0.1us
Bandwidth 3—10kHz 4AMHz
Gain 10-100 >20 00(
Max. output current 50mA 20mA
Output voltage swing| +/- 5V +/- 12\
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3.3.5 Twopole, twoport, fourpole and transformer

The HomelLabKit includes some specific devices ndete conduct lab
experiments in the circuit theory [54], (Figure 2Sjmilar devices have been
used since the early 1980s [55], [56] and the nd&a has not changed. Of
course, the designed devices have different pasmethich are stored in a
database. The parameters have been chosen to thatéssential parameters
provided in Table 2 (see page 36).

Figure 23 Course specific devices

The twopole contains a battery and a resistordeease the input resistance.
The device is used in labs to learn the Norton's @hévenin’s circuits. The
different devices are produced by varying the piylaand voltage of a battery
and also the value of a resistor.

Twoports and multipoles are used to measure theiameters (Z, Y, H,
ABCD). A multipole can also be used as a twoportl awoports can be
connected together to measure transmission paresnefbde central body
components of those devices are ordinary resistonsected as an equivalent
circuit. By varying them, a number of different dtems were developed.

A transformer is used to measure its charactesisti it is implemented as
an inductor, if necessary. Small-size power tramsérs are used and different
transform ratios are obtained using different coflsransformer.
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3.3.6 Two-terminal components

Separate elements (Figure 24) such as resistgpacitars and inductors are
used in all labs. For an easy and comfortable usiagye are mounted into a
plastic pipe. At the both end they have conne@oninals. All components are
labeled randomly and they do not correlate withrtteal values. The values for
each kit are carefully selected in consideratioe tomponents and their
different combinations match the parameters pralidelrable 2 (see page 36).

Figure 24 Resistors, capacitors and inductors

3.3.7 Types and content of HomeLabKits

The devices are packed into special boxes of €x4 B0x35 mm [57] (Figure
25). There were 5 different types of lab kits whiedre used in 2009:

. the HomeLabK:it for bachelor students,

. the HomeLabKit for master students,

the lab kit for bachelor students,

the lab kit for master students and

the lab kit containing measuring instruments antheation wires.

arwNE
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Figure 25 HomeLabKits — the external view

At the beginning of the year 2010, there were A3 sé kits available in
total: 33 HomeLabKits for bachelor students, 6 HbaiKits for master
students, 14 lab kits for bachelor students, Slibfor master students and 15
instrument kits. The customized HomeLabKits arepprty equipped to carry
out labs in bachelor or master courses (Figure Bé%ides, there were 14 kits
developed for using in lab rooms.
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Figure 26 HomeLabKit — opened

The lab kits differed from the others by the absewdé instruments. The
instruments were provided in a separate kit. Whaingla lab assignment, the
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student had to use two kits: a lab kit either fdsaghelor student or a master
student and a kit containing instruments.

Lab kits and HomeLabKits for bachelor students amnt

- 4 resistors (resistance from ID@nd 1K2),

- 2resistors (resistance from IDkand 50K),

- 1 adjustable resistor (8§,

- 1 inductor (inductance from 50mH to 150mH),

- 2 capacitors (from 1nF to 56nF),

- 1 autonomous twopole,

- 2 twoports.

Lab kits and HomeLabKits for master students contai

- 1 multipole,

- 1 transformer,

- 1 operational amplifier,

- 2resistors (resistance from IDkand 50K),

- 2 capacitors (from 1nF to 56nF),

- 2 precision 1R adjustable resistors.

The values of components were separately seleceedmatch the
requirements in Table 2 (see page 36). In orddretp select those, a special
web page with helpful scripts and calculations vaesigned (Figure 27).
HomelLabKits include also the equipment from therumaent kit.

The instrument kit contains:

- an AC generator and a scope,

- a 3-phase voltage source,

- aDC power source,

- a9V AC power transformer (adaptor),

- 9 connection wires equipped with lab connectors,

- aUSB cable,

- adigital multimeter M830,

- an analogue multimeter AVM370.
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Figure 27 Screenshot of a lab kitting web page
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3.4 HomelLabKit usage and statistics

The HomeLabKit is used since 2005. The first versi@s a simple copy of the
lab kits used in a classroom and it was releaseth# testing purpose. There
were only 25 kits assembled for the labs conduatdduressaare College. The
lab assignments were traditional and students niddeattempts (only 7 lab
assignments were conducted during the course aydabre not repeated).

In 2007, traditional labs were replaced with simple experiments. The labs
were splitted into single lab experiments. Labgssients were still done using
the first version of the HomeLabKit. Its usage greignificantly. There were
made 15,362 lab attempts during a semester (Fig8yeAlso, home lending
was started. Since the quantity of kits was limi(28 kits) and the same kits
were used in a lab, the students who could getitmelLabKits were selected.

18000
16000
14000
12000 +—
10000
8000
6000
4000 — -
2000 —
0

Attempts

Year 2007 2008 2009

O Total Attempts W At home @ At university

Figure 28 Lab attempts using the HomeLabKit

The most popular way was “overnight lending” (Tab)ei.e. a student took his
HomelLabKit in the evening and returned it next nign Although that type of
lending was convenient, it had a drawback. Namiblgre were students who
did not return their kits on time. Since the santge Wwere used at labs, the delay
caused timing problems. The solution to the outitapproblem came in 2008
when using the customized lab kits for home andufoiversity was started.
However, lending problems continued due to thedase of the proportion of
home activities. In 2007, approximately 40% of |latere conducted at home.

52



Then, the number increased rapidly, reaching 55%008 and 71% in 2009

(Figure 28).
Table 7 Home laboratory lending statistics
Year
2007 2008 2009

Average lending time (days) 1.9 6.6 4.7
Average attempts per day 27 10 13
Total no. of lendings 213 262 592
No. of lenders 90 104 169
Number of total active students 117 124 212
Percent of lenders 76.9% 83.9% 79.2%
Max. no. of lendings per student 10 9 11
Average no. of lendings per student 2.45 2.54 3.5
Overnight lendings 41.78% 6.49% 6.42%

Initially, it was assumed that the kits would bedisnainly as home labs and
by limited number of students. But in reality, fiilowing three usage modes
were applied.

1. Using the kits as home labs — a student tookithend performed his/her
labs fully at home. The time needed depended ondiiNities as assignments
were logically dependent. 30 kits were used for &dabs and the kits were
reused by other students. In 2009, there were @ests out of 60 who
conducted their lab activities in the full extehhame (Figure 29).

2. Using the kits in a lab room — the majority tfdents visited lab rooms at
university as they needed guidance in assembligits, getting familiar with
meters, etc. Also, the students used the kitsbnré@ms when they did class
tests.

3. Short-time lending — students took kits for gitiior few days, preferably
for a weekend. This type of home lending appeacethet the most popular
mode (Figure 30). To be specific, since the nuntdfekits was small in 2007,
overnight lending was predominant. In Figure 3&ishown as 0 days. Some
long lending times (more than a month) were omitbetause these were
special cases (distant learners).
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Figure 29 Amount of home activity in fall semester 2009
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Figure 30 Lending time

The percentage of carrying out labs at home hakased and reached in
fall semester 2009 the following distribution: tlaegest group had performed
90% of learning time at home, the next group — 7@, third group — 80%
(Figure 29). It could be noted that the studen&srhing time comprised
experimental work, consulting, discussion and classks. Only 2 classical
lectures were given in the beginning of a semester.
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When lending kits, the human factor should be takém account. Students
had to register to use kits. Then they were alkgtat time slot to conduct their
assignments. At that time, the kits were not abééldor others and if they
registered, they stayed in a queue. The queue magvedhen the status of kits
was released. The longest queue was in Decemb®@r\206én over 30 students
were waiting. Here, the following three problemswted. Firstly, the student
put himself/herself into the queue but for somesoaa(s)he did not take the kit.
Secondly, the student did not return the kit oretifhhirdly, the student took a
kit but (s)he did not use it.

To handle those problems, there were set somectasis. Namely, the
order of a kit was cancelled when the kit was a&éh in time (usually the time
for taking was 24 hours). If a student did not grihe kit back on time, his/her
all activities were blocked until the kit was retad. If a student did not do any
assignments with the kit, (s)he had a delay whigme(segistered to a kit (but
(s)he could do his/her assignments in a lab).

The overall home lending statistics is shown inl&@aband Figure 30. The
numbers in the table are from fall semesters. Hixetincludes all students
(even those who did not get the final mark) anérafits. There are omitted
some very long lending times (more than a montlcabse these are individual
cases. The overnight lending and a short lending tere very popular in 2007
because of a limited amount of kits. Also, it expsawhy the average of the
attempts per day was higher than in the followiregarg. In Figure 30 the
overnight lending (the lending time is less thadag) is shown with the first
bars.

Over 75% of students used the HLK at least oncénguhe course. The
slight decrease in the lending figures could bdarpd with a large amount of
students in the fall semester 2009 (there were stitaages in the syllabus of
the course). As for the students who got the fimark, all of them had
registered to lend the HLK at least once and it g@aamon to all years.
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4. Creation of lab assignments

This chapter includes seven sections. First, teeohcal notes on the relevant
topic are given. Section 4.2 introduces the conoéptlementary lab experi-
ments. Next, the importance of lab assignmentsiisted out. In section 4.4 the
structure of lab assignments is presented. Nextosecovers processing lab
results. Students’ behaviour is also under attanfianally, the teachers’ role is
described.

4.1 Historical notes

Although the course “Introduction to electrical aregring” was converted to

the e-mode in the early 2000s, the labs were toadit The main difference

was the absence any paper documents in lab repostadent had to pass 7 lab
works of different complexity and structure. Thesfilabs had to be completed
during a fixed time slot (usually 90 minutes), solabs needed additional
homework (after measurements were completed, edlook had to be done at
home). Labs were linearly ordered and a studentamadccess to the next lab
only after the previous lab had become into thees@one” (Figure 31).
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Figure 31 Lab assignments until 2006
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A lab report was composed using the Internet fohat twas saved in a
database automatically. The advantage of web-Hdabsday in the following: if
possible, inconsistent data were shown in diffecaburs and the report could
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not be closed if any required field had been lefips. Measurements were
made in the groups of two students but reports wetidual and up to four
aspects were evaluated by a teacher: preparatiesmsurements, homework and
conclusions (Figure 32).
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Figure 32 Previous complex lab assignments (in 2004)
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This method had many disadvantages. The most sedsadvantage was
that students had to pass lab assignments line&dy, the labs had a complex
structure and were difficult to be understood. Besj the lab assignments could
not be repeated even in the case of an unsuccessfohpt. Also, it became
clear that students tended to forget some infoonatbtained during the
previous labs.

The solution was splitting standard labs into mitabs where the lab
consisted of a single attempt. The student hadtbis/her attempt until (s)he
succeeded. This idea works well with the HLK anohgghe student’s memory
model. Starting from the fall semester 2007, thedaperiments were organised
as self-tests and class-tests using the samenstatel. There was introduced a
large amount of simple experiments and processiethods to give instant
feedback in the form of changing the ability lev&s. by that time labs had been
based on the HLK for two years, the afore-mentiodegelopments could
easily be implemented. The structure of the pretssing environment is
shown in Figure 33.

Subject

On internet ¢ \

(DR
YN (@)
o > X

Class test (inc. Labs
Class test (inc. Labs, @

No final exam

Figure 33 Structure of the present learning environment

4.2 Concept of elementary lab experiments

As noted above, the purpose of single lab expertisnisnto simplify learning.
Therefore, the following requirements were writtersingle lab experiments.
1. The amount of acquired information should be adisssgossible [58].
2. The number of (different) experiments must be egelas possible.
3. The lab experiment must be complete and indepenfient other
experiments.
4. The feedback must be immediate and give instacticgato a student.
5. A set of lab experiments must cover the competenegsired to pass
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the course [59].

6. Each lab assignment can affect the student’s statwiltiple fields.

7. Each assignment must have the level of difficulty.

8. The probability of repeating the same assignmemtlishbe low.

9. A learning object must be interactive and collabweafor teachers and
students [60].

4.3 Lab assignments

Competency-based learning is a method of studyftitaises on what a person
can actually do as a result of learning. It plaseprecise emphasis on the
acquisition of competences during the learning @sec by matching
competences to assignments [61], [62], [63].

The role of the teacher as a guide is challengingesthe teacher has to
identify the students’ misconceptions about theemalt before (s)he can point
them toward the experiments that contradict diyeitiéir erred beliefs about the
topic [66], [67].

4.4 Structure of lab assignments

Complex labs are split into different lab topicsheTtopics are divided into
micro-competences covering the whole subject. Eaplt has a large amount
of different lab experiments. The experiments asglenas simple as possible.
Each assignment has also a certain credit unit kaydvords of skills and
knowledge (competences). For example, if a studesd@sures correctly the
voltage, his/her knowledge increases also in compadrcuits, understanding
voltage units and also in calculation. In Septen#t&0, there were totally 140
different single labs created, each of them haaot @fl variations. Since all lab
kits have a different content, the probability geftthe same task and the same
measurement result is relatively low. In additidngould be considered as an
efficient method against cheating.

In the following, an internal structure of lab @gshents is described. The
whole set of lab assignments are divided into lalduhes (Figure 34). A lab
module contains all lab assignments of a certapict¢e.g. Ohm’s law). To
produce different types of lab assignments, eactiubeois divided into classes.
In the class, the lab assignment is defined. Itaioe descriptions of a working
sheet and also the main processing script. Fomgdtifferent variations, each
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class of assignments is divided into individuak$asThere can be set different
parameters of assignments, for example using vamgt of schematic
components.

Lab

oD O DO
\ssignment

I T | 7 T }

Class Class Class Class Class Class Class

\ 4

v v v v v v v

Task Task Task Task Task Task Task

Figure 34 Hierarchy of lab assignments

Simple examples are shown in Figure 35 and Figuie The first one
belongs to the class of the simplest assignmemisieSof the first level tasks
include a picture of the composed circuit. It hdlpsinderstand the relationship
between a real circuit and schematics. Even thgk teonsists of one
measurement, it has competences in measuring threntuthe usage of a
multimeter and interpolating the sign of the answer
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Figure 36 Resonance measurements

The second example (Figure 36) presents a more legmpsk. Before
measuring the student has to calculate a valuethi|m case the resonant
frequency) and perform measurements at this fregueihis assignment
increases competences also in maths, becausesthefrcy has to be calculated
correctly. The calculations can be split into diiet components (units,
dividing, a square root, etc). A full list of lalssagnments and the related

competences are in appendices.
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4.5 Processing lab results

Handling lab results is supported by the automiyiexecuted algorithms and
the data generated by students. This data is a goade for the analysis and
statistics [64], [65]Analysing and creating processing scripts is laus. Each
answer affects different states of competences.tiBritadvantage is that is a
onetime activity.

Students’ incorrect answers were examined. Accgrdinthe analysis, the
most frequent reasons for incorrect answers wetleeofollowing types:

- calculation errors,

- sign errors (a negative result was given as pejijt
- measurement device errors,

- errors caused by the incorrectly composed testiit]
- measurement unit errors,

There were numerous specific errors depending an rthture of the
experiment, which are not listed here. The erraig different characteristics in
each lab experiment. Based on the student's anstverfeedback signals
(measurement results) were provided. The answer coagpared with the
expected answer and the environment showed theofypg@ossible error. Also,
it provided learning materials (slide-shows, reeargroblem solving examples,
links to the Internet materials) as a signal tol#aener.

To determine the error type, specific algorithmsreveised. A sign or
measurement unit error can be determined easilthdse cases the answer has
the opposite sign and/or can be multiplied or dididoy 1000. In reality,
students’ answers are more complex and can codtiarent errors at same
time.

In processing lab results the errors caused byasunement device must be
taken into consideration. There are two types adrer An error caused by the
accuracy of the device itself, and an error causgdts internal resistance.
Knowing the parameters of multimeters, the estichagsults are calculated.
Also, it is possible to determine which type of tmakter is used, and in some
tasks an analogue multimeter instead of a digital@an be forced to be used.

The amount of lab assignments has increased frdd7.2tr 2006, when
using traditional labs, each student carried olatb7tasks. But after starting the
simple experiment system, the number of attemuieased. The students who
got a final mark made 13,362 lab attempts in 2@0id, the number of attempts
was 16,108 in 2008, and 16,817 in 2009. Those ntsnflgow the attempts
made by the students participating in the coursects systems and signals”
in the fall semester (Figure 28, see page 52).
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Figure 37 Correct and incorrect lab results

During the fall semester 2009, totally 16,817 afiessrwith lab kits were
performed. The amount of total attempts of the estisl who had reached the
final mark was significantly higher than of thosédavhad not completed the
course by deadline. The large number of attempdsimsonstrating the students’
guessing behaviour and cognitive learning [16]nfradl actions 29% was made
in a lab and 71% at home (in 2008, respectively 4bih55%). It is interesting
that the percentage of incorrect answers is 49l#éan be explained by the fact
that it concerns the students who completed theseday the end of a semester.

The result of the lab or test is evaluated by aemngal value in the range
[0.0, 3.0] as 3.0 means absolutely correct andi®.8n absolutely incorrect
answer (Figure 37). All other cases are placed &etmthem. Including some
measurement errors, the answer is taken as cdfrtbetresult is larger than 2.8.
Absolutely incorrect answers often contain morentbae error and therefore it
is difficult to determine the type of an error.

Now there are 12 different kinds of lab assignme@ise experiment from
the assignment “AC lab” could be given as an exanmglre. The circuit which
has to be composed is shown in Figure 38. The studes to measure a voltage
gain and a phase shift at the given frequency.dditian, the student has to
calculate the gain in decibels. All values of tlmnponents are stored in the
database.
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Figure 38 Circuit to be composed in the AC lab

The estimated values are calculated using theviollp formulas:

1

A= - 3)
ARCY +1

A, =201og(A4) “4)

@ = arctan(—27fRC) (5

where A is the calculated gain; dB is the gain étibels andp is the phase
shift; R and C are the values of a resistor angpacitor, and f is the frequency.
The student enters 3 values: the measured gaircalbelated gain in decibels
and the measured phase shift in degrees.

In this case, the measured gain should be less thand the phase is
negative. The gain in decibels should be also negat

The measured values are compared with the estimakets using the
processing script.

The phase check is carried out in the following widyhe phase is positive
and the absolute value is correct, then there g@sgible reasons:

1. the student forgot to write the minus sign,

2. the student mixed up the scope inputs.

Then, the calculated gain should be also largen thaand the estimated
result is inversed. If the frequency is near todbmer frequency, it is possible
that the student mixed up R and C. This can alschieeked by calculating the
estimated values with the “mixed” components.

The gain check is conducted in the following wakiefie is a possibility that
a student has mixed up the measuring units. Taledécthe gain, the input and
output units must be the same. If the student #res) the result is multiplied or
divided usually by 1000.

The gain in decibels is checked in the followingyw&he calculations are
easy to compare. The result has to match the dstihene exactly. But it is
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checked also if the student has forgotten to myltyy 20 in the formula (4) or
has used the natural logarithm by mistake.

Another good example is the error determination the twoport
measurements. Students have to measure the twagrarneters (mostly Z and
Y) [54]. For example in 2009, there have been a®ly773 incorrect results.
The students had to give the results for the y#patars in mS and for the z-
parameters — the resistance —(n The most common types of incorrect
answers are the following. The student does notvkhow to measure and
hopes to pass by answering 0 or 1. Some errorcauwsed by the wrong
assembling of the test circuit. For example, thelsht does not short another
port while measuring the y-parameters.

v B ] FAN A R o HeR

rzt| | D] el ey ||| et
- : !_I—Z‘H Iz 29 e : "
2 W) few zw_‘j*(v)é |m 2o n| (D) == (1)

Figure 39 Schematics to be composed in the twoport measuremit

There were 8 basic types of the results (shownial&igure 40):
- the answer is O (the student does not know whahswver) — 34 attempts;
- the answer is 1 (the student does not know whanhswver) — 22 attempts;
- the wrong parameter when measuring the y-param@texgbe another port is
open) — 179 attempts;
- the wrong parameter when measuring the z-param@tengbe another port is
shorted) — 224 attempts;
- very large numbers — the student has entered timbens that exceed 1000 —
28 attempts;
- y12 or y21 have the wrong sign (they should be tiegla— 64 attempts;
- the wrong measuring unitdkinstead ofo) — 217 attempts;
- the negative z parameter (it is impossible in tivisuit) — 5 attempts.
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Figure 40 Incorrect answers in the twoport assignments

Analysing the lab results also shows the effectssnof the lab assignment.
The amount of attempts and results differs in l&texe, the students who have
completed the course have been considered. Ind-gjlirand in Figure 42 are
shown the correct and incorrect results by thedalcrs. As seen, the number of
attempts made at home is significantly higher ttennumber of attempts made
at university. It can be explained by the time g$pen conducting the lab
assignments and the independence of lab assignments
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Figure 41 Lab attempts at university
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Figure 42 Lab attempts at home

Also, the number of attempts shows the difficulfyttee current assignment.
The similar values of correct and incorrect answersM” — the measurement
conducted at university — can be explained as thésfirst assignment to be
conducted. The very high ratio of incorrect resiit?T (the Norton/Thévenin
transforms) can be explained that it is the fissignment where the student has
to write the answer with the correct sign. In tassignment, about 90% of
errors are the sign errors.

When we consider the students who completed thesepit is interesting
that the maximum number of attempts was made téhgetnark 4 (Figure 43).
Also, it is noteworthy that the percentage of imeot answers is almost
independent of the resulting mark (Figure 44). €hare small differences, but
the average is the same.
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Figure 43 Number of attempts by the final mark
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The slightly higher percent of wrong answers in fknd” can be explained
by the existence a small group of the students,se/fam is to pass the course
with minimum efforts. Another interesting higherteain “mark 4" can be
explained by the students’ attempt to move fromkn¥ato mark 4.

4.6 Students’ behaviour

Students were not only asked about their opinion tiheir behaviour has been
analysed over the years. Some characteristics thee@ almost the same despite
of the changes in the learning environment. In [&8} be found that e-learning
does not change students’ learning style. Alsojdbeing style of a student is
a powerful way of assisting the student in assitinidathe knowledge from
resources [69].

The length of a login in the examined years is ys®&d next. The length
range of a login session was from 1 minute (cherkimessages) to 3 hours
(intensive work). In [70] can be found that theh@gt probability of learning is
10 minutes after the login and the activity is apmately 35 minutes. That is
why maximum 40 minutes time slots are used in ob&sa activities.

Also, the correlation between the activity and tihee (in a 24-hour period)
when the activity was carried out has remainedstiime over the years with
maximum at noon and minimum at 5-6 a.m. (Figure #5¢ higher numbers
of attempts are between 10 a.m. to 14 p.m. It canexplained with the
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activities carried out in labs and with the classts. The overall activity curve is
related to the learners’ psychological charactessiA similar activity curve is
also found in [71]. During a week, the distinctim@nimum of the activities
performed was between 6 p.m. on Saturday and 6 gnnsunday. This time
slot is used for updates and the web site is clésethe students during these
hours.
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Figure 45 Lab attempts (in a day)

Similar patterns can be found in the curve of thuelents’ activity during a
semester. Here, the curve is approximated by thistio curve (K-curve [26]).
The amount of the assignments carried out can lbalated using the following
formula:

N ec oxpt =10 ®)
T

However, one can find differences depending up@ennttodes used in the
particular course. Homework that is more time-comsig, usually not
repeatable and would wait for human reaction, istganed as far as possible
(the K-curve [26], Figure 46). The time constant riatively small and
increasing 1=0.87 days) when mostly all assignments were posigpdo the
end of the semester.
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Figure 46 Homework submission before the deadline (Kukk'€urve 2003)

If a course is based mostly (or only) on interaziparning, then the logistic
curve is smoother, and also, nearly a half of wbds been done by mid-
semester (Figure 47). The time constant is siganitiy larger €=58 days, i.e.
approximately 2 months).
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Figure 47 Amount of assignments performed during the fallamester 2009
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The amount of the assignments carried out duringemester can be
calculated using the following formula:

t
N =1500exp(— 7
p(58) (7)

Thus, it can be suggested to convert the tradititeerning into interactive
and to preserve homework in the classical form dnlyexceptional cases
Besides, students can perform almost all learnirtgeaplaces selected by them.
The only action that can be performed in fixed req@nd at fixed computers)
is class work (e.g. a partial exam), the frequesfayhich might range from 3 to
10 times (a4 40 minutes) depending on the learntr&aning style and
psychological characteristics.

The students’ overall time of learning is also @iféint. The number of
students (who passed the course) and the time sp#rd learning environment
is shown in Figure 48. The time shown on the ar(@40 hours) is the time
formally provided for learning 3.5 credit units. tdothat this graph does not
show the time spent for learning outside the emvirent (e.g. reading books or
searching materials from the Internet).
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Figure 48 Overall use of the learning environment in 2009

At the same time, the number of performed assigmsnisnrelatively high
(Figure 49). The average number of attempts madéObstudents who passed
the course in the fall semester 2009 was 281 pelest. There were 5 students
who had made less than 100 attempts (the minimus G@aattempts). The
largest number was 659 attempts (it is shown irufgigb0 how they were
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divided in time). Also, a significant growth of lalativities could be seen in the
end of the semester. By the way, the first stuéehieved the mark 2 and the
second student got the mark 5. The average timarf@attempt was 3 minutes.
The minimum was about 10 seconds, whereas the maximas 25 minutes.
Only 10 attempts took longer time than 10 minutes.
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Figure 50 Number of lab experiments performed by one studenin(the
fall semester 2009). The dots show the days when attemptere made.
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4.7 Teachers’ role

The role of a teacher is changing. The main goa t&acher is to help to learn
and guide to appropriate learning materials [723]] The main functions of a
teacher are the following [76]:

- management — the teacher plans the learning progvamch includes
objectives, timetables, rules and procedures, couievelopment and establish-
ment of the practical work and interactive actesti

- intellectual function — this is the traditional t&é&ng function; the teacher
should know the syllabus and the particular subject

- social function — this is considered as the fundaaidgunction in e-training;
the teacher should create a comfortable learninpsphere, interact with the
students and follow their activities. The teachHeowd animate, motivate and
facilitate feedback. In order to fulfill this dyn&mnrole, the teacher should
design activities specifically for each objectivedacontent, as well as
motivating and encouraging the students.

Thanks to the e-learning environments, teachingoimes more personal
[74]. In addition to the activities in labs, stutiercan communicate with a
teacher using the learning environment. In [75] barfound that there are no
important differences between the functions of lbeas in the two teaching
modes, online and face-to-face; and if these diffees do exist, they are likely
to be due to the teacher’s involvement and thetinistin’'s commitment in the
programming of the learning process. In both mottesjmportance of psycho-
pedagogical, technical and organisational aspdcteaming has been shown.
And the positively-valued tasks carried out by beas are identical in both
teaching systems, i.e., the facilitating of the ckéag/learning process,
combining the explanation of theoretical contentsthwactivities, and
encouraging interaction.

Compared to classical learning, the direct stresgeaching the staff has
slightly decreased (mostly it is caused by the fiaat the students perform labs
at home). For example, in 2009, there have beeah 255 activities: 102 class
tests (micro exams, 40 minutes each) and 173 labitas (45 minutes each).
For each activity there were up to 16 work placesilable. Those numbers
varied over the years and depended on the studgumésitity and preferences.
At the same time, the teacher’s activity in therdézg environment was
relatively high (Figure 51). There were 4730 teashéogins during three
months (from November 2009 to January 2010, tha &am previous years
was not collected). The teacher's page is used doage students and to
communicate with them. The teacher's daytime grapirelates with the
students’ one. The maximum number of the teachamrtivities was near the
midday which was caused by the peak of the studadtisities performed in a
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lab (the teacher manages the activities in the tieed). Other time is usually
used to answer the students’ questions. Immeasuiabihe time needed to
create the assignments, processing and testingthlgs, but a large benefit is
that the results are processed automatically.
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Figure 51 Teacher’s activity log in the fall semester 2009
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5. Student’s memory model

The author’s contribution is also student’'s memmigdel. In the first section of
this chapter, the motivation of introducing thegetting mechanism to students
is described. Next, a short overview of memory nf®de given. Section 5.3
presents the first memory model implemented in tieveloped learning
environment. Finally, the results and analysishef telated data from 2006 and
2007 are compared.

5.1 Motivation

From the fall semester 2005, the courses involvedewransferred to the
hierarchical assignment structure where a studemt to start from the
assignments of a lower level and moved up afterptetimg the assignments
successfully. In some cases, the structure repiesetogical order, in some
other cases, it replaces the time schedule. Thetste supports keeping active
a limited number of assignments, usually 2-5 (newgs. Later, the course
materials were organised in the way that a leawss directed only to those
items that were needed for performing the curreatiyive assignments. Of
course, a learner can also open all materials, thed, more sources are
available than needed to complete the particularseo All deadlines were
abolished and contrary to the common assumption shalents do nothing
without strict deadlines, appeared to be not valid.

As every assignment was accompanied by certairitareis (0.1...0.40), it
appeared to be a very motivating environment. Haweelearer than ever
before it came out that the feedback system target the success in specific
assignments may create temporary knowledge arnld.dgéfore that model was
applied, it was difficult to track such aspects.

This is why in the fall semester 2007, the forgeftimechanism was
introduced, and the first one-semester experierftewed that it was a
successful action. Now, it is implemented whereessary and the model itself
is being developed further using the data currestliected.
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5.2 Memory models

Human forgetting has been studied for a long tiPwmbably, the first well-
known experiments were provided by H. Ebbinghau®] [ih 1885. His
experiments showed that retention is very fashalieginning and quite slow
later (following the exponential law); also, he ala how important is the
repetition (rehearsing). Human memory mechanisme feen investigated in
many works bringing to complicated models and prgvihe existence of
different levels and types of memory (short-teromg-term etc).

In the developed interactive learning environmensimple memory model
is used inside the feedback loop. The model isgomiproved depending upon
the results obtained. The application of complidateodels (e.g. ACT-R [78])
in this case may not produce better results a® ther many other factors, like
the evaluation of the learners’ abilities that @ven more complicated.

In many sources, it can be found that memory moaielsised to predict the
student’s state and even mood [79], [80]. The go#his research is to develop
practical students’ behaviour models [81].

5.3 First model

In this section, the ability (knowledge level) byetstatus that can have the
values from some interval, for example [0,1], isnigedescribed. This status is
used for the task selection and also in the farggthodel. To simplify the task
selection, the discrete set [1...127] of valuassisd. The state 0 is used only for
initiating and it never returns again.

If S(t)is the current state ar®E=S(t) is the initial state for the inter-session
(forgetting) period, then forgetting is modelled by the following fuiwet:

S(t)=F +(S, = F Jexp(-(t—1.)/1,) (8)

whereF; is the floor level and is the time constant for that period.

The parameters are valid from the end of a segg)do the beginning of the
next one when they are recalculated as follows.

If a new session starts &t;, then a new task is chosen from the state
S=S(t.1) (rounded to an integer). If the result of the soluis S, then the new
time constant is calculated from the above equation
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In case ofS=S (no retention), the time constant is multiplied syme
constant, in our case 127. Two more correctionslatermined at the end of a
session. The floor valug.; is set equal to the minimum state obtained during
the session, and the new st8tg is set equal to the last state in the session. So,
the states in the following forgetting period awedted in i1 ,S:1]. The time
constant may become very small and this happens whe first test of the
session shows an incorrect result.

It is possible tha§=F; and then no forgetting is observed. It is quesiia
whether a student really achieves such statughbunhemory theory claims that
the long-term memory may be life-long. If the stet¢oo low, a student has to
continue to reach the threshdig marking a positive result. In practice, there
was observed students’ high motivation to incréassen when it was more
thanS;, (=77 in our case).

The initial values for any assignments were S=@,ndt=7 days for self-
tests and 28 days for labs.

5.4 Results and analysis (2006 vs. 2007)

As the student’s memory model was introduced in72@Be analysed data is
from the fall semester 2007 compared with the &ata the fall semester 2006.

In 2007, totally 134 students registered to theremwhere the interactive
learning environment was implemented, and 125 eftlstarted learning (i.e.,
had some assignments completed). By the end okehgester, 73 of them
received the final mark. In the following, the datéated to all 125 students was
considered. In 2006, 151 students registered, id@ed, and 104 of them
completed the course with a positive final markeTiorgetting model was
implemented in 2007 both in self-tests and lab drpmnts. The students
accepted it quickly.

In addition to the states exposed in the assigrsrarget (Figure 2, see page
21), they could also view the prediction graphsndd activities (pre-registered
class tests) were made available only if all prelitions were met by that time
(Figure 52).
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This caused additional pressure on the studenitey-had to return to the
assignments with a positive outcome, but gatiee prediction was made
(Figure 53).

Repetitio est mater studiarum
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Figure 53 Prediction curve shown to the students

There were 12 self-tests implemented as multipleicgh tests where a
student had to mark which of four cases were edgnvdo the prototype with
respect to some parameters (e.g. the same cumentltage, the equivalent
circuit, the frequency response, etc.). The comestver might be any of the 16
cases, from no match to all 4 matches. The totalb®s of attempts made by
125 students was 39,217 or 31.4 attempts per staehtest. The number of
attempts per student was varying from 1 to 1398.

If we consider the tests started from the levelsaémr higher than the
threshold, the total number of attempts was 12)&228ing from 1 to 659. This
indicates that most of attempts were used torge the positive region
(>=77). 8 students out of 125 did not reach theghold at all.
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A year before, more students made only 24,666 atenotally, and 9953
attempts were made at the levels higher or equéaVtdhe increase for about
50% in those numbers in 2007 was predominantly exdusy introducing the
forgetting model.

The number of attempts and the final level werecootelated at all (r=0.01)
which was demonstrated by the phenomenon that heeh bobserved
previously: the majority of the students with goledrning results continued
improving even when they had reached the highattst

The histogram showing the number of assignmentsatetl at the levels
higher or equal to the threshold is shown in Fidi#te
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Figure 54 Number of assignments activated at higher levels
The number of attempts at all levels is shown guFé 55. The large number

of attempts at lower levels was the result of ajojythe forgetting mechanism
as the students fell back to the lower levels fesly.
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There were minor differences at higher levels aanifig that the students
who had reached that region were confident despédorgetting mechanism
was implementedlhe total number of sessions was 4946 per 1264rassints
performed by the students, that was approximatelgssions in average.

Figure 56 demonstrates the state dynamics inclutlimgsessions and the
prediction process including the time constant Wakion. The data analysis
confirmed a wide diversity of students in the seokefforts made in carrying
out the assignments (the amount of attempts didfféeseat least 4-5 times).
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In the following, lab statistics are analyselbtally, 117 students made
26,613 attempts in 2,867 sessions (9.3 acts psiosgsThe number of attempts
per assignment varied from few (2—3) to severaldnedis. A large number of
attempts here demonstrates the guessing behaviotineostudents as the
number of different experiments was rather limif@€7) if compared with the
self-tests (thousands). The number of attempts gssignment should be
multiplied by the number of kits (25) that makesoatb 3000 different
experiments in total; however, dividing this by tienber of labs (9), we have
only about 400 cases per assignment in average.

The guessing behaviour of the students should bsidered remarkable.
The results were evaluated on the wrong-to-corseele instead of using a
continuous scale. No effective way to avoid suchaveur has been found so
far. Probably, further research and more data eedled as it was with self-
tests. However, it is difficult to compare thosesulés with the data of the
previous years due to the substantial change otdinelitions of the learning
environment.

The number of incorrect results obtained by thalestts was remarkably
high. The numbers of lab experiments at all leaeésshown in Figure 57. The
extremely high number at low levels 0...7 is a cledicator of how difficult is
to reach the proper experiment techniques and Hiiyato validate the
measurement results.
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Until 2007, the class-tests included only theosdtiasks. Before the state
model was applied, the percentage of unsuccessdtd tvas at the level about
23% (over the years). Applying the state mechariimreased this percentage
to 40. In 2007, lab experiments were also included class-tests were not
divided into the groups of assignments any mords Thade impossible to
compare the numbers of the test actions taken.tdtad number of the test
actions increased by 50% (from 750 to 1100). Th&idution of attempts at the
task levels is shown in Figure 58. In Figure 58trang similarity with the lab
statistics could be observed. This can be explaimethe inclusion of the lab
experiments into the tests proved by the numbdasis: experiments — 7214
(57%), theoretical tasks — 5382 (42%). At the séime, there are 9 experiment
topics and 12 theoretical topics that means tHewviahg average values: 802 for
experiments and 448 for theoretical tasksose results confirm that the goal
has been achieved — to stress on students’ practihties.
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The main goal of applying the forgetting modebisithieve the high quality
of a long-term memonA large number of attempts is related partiatlyusing
of a short-term memory (approximately 30 seconds). suppress this,
individual timing parameters were introduced irte evaluation procedure: the
quick answers changed the state only slightly. @helysis of the log files
shows clearly that in order to avoid the short-teramory problems, some
timing should be used in both task selection amaluation. This means that
every task should be assigned both a difficultyeleand some timing
conditions.
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This would be done during the next correction sessisually done once or
twice a year. The final mark and the number of &tperiments are not
correlated (R=0.12). It was remarkable that thoke got the lowest mark used
only the two-thirds of actions done by the studemte® had obtained higher
marks (200 vs. 300). The time constants fixed nby the end of a semester
vary from the dozens of days to thousands (compaxgith the values in [82]).
The prediction of the average state for December2808 was 106, that was
higher by 29 than the threshold value 77.

There was assumed that applying the forgetting mackould increase the
time intervals during which the assignment wasvactforced repetitions). This
effect was achieved as seen from Figure 59 wherentimber of assignments
versus the activity period (days) is shown. Verprshactivity periods had
decreasediramatically (4 times for the periods up to 5 dags)the number of
longer intervals had almost doubled. The effectthad forgetting model is
demonstrated in Figure 60 and Figure 61 where phgraelated to the same
assignment are presented from 2006 and from 2Gpéctvely.
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Also, the forgetting model helped to decide on wiogic to work — this
claim was supported by 75% of the students. Atdame time, 30% of the
students claimed that the model showed faster fiimge than they had
assumed. However, it was not fully supported bynalependent data analysis,
and probably the overestimation of forgetting causere emotional reaction
than the underestimation. If forgetting is assurtette slow, then the system
does not propose repetition and this has certaichmdogical effect.
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6. Conclusions

In this chapter, the overview of the developmenttt interactive learning
environment and the mobile laboratory equipmentplissented. Also, the
contributions of this dissertation are summarisetd duture aims are
determined.

6.1 Overview

The creation of the web-based learning environmeag started in the early
2000s in the Department of Computer Control at Tahd its development
would be continued.

Finally, the following conclusions can be formulhte

1. As compared to the lab equipment used previpasig according to the
analysis of students’ behaviour, HomeLabKits appeato be efficient in
expanding students’ opportunities to enlarge tlkeiowledge about electrical
measurements, analysing the results and understatitg relationship between
theory and reality. The developed mobile equipnmotiides students better
conditions to invest their learning resources.

2. On the base of the HomeLabKit and the relatdtivace, it is easy to
create different versions of labs. The underlyidpai of the learning
environment is compiling courses from a large fielccomponents (incl. static
materials, tests, home and class works, labs); Habl€its support
implementing this idea in the area of practical kgor

3. The use of HomeLabKits can be extended to atberses and could be a
part of labs even in the courses where distant iarglte labs are applied
because of the limited cost, weight and compleadtthe equipment.

4. The HomeLabKit and the field of competences etso be used at
schools.

5. The quantity of labs can be increased with tkeetbped laboratory
equipment and software. In order to provide a waiiie the time and place for
conducting labs, a part of them could have beemtakien at home.

6. Lab experiments are integrated into the int@radearning environment
along with other components. Thus, more numerousdcatailed experiments
can be embedded into the logical structure of assémts. It follows that
instead of 0.1...0.3cu that are now assigned to lalperiments will be
evaluated together with other activities, and as tasts, unsuccessful
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experiments are to be repeated until correct resuilt be obtained.

7. The developed interactive learning environmewotigles the immediate
feedback to students by collecting and analysirg l&b data and guiding
students to appropriate study materials. The databe collected and used in
the future in order to improve and simplify therldag process, also to make
the development more comfortable for students.

8. The main aim of applying the forgetting modeltésachieve the high
quality of a long-term memory. According to thealédgs, the students had to
return to the assignments with a positive outcoraguently and the number of
attempts made at a low level in labs increasedifiigntly. The use of the
student’'s memory model decreases the amount ofarmpskills. Besides, the
forgetting model supports students in deciding Whiopic needs additional
learning.

6.2 Contributions

The contributions of this dissertation can be sunsed as follows.

1. The new types of laboratory assignments andeftteaction process of
results and competencies were created.

2. Flexible, changeable contents of the laborasorigith allocation of
competencies and credit units on different partshef subject were created.
Competence-based simple lab experiments were untemt instead of
traditional laboratory tests. According to the nembf the labs and compared
with the corresponding results of the traditionaini of lab, the competence-
based simple lab experiments reduced remarkabhamheunt of information
acquired. Thus, the total number of individual laory tasks increased
significantly as compared to the number of theltesn 2006.

3. The student’'s memory model was introduced. Tlelehsimulates the
behaviour of a human memory, namely forgetting Whiccurs with the length
of the time elapsedand highlights possible shortcomings in the acguire
knowledge.

4. The HomeLabKit — a small mobile box containin) tae necessary
laboratory equipment to perform the practical wofkthe specific subjects —
was developed. The HomeLabKit is designed in otdemeet the criteria of
simplicity and low cost. The greatest advantagethefHomeLabKit could be
considered mobility, time and place independence. also supports
personalising the learning process. In additiontite HomelLabKit, also a
computer, the Internet and a power network areiredu

5. The environment was analysed and the argumdmsacterising the
student’s behaviour were formulated. The resultslmaapplied in further work
for development of complementing the student’s biha model.
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6.3 Future goals

The main aims for the future are the following.

1. Introducing the next, third generation of thenk&habKit. The basic ideas
for the further development are to use interactwel on-line programmed
devices. The main benefit is to produce a largentiyaof similar devices at a
low price preferably and reprogram them before rib&t implementation. In
order to simplify management of the mobile lab pment, there is an idea to
use RFID tags for identifying devices. To separalectric circuits and for
safety in communications between devices Blueta®tbonsidered to replace
USB (if possible).

2. Developing the competence-based interactivailegrenvironment.

3. The results of the current thesis are the gzeaice for implementing the
overall student’s behaviour model.

The author has already started with realising fheeisted aims.
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9. Appendices
9.1 Examples of lab processing scripts

9.1.1 Resistance measurement

In the following, some of lab processing scripts described. In the current
task the resistance of a resistor should be meagEgure 62).

S Katse CS001
Takistuse mddtmine
Seadmed: resistor RES0514, multimeeter ja 2

juhet
( katse pilt all keskel)

Done|

Tulemus oomides kirjutada siia:

Figure 62 Screenshot of a resistance measurement task

Dim RO, X,result2,errate,unit, Temp ‘ Variables
RO=VAD("#R#/R") ' Get estimated value from database
‘R —result, entered by student

* S2E — subroutine for adding or substracting value of
competences . Example S2E, competence, value
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If Trim(R)="" Then

S2E 140,-1  ‘if result is empty, do not process result * and
give result as “easy pass”

End If

X=CSng(R) ‘ make numeric variable

‘resistance is expected in ohms.

result2=1* assign value for competence “measurement unit”
unit=1

unit2=1000

‘ resistance of resistors in this task is between 100 ohm and 1
kilo-ohm. If value is lower than 1, answer is given in kilo-ohms.

IF X<1 then

result2=-1"* assign new value for competence “measurement unit”
X=X*unit2 ‘also result is corrected for processing

End if

S2E 237,result2 ‘ set value of competence

‘ measurement check

‘ AbsDeadZone — function for calculating multimete r accuracy
Parameters: measured difference, allowed difference

Temp=AbsDeadZone(X-R0,R0*0.03)
Temp=Temp/RO
If Temp=0.0 Then

S2E 140,1 ‘measured correctly
Elself Temp<=0.20 Then

S2E 140,(0.20-Temp)/0.20 ‘ measurement error/unsuccessful zero
adjustment.

Elself Temp>0.20 Then ‘maybe wrong resistor ?

S2E 140,-1

S2E 150,-1  ‘Error of composing circuit

End If

9.1.2 Kirchhoff's current law

In the following, a task where currents must be snead using an analogue
multimeter (Figure 63) is provided.
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W) Katse C$336
Kirchhoffi vooluscadus

WVooluseaduse test. Seadmed: vooluallilcas,
resistorid RO60 ja RO61 ning multimester
ANVM36E0

gt wool 11 mA
IWitta wool 12 mA
Iddta vool I3 mA

Arvutada [1+]2+13: mA

Done

Figure 63 Screenshot of the task for the application of Kidehoff's current law

Dim R1,R2, Res, X, Rinl, Rin2, EL, ML ‘ variables
R1=VAD("#R1#/R") ‘get values of resistors from database

R2=VAD("#R2#/R")
‘ make numeric variables 11,12;i3, 111213 , entered d
11=CSng(I11)

12=CSng(12)

13=CSng(13)

If 111213="" Then

111213=0

Else

111213=CSng(111213)

End If

‘ Determine measurement range and internal resistan
* AVM360

If Abs(12)<2.5 Then

Rin1=100

EL2=2.5*0.03

ML=2.5*0.1

Else
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Rin1=10

EL2=25*0.03

ML=25*0.1

End If

Calculating estimated values, considering internal
K1=R2/(R1+Rin1+R2)
Res=(Abs(I11*K1+I2)-EL2)/ML

If Res<0.0 Then Res=0.0
Res=1.0-Res

If Res<-1 Then Res=-1

‘set competences

T4=52 ‘current divider

T5=139 ‘Multimeter, DC current
T6=255" Measuring analog meter
Resl1=Res

* S2E — subroutine for adding or substracting value
competences . Example S2E, competence, value

‘ calculate estimated currents and overset competen
needed

If Abs(13)<2.5 Then
Rin1=100

EL3=2.5*0.03

ML=2.5*0.1

Else

Rin1=10

EL3=25*0.03

ML=25*0.1

End If

K2=R1/(R1+Rin2+R2)
Res=(Abs(I11*K2+I3)-EL3)/ML
If Res<0.0 Then Res=0.0
Res=1.0-Res

If Res<-1 Then Res=-1
Res=(Res+Res1)/2

S2E T4,Res

S2E T5,Res

S2E T6,Res
X=Abs(CSng(I1)+CSng(12)+CSng(13))
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I=Abs(CSng(I1)-11*K1-11*K?2)
T1=192 ‘Sum of incoming currents is zero
‘ using analogue meter a real sum of currents diffe
EL=EL2

If EL3>EL2 Then EL=EL3
Res=(Abs(X-1)-EL)/10

If Res<0.0 Then Res=0.0
Res=1.0-Res

If Res<-1 Then Res=-1

S2E T1,Res

‘ check calculation

If IsNumeric(111213) Then
Res=(Abs(I-111213)-EL)/10

If Res<0.0 Then Res=0.0
Res=1.0-Res

If Res<-1 Then Res=-1

Else

Res=-1

End If

T2=155 ‘Calculation

S2E T2,Res

‘ check polarity of results
T3=152 ‘ Current sign

If (Sgn(11)*Sgn(12))>0 OR (Sgn(l1)*Sgn(13)>0) Then

S2E T3,-1
End If
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9.1.3 AC measurements

In the following, the task magnitude and the pheasfer ratio is measured
(Figure 64).

KIT322 Katse CS054

Faasorid: RC

Leida iilekande amplituud dB-des ja
faasinihe kraadides

Seadmed: ACSourceScope, RES0358 ja CAP0227 T

Valida allikal sagedus 1470 Hz

IM38ta pingetlekanne (valund 0.693

Iderrenid 2 ja 0y

Armitads ieanne detsihellides 3185 dB
IMBta valjundpinge faasinihe 45 ?

sisendi subies

RESD3
2

Sisend (CHI: . CAPOET Vatiund (CHZ):
ldemtnid 1 ja 0 Kerotnid 2 ja 0
0

Figure 64 Assignment of AC measurements

dim t,faas,result ‘ variables

if V=0 then S2E 252,1 ‘ competence “easy pass”
“if result is zero give result as “easy pass”

‘read values

faas=PHI

t=V

‘compose circuit
if faas>0 and t>1 then

‘if both phase >0 and transfer>1 then maybe mixed s cope inputs
faas=-faas ‘ correction and set competence
t=1/t
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S2E 264,-1"* composing circuit
else

S2E 264,1

end if

“in this circuit estimated phase is -450. Since fr
frequency, the gain remains same if R and C are mis

if faas>0 then * set competence R C misplace
faas=-faas

S2E 265,-1

else

S2E 265,1

end if

‘Phase check,

faas=Abs(faas)

if faas<33 or faas>57 then

S2E 266,-1

else

S2E 266,1

end if

‘ transfer calculation check

if t>1 then

S2E 244,-1

t=1/t

else

S2E 244,1

‘transfer value must be close to 0.71
if t>0.85 or t<0.5 then S2E 244,-1
end if

‘decibels calculation check

result=1
Result=Result-(Abs(DB-dBlog(t)))

if result<-1 then result=-1

S2E 246,result’ decibel calculation
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9.2 List of lab competences for the subject “Circus, systems,
signals”

In the following, all competences supported by dalsignments created by the
author of this dissertation are listed (as of Fabyd5, 2011).

M, p*k=m ; p/m=m ; 1/j=-j ; 1/kO=mS ;1/m=k ; 2*Pl(w--f ) ; 3-pole
equivalent circuit ; A=S*V ; A=V/O ; AC admittanc€, ; AC admittance, L ;
AC Current divider LR ; AC power ; AC scope- freqgeyeset ; AC scope inputs
; AC voltage measurement ; Ammeter is short circiverage PWL ; Average
sine ; Average square ; C=A*s ; C=V*F ; Calculateverage ; Calculation ;
Calculation - decibels ; Calibration ; Capacitor digh () frequency ;
Capacitor at low (0) frequency ; Capacitor energ¥MZ2 ; Capacitor: current
advances voltage by 90 deg ; Capacitors in parall€apacitors in series ;
Complex numbers: division ; Complex numbers: miigtition ; Compose
circuit ; Composing circuit ; conductance ; condaiste unit ; Conductance
unitis S ; Current divider ; Current sign ; Curregource and resistor in series
; Current source is open circuit ; Current unit Blec ; DC bridge ; DC
transmittance, current ; DC transmittance, voltag@®ecibels ; Derivative:
cosine ; Derivative: exp ; Derivative: sine ; Diog®iodes in series ; Driving-
point admittance ; easy pass ; F/s=S ; First orddifferential equation ;
Forward bias ; Frequency of harmonic signal ; Fremey response, 1st order,
amplitude ; Frequency response, 1st order, phaBeeguency response, 2nd
order, amplitude ; Frequency response, 2nd ordease ; Frequency response,
amplitude, CR ; Frequency response, amplitude, GR-Erequency response,
amplitude, LR ; Frequency response, amplitude, ER-LFrequency response,
amplitude, RC ; Frequency response, amplitude, RErequency response,
amplitude, RL-LR ; Frequency response, amplituReRC ; Frequency
response, constant, amplitude ; Frequency resporsgstant, phase ;
Frequency response, phase, CR ; Frequency respgisase, CR-RC ;
Frequency response, phase, LR-RL ;Frequency rasspophase, RC ;
Frequency response, phase, RC-CR ; Frequency resp@hase, RC-RC ;
Frequency response, phase, RL-RL ; Frequency respophase, ; R-RC ;
Frequency response, resonance, amplitude ; Frequeesponse, resonance,
phase ; Frequency unit ; G ; G=1/R ; G=I/V ; H/O=sHigh frequency
equivalent ; 1=G*V ; I=G*V, directions ; I=V/R ; 1%12=0 ; Impedance LC
parallel ; Impedance RC parallel ; Impulse respongecoming current equals
to outgoing ; Inductor at high () frequency ; Indoc at low (0) frequency ;
Inductor energy L*I"2 ; Inductor: voltage advancesirrent by 90 deg ;
Inductors in parallel ; Inductors in series ; Inted: cosine ; Integral: exp ;
Integral: sine ; j*2=-1 ; k ; k*p=n ; Laplace trarisrm, 1st order ; Laplace
transform, 2nd order; Low frequency equivalent ; Mh ; M*u=1 ; m*k=1 ;
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m*m=p ; m*M=1 ; M*n=m ; M*p=p ; mA=V/KO ; Matrix: determinant ;
Matrix: multiplication ; Measurement error accuragyMeasurement: result
and error accuracy ; Measuring amplitude ; Measgrimnalog meter ;
Measuring average ; Measuring capacitance ; Measyrifrequency ;
Measuring inductance ; Measuring oscilloscope ; asl@ing phase ;
Measuring p-p ; Measuring resistance ; MeasuringsrmmMeasuring signal
fronts ; Multimeter, AC voltage ; Multimeter, DC roent ; Multimeter, DC
voltage ; Multimeter, resistance ; Multipole, meesuz driving point ;
Multipole, measure z mutual ; Multipole, measurdriving-point ; Multipole,
measure y mutual ; Mutual admittance ; n*k=u ; nfp5 Negative resistance ;
No Thevenin circuit for current source ; Node atiamce matrix ; Node
impedance matrix ; Norton circuit and internal retsince ; Norton circuit and
open circuit voltage ; Norton circuit and resistor series ; O*F=s ; OpAmp
amplifier ; OpAmp Applications ; OpAmp INIC ; OpArmpegrator ; OpAmp,
2-stage ; OpAmp, finite gain ; Open circuit equaéso current ; p ; Period of
harmonic signal ; Period of sum of cosines ; Peraidsum of sines ; Phacors:
LC series ; Phase sign ; Phasor, admittance ; Phaggpedance ; Phasors: LC
parallel ; Phasors: RC parallel ; Phasors: RC sexipPhasors: RL parallel ;
Phasors: RL series ; Prefix ; Q=V*C ; R=0 is shaircuit ; R=1/G ; R-C
replaced /compose circuit ; Resistance unit ; Resivoltage and current are
inphase ; Resistors in parallel ; Resistors in esri Resonance frequency,
parallel ; Resonance frequency, series ; Resona@eactor ; RMS and power
; RMS sawtooth ; RMS: combined ; RMS: DC ; RMStamegular ; RMS: sine ;
RMS: triangle ; Si diode forward approx 0.7V ; & flow graph, no loop ;
Signal flow graph, one loop ; Signal flow graphpti@ops ; Step response r(0)
; Step response r(8) ; Step response: CR ; Stgmree: CR expression ; Step
response: LR ; Step response: LR expression ; Bisponse: RC ; Step
response: RC expression ; Step response: RCR r&tppnse: RCR expression
; Step response: RL ; Step response: RL expresStep response: RLR ; Sum
of incoming currents is zero ; Sum of outgoing eats is zero ; Zero current
implies zero voltage ; Zero voltage implies zerorent ; Thevenin circuit ;
Thevenin circuit and open circuit voltage ; Thewvewircuit and resistor in
parallel ; Thevenin circuit and resistor in seriesThevenin circuit and short
circuit current ; Time constant ; Time constant, RQime constant, RL ;
Transfer calculation ; Transfer function RC ; Tréms function RL ;
Transmittance at frequency f ; Twopole, linear ;opart other port shorted
Y12Y21 ; Twoport, ABCD ; Twoport, h input ; Twopdrtmutual ; Twoport, z
input ; Twoport, z mutual ; Twoport, y input ; Tvash y mutual ; Twoport:
ABCD measurement ; Twoport: H measurement ; Twopodasurement ;
Twoport: Z measurement ; Twoport: Y measurement ; W*mS=mA ;
W/AA=O ; W/VV=S ; W=A*V ; V=A/S ; V=0*A ; V=R*| ; ¥R*l, directions ;
V1:V2=n1:n2 ; Wb=V*s ; V0<0 and Is>0 means R>0 ; ®and Is<0 means
R>0 ; Voltage divider ; Voltage divider, loaded oNage is difference of
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potentials ; Voltage measurement ; Voltage sigroltage source and resistor
in parallel ; Voltage source and resistor in seripd/oltage source is short
circuit ; Voltage sources in series ; Voltage sumidop is zero ; Voltage unit ;
Voltmeter and resistor in series ; Voltmeter is mgécuit
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