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Abstract

iLabs are remote online laboratories that allow users to perform experiments through
the Internet. As an educational tool the iLab platform enables students and educators,
who do not have access to laboratories, to complement their theoretical knowledge
by carrying out experiments remotely on equipment located anywhere in the world
and at any time of the day. Students perform experiments on actual instruments
allowing them to get real data, instead of relying on simulations. The iLab project has
been deployed in 3 universities in Africa using the National Instruments Educational
Laboratory Virtual Instrument Suite platform which is a cheap all-in-one electronics
workstation for electronics experiments. This thesis describes an increase in the
functionality available on the current version of the ELVIS iLab in order to enable a
wider range of experiments to be run on the platform. The functionalities explored
include adding two arbitrary waveform generator channels and bode analyzer for
frequency domain analysis, which was not possible in the previous designs.

Thesis Supervisor: Judson Harward
Title: Associate Director, Center for Educational Computing Initiatives






Acknowledgements

| am extremely grateful to my thesis advisor Drdshn Harward for giving me
the opportunity to work on this project. He hasvled constant support and feedback
throughout the MEng year and his help was criticainaking sure | finished my thesis
work in good time.

| would like to thank Prof. Jesus Del Alamo who d@tger with being my
academic advisor is deeply involved in the iLabjgecb His guidance and advice on my
thesis work and other activities has helped in mgkhe MEng year an unforgettable
experience.

| would also like to thank Bryant Harrison for iottucing me to the project and
ensuring | started off on the correct track. | asoéhighly indebted to Jim Hardison,
Kimberly DeLong, Phil Bailey, Meg Westlund, Mariaakatzas and the entire iLabs team
for the technical and personal help they provideer the year. | couldn’t have asked for
a more supportive team; it would not have been@ogimride without them.

The iLabs teams at the University of Dar-es-salaastuding Prof. Nzali and Dr.
Mwambela and at Makerere University including Drckbdri, Andrew Katumba,
Lordewin Muhwezi and Michael Rutalo always madeesowr trips went smoothly and
provided challenging discussions that helped furthe project.

| would like to thank my parents for all the suppibrey have provided me over
the year. My father helped us a lot in our trip®tr-es-salaam and made sure we were
comfortable and provided time out of his schedaledter to our demanding requests at
times. My mother made sure we were all well fed hadlthy. Lastly thanks go to my
brother and my friends at MIT for pushing me toidinand providing company and
moral support.






Contents

L. INEOAUCTION ...ttt e e e e e e e e e et e e e e aa 13
1.1Background on iLabs.......ccovi i 14
1.2 Background on iLab-Africa Project............cccoocvviiivii i 71
1.3 Background on NFELVIS ... e e 19
1.4 Overview Of tNESIS ... 22
2. Motivation to develop ELVIS iLab Version 3.0 .......cccoovviiviiiiiiiiiie e, 25
2.1 iLabs Shared ArchiteCture ............coiii i 52
201 ClBNt oo 26
2.1.2 Service BroKEer .......oooiiii i e 27
2.1.3 LAD SEIVEN ..o e 29

2.1.4 Interconnection between ISA components in the Batch

ArChIteCtUIe ... e 30

2.2 Background on Previous ELVIS Versions ...........cc.cocevvieenvoee 31

2.2.1 ELVISVersion 1.0 ....oooiiiiii i i e e e 31
2.2.2 ELVISVErsion 2.0 ....oooiiiiie i e e 34

2.3 Background and Overview of ELVIS Version 3.0 ........ccu..... 35

3. Design of ELVIS VErsion 3.0 ....oviiii i e e e e e e aaens 39
3.1 Lab Server ..o 39
3.1.1 Lab Server LabVIEW .......cccocoviiiiiiiiiiiiiiiii e 42
3.1.2 EXperiment ENGINe ... e e 49
3.1.3 DLL Wrapper (OpAMPINVErter) .......ccoovveiiiiiiiieiie e eennnnn 50



3.1.4 Validation ENgiNe ..o 51

3.1.5 Lab Server Administrative Interface and Database............ 54
3.2 ClIBNT oo 55
3.2.1 Main flow of information in the client .........................eies 55
3.2.2 Changesmadetotheclient .............coooiiiiiii i 58
3.3 Testing USING NEW CIFCUILS .....vive it 26
4. Conclusion and Recommendations for future Work ...............c.coovvennnes 65
4.1 CONCIUSION ...uieit e e e e e e e e e e 65
4.2 Recommendation for future work ... 65
4.3 Progress at UDSM and MUK ...t e 67
A. LabConfiguration.Xxml ....... ... 69
B. ExperimentSpecification.Xml.............oooiiiiiiii 70
C. ExperimentResult.Xxml ... ... 72



List of figures

1-1: Microelectronics Device Characterization egu#mt housed at MIT. .............. 16
1-2: Microelectronics WebLab client used to run oéenexperiments on the
Microelectronics Device Characterization equipment....................c.cc..e... 16
1-3: The National Instruments ELVIS electronic wekch. .....................ae 20
1-4: Schematic diagram of the NI-ELVIS showing teatures available on the
PlAt O, e e 20
1-5: The software interface that is provided with NI-ELVIS hardware to access its
INStruments from & COMPULET. ...t e e e e e ans 21
2-1: The iLab Shared Architecture showing the waioomponents of the architecture
and where the ELVIS is plugged into the architestur............................. 26
2-2: The Service Broker webpage. It shows the warlabs that students in each group
(underlined) have aCCeSS 10, .....iiiiiieiieie e e e e e 28
2-3: The modified weblab client developed by Gikandun experiments on the ELVIS.
The screenshot shows running an experiment orfexetiftiator circuit with a
triangular Wave INPUL. ... e e 33
2-4: Addition of a switch allows users to choose tbmponent value that they would
like to place in the CIrCUIL. .........ooi i e 35
3-1: The lab server components consisting of tlezetxon code, validation engine,
database and administrative pages. Itaotewith the client through the Service
BIOKET . e e 41

3-2: The LabView VI hierarchy. ... 43



3-3: Part of the ARB VI showing the sine wave siatat and the input parameters it

162 LT 46
3-4: The formula generator V1. ... e e eeaen 46
3-5: Generating a waveform from an array of yvalue...............cocev v, 47

3-6: The bode analyzer VI developed using the Esg¥4 to run frequency analysis in a

certain defined freqUENCY range. ........c.oiiieiii i e e 48
3-7: Experiment Specification ParSer. .........oovvieviiiiieeie e e ivemmee e eeaans 49
3-8: The execution cycle showing details of thedabver. ................c.coviinils 53

3-9: The lab server administration interface whheecreator of an experiment can
choose what terminals and instruments to use iexperiment and specify
constraints for the INStrumMeNts. ... ..o e 54

3-10: Different parts of the Java Client. ............cooiiia 57

3-11: Each feature on the ELVIS is an Instrumetitféatures inherit from the

S UM N S, e e e e 58

3-12: Associated with each instrument is a functleumctions for each instrument are

sub classes of the SourceFunction class. ................cocov e e 59

3-13: The dialog box to specify parameters forlibde analysis. ....................... 60

3-14: In the ARB dialog box users can choose tpe tf waveform they would like to
use and specify parameters for them. They canesis a formula or load a file to
specify the wave form. ... ... 60

3-15: The UML diagram shows how the ARB instrumientlated to the

ARBDialog class that draws the dialog box and tfBAabel class. ............ 61

10



3-16: This shows the waveform generated by loadingsv file that was created in
MS Excel. It generates a unique waveform that wba’found in any pre-defined
library and for which a formula doesn’t eXiSt. ... voeviviii i, 62
3-17: Using the ARB feature to run an experimenan adder circuit. A and B shows
the two input waveforms and C shows the outpuhefadder circuit. Such a
circuit with two inputs wasn’t possible in ELVISrg0on 1.0. .................... 63
3-18: The various bode analyses done using the aodlyzer feature. A and B show the
magnitude and phase plot of a Sallen-Key band fdgess C and D show the
magnitude response of a high pass and low passridspectively. ............. 64

4-1: Picture taken at the iLabs workshop at UDSM@nd January 2008. ........... 68

11



12



CHAPTER 1

Introduction

Laboratory experiments are an integral part of agjence or engineering
education. Laboratory experiments provide studeritis practical experience that can
help them better understand the theory taught assclHowever, students often don't
have sufficient access to such equipment. Thiabse traditional laboratory facilities
are usually expensive to set up and maintain. Bmaquipment has to be bought to
accommodate all the students taking a lab courkes d@an be difficult if expensive
equipment is required. It can also lead to ovevding of the laboratory. Students may
have to stand in queues to wait their turn to hieesgquipment. Laboratory personnel also
need to be hired to man the facilities, therebydsipg additional costs.

Even when these facilities are available laboratodre inefficient because they
are usually accessible to students only duringdstah business hours, and hence the
pieces of equipment are not fully utilized. Studecan also damage equipment as they
have unlimited access and control over the apparata may use settings that do not
meet the specifications of sensitive devices.

Sometimes traditional laboratories don’'t provides timtended experience as
students get caught up in details of setting up @hbeipment, dealing with faulty
equipment, or taking intensive repetitive readirfjsch students never get to focus on the
concept that the experiment was designed to tedbfth close supervision and guidance

such problems can be avoided; however it is nattjwe to do this for each student.
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By providing students remote access to laboratquypenent, the hurdle of costly
traditional laboratories can be overcome by shatihg few laboratory resources
available. Development of such laboratories is e@sfig useful in developing countries

where funds for education resources are hard tednm

1.1 Background on il abs

iLabs are remote laboratories developed at MIT ndeo to address the
shortcomings of conventional laboratories. It iseehnology that allows experimental
setups to be accessed remotely through the Inteathetving students and educators to
carry out experiments from anywhere at any time [1$ers are able to access the
laboratory experiments whenever and wherever thaytwypassing the need to acquire
expensive equipment or for students to wait toageiess to it. Students get to use real
instruments, rather than simulations, using a stahdeb browser. iLabs allow students
to complement their theoretical calculations anslits with real data, providing them
with a better understanding of concepts in sciamteengineering.

Unlike conventional experimental facilities, iLalgseatly reduce the cost of a
laboratory, because only one piece of equipmerttdéia be shared by multiple users, is
required. iLabs can be shared and accessed wigledfudents and other users around the
world. While anyone can access the laboratoriely, afew institutions need to maintain
the equipment. This also allows the system to se@&lé The iLab Project envisions a
global network of iLabs to which institutions cdbtrite their own laboratories and

experiments in order to share them with other tatins.
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The iLab Project was started at MIT in 1998 by Pdelsus Del Alamo to develop
a remote laboratory for semiconductor device caurae MIT that did not have a
laboratory component at that time. This led to dleeelopment of the Microelectronics
WebLab experiment that allowed students to remotely cohdevice characterizations
on an Agilent 4155B semiconductor parameter anal{zigure 1-1 and Figure 1-2) [2].
Since then various remote experiments have beerelag®d in many different
engineering fields at MIT. These include the DymanSignal Analyzer (2004) in
electrical engineering, Heat Exchanger (2001) aontyrRer Crystallization (2003) in
chemical engineering, Shake Table (2003) in ciadjipeering and the Nuclear Reactor
(2008) in nuclear engineering [3]-[6].

These iLabs were developed by Prof. Del Alamo ahdrs faculty members who
felt that their courses lacked a sufficient laboratcomponent [2]. Earlier on the iLabs
were developed independently using different sakwapproaches. It was not until 2002
that a standardized architecture was developedcfeating online labs [6]. This
architecture, known as the iLab Shared Architectigrdescribed in detail in Section 2.1.

During the past several years, MIT iLabs have hesd worldwide in courses at
over 18 universities in Europe, Asia, North AmeyiBastralia and Africa. Some of these
institutions are also developing their own labsdiag to the growing number of
experiments in the iLabs family. For example thavdrsity of Queensland in Australia
is developing a radioactive half-life measuremexppegiment and is already using an

inverted pendulum control experiment [2].

! Also called the Microelectronics Device Charaaation experiment
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Figure 1-1: Microelectronics Devic€haracterization equipment housed at MIT.
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Figure 1-2: Microelectronics WebLab client used taun remote experiments on the Microelectronics
Device Characterization equipment.

Remote laboratories like iLabs, however, have sosm®rtcomings over
traditional laboratories. The labs are run remolslystudents so they are usually not able
to handle the actual hardware equipment. Hencedesta do not get the necessary
experience in setting up and debugging the expatisetup. For example, an instructor

wires the circuit for the students in the Microdétenics Device Characterization
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experiment, hence the student does not get to sdeware the device under test.
Therefore, iLabs are intended to supplement ti@adhdi hands-on laboratory assignments
where available. In places where the number ofritboy equipment is small compared
to class size, iLabs assignments can be given negrdarly together with less frequent

hands-on assignments.

1.2 Background on iLab-Africa Project

Due to the scalable and economically efficient ratf iLabs, they have sparked
significant interest from institutions of highemalaing in Africa. iLabs are a particularly
useful concept for universities in Africa [7] aslivas the developing world in general.
Such institutions usually do not have the resoutoepurchase and operate costly or
delicate lab equipment. Students miss out on drieiads-on learning experiences and
are relegated to learning through solely theorktizasimulative methods. iLabs can
substitute for expensive laboratory equipment imettgping countries, and give students
experience with real lab data.

In 2005 a major partnership was established betwdBn and three African
universities to form the iLab-Africa Project. THeee universities are Obafemi Awolowo
University (OAU) in lle-Ife, Nigeria, University oDar-es-Salaam (UDSM) in Dar-es-
Salaam, Tanzania and Makerere University (MUK) anmfala, Uganda. It is supported
by a grant from the Carnegie Corporation of New RYofThe aim of the iLab-Africa
project was to exploit the potential of online ladttories (iLabs) in Sub-Saharan Africa.
The iLab-Africa project attempts to inject iLabsdbgh the curricula in Africa to enrich

science and engineering education. A feasibiliiglgtconducted between 2003 and 2004
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to determine whether iLabs could be useful in saba®an Africa found that electrical
engineering was one of the main areas that lackkdratory facilities and that could
easily utilize existing iLabs experiments from Mlike the Microelectronics Device
Characterization experiment [2].

The partnership has enabled these universitieseéche iLabs housed at MIT. It
gives students in these countries access to high eguipment that local institutions
cannot afford. Over the course of this projectaltof 694 students at UDSM and OAU
have used labs at MIT in several laboratory assegis [2]. However, effective
implementation of iLabs in Africa has been impetgdlow internet speeds. East Africa
does not have a fiber optic cable connecting th®rest of the world; hence Tanzania
and Uganda have to rely on slow and expensiveligatebnnections. These countries
are bandwidth starved, as they usually cannot @ffar pay for large bandwidth
connections. For this reason students working wl#ibs in those countries cannot
efficiently access lab equipment housed at MIT.

To solve this problem, new labs that integrate tmst equipment that could be
housed locally at each university were created. s€guently, these labs could be
accessed using the high speed local area netwofid) (avoiding the need to have high
speed internet access. This was possible becaciseipi@ersity has a good internet LAN
infrastructure (usually with a fiber optic back-le)nHence, instead of relying on the
internet to access hardware at MIT, each universéty use its LAN to access the
hardware at their university. This avoids the leettéck of accessing the internet through

a small bandwidth satellite connection. It is alsore convenient as they have access to
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the hardware and can easily change the experintbeis would like to run on the
hardware instead of coordinating with MIT everyeithey need to change the setup.
The need for electrical engineering laboratory liikes in these countries
combined with the fact that the iLabs team hasohitstlly been strong on developing
electrical engineering remote laboratories led tsearch for new inexpensive lab
equipment that could be used for electronics erpaits. The platform that was chosen
for this purpose was the affordable National Insieats Educational Laboratory Virtual
Instrumentation (ELVIS) hardware platform that hamce been installed at the
universities in Nigeria, Tanzania and Uganda. Th¥IE is a compact and cost effective
platform to implement various electrical enginegriabs. Each university is encouraged
to develop the ELVIS platform to meet the needg€urriculum. Development efforts
are then shared among partner institutions. Theroapgp has encouraged strong
collaboration between MIT and the African partngyswork together to develop new
software and hardware features for the ELVIS ptatfoThis has led to many students

and staff exchanges for training and developmergqses.

1.3 Background on NI ELVIS

The ELVIS (Figure 1-3) is an electronic workbenbhttis used to design and test
circuits. It offers twelve hardware instrumentstthan be used for circuit analysis and
debugging [8]. These instruments include: Oscilbps; Digital Multimeter, Function
Generator, Variable Power Supply, Bode Analyzerbitdary Waveform Generator,
Dynamic Signal Analyzer, Impedance Analyzer, DigiReader, Digital Writer and

Microelectronics Device Characterization capahility
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Figure 1-3: The National Instruments ELVIS electroric workbench.

Figure 1-4 shows an annotated diagram of the chsuanel instruments available
on the ELVIS board. The ELVIS has a removable pyp® board that can be used to

build circuits which students can connect to theouss ELVIS instruments.
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Figure 1-4: Schematic diagram of the NI-ELVIS showng the features available on the platform [9].
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The ELVIS hardware can be connected to a compugea \DAQ card. It comes
with a software suite that can be used to accesditferent instruments available on the
ELVIS from the computer. It also comes with API doges that make the ELVIS
completely open and customizable in the LabVIEWpieal programming environment.

Thus, the ELVIS instruments can be programmed taccessed remotely.
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Figure 1-5: The software interface that is providedwith the NI-ELVIS hardware to access its
instruments from a computer.

The ELVIS is ideal for university education becaaiéhe components a student
needs for basic electronics experiments are ormldtéorm. The ELVIS is portable and
more compact than traditional instruments, makindaal for the normally limited space

available for laboratory equipment. It is also affable for our African partners; each
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unit costs about USD 2000. Using the iLab architexto access the ELVIS remotely, it

can be used by many students, thereby significémthgring the cost per student.

1.4 Overview of the thesis

The focus of my research has been further feataxeldpment of the ELVIS
iLab platform for electrical engineering applicatilmm Sub-Saharan Africa. The ELVIS
hardware platform was originally integrated inte thab architecture by Samuel Gikandi
in 2006 in version 1.0 [10]. This is the currentsien that is deployed at the African
universities, although some of the institutions éhamade some modifications to the
original version. Many of the capabilities in the\BS platform were left unexplored in
the original version. This thesis aims to look atvhsome of these capabilities can be
used to increase the utility of the ELVIS platfoamd the range of experiments that can
be done on it.

This thesis describes the development of a ver8ionof the ELVIS iLab. It
includes a description of the additions that weadlento the version 1.0 of the ELVIS
iLab to include more functionality and flexibilityt also includes work completed during
visits to UDSM and MUK. This work was done paraltel development of ELVIS
version 2.0 by Bryant Harrison [11].

Chapter 2 will focus on the reasons for creatimgwa version of the ELVIS iLab.

It includes an overview of the iLab Shared Architee (ISA) into which the ELVIS
platform is integrated. It also describes the oagjiversion of the ELVIS iLab and the
limitations that encouraged further development there made in the ELVIS version

3.0.
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Chapter 3 goes into the details of the design fo¥IE iLab version 3.0. It
includes a technical description of all the compus®f the ELVIS iLab architecture and
the changes that were made to the various companéralso discusses design decisions
that were made throughout the process and reasdm@hipd them. In the end | will
describe some examples of circuits that can nowstldied that were not possible in the
previous version of the ELVIS iLab.

Chapter 4 discusses the limitations that still texishe ELVIS version 3.0. It also
makes recommendations for future development orEthdS platform. Furthermore, it

discusses work and progress made while on visgi8M and MUK.

23



24



CHAPTER 2

Motivation to develop ELVIS iLab Version 3.0

The ELVIS hardware platform is built on the iLabfta@re architecture also
known as the iLab Shared Architecture (ISA). Tlisaiweb service infrastructure that
was developed at MIT starting in 2002 that allowsote access to various types of
experimental equipment [12]. It is important to arstand this architecture because it
forms the backbone of the ELVIS platform. ELVIS sien 1.0 and 2.0 will then be

described.

2.1iLab Shared Architecture

The original iLabs developed between 1998 and 2@@Pa client communicating
directly with a server connected to the hardwark This server managed student
accounts and implemented student logins. Howevehasisage of iLabs increased at
MIT and as other institutions started using therayitig a single point of account
management became an administrative bottlenecks Wais especially true for the
Microelectronics WebLab experiment. It was alsdidift to share development efforts
among faculty members, who independently made theim remote labs using varied
approaches, and this sometimes led to duplicatelogment work [6]. There was a need
to create a more standardized infrastructure tratldvprovide an easy framework for
developing and sharing new experiments, hence #velopment of the iLab Shared

Architecture. The ISA has been continuously modifi® increase scalability and
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usability since the first version. In its currenate, the iLab architecture (Figure 2-1)
consists of a three main software parts: clientyviSe Broker and lab server. These
components form a unified framework to which vasiduardware lab devices can be

connected to so that they can be accessed remotely.

o 4
ELVIS
Campus
—— network Internet &———
_ Lab Server
Client Service Broker

Figure 2-1: The iLab Shared Architecture showing tke various components of the architecture and

where the ELVIS is plugged into the architecture [B].

2.1.1 Client

The client in the ISA is the graphical interfabattthe student uses to access the
experiment setup. The design of the interface hsu@pends on the hardware used to
implement the experiment. For example, an eledteogineering experiment in which
you are trying to run a circuit, the client wouldosv the schematic representation of the
circuit that is wired on the hardware. The cliean take different forms; it can either be
implemented as an application to run on the stislemtn workstations, or it can be run
online as of .NET Windows Forms or HyperText Markianguage (HTML) clients. A
student uses the client to specify the experimemarpeters they want to run. The
student’s specification is then passed throughSrwice Broker to the Lab Sever via an

XML file.
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2.1.2 Service Broker

The Service Broker mediates exchanges betweerLdbeClient and the Lab
Server passing information in XML format betweea tvo. It also provides storage and
administrative services that are generic and cashbheed by multiple labs within a single
university. The Service Broker manages accessftereint labs. One Service Broker can
be connected to many lab servers. Usually eacltutish will have its own Service
Broker housed locally. From this Service Brokerytisan connect to labs that can either
be on local lab servers or on lab servers at atis¢itutions anywhere else in the world.

This is also the interface that is used to marshiggent accounts. Each student is
given an account on the Service Broker and the midtrator gives the student rights to
access certain labs but restrict access to otherdapending on the class and course the
student is registered in. To start a session, @estulogs in to the Service Broker using
his/her account information. There, the student damose an experiment to run. This
launches the client for the chosen lab. The clommimunicates with the Service Broker
(Figure 2-2) using a “Service Broker to Client” weérvice. This web service is used to
transfer the user specification of the experimenbé run to the Service Broker. The
Service Broker then uses another set of web sert@dransfer this information to the

lab server where the experiment is run on the harelw
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MIT iLab Service Broker
Home | My Groups | My Account

My Groups

Select the group you would like to use for this session.

Available Groups and Labs

SuperlserGroup - Administrators

WeblLab Development - a test group for weblab developers

Microelectronics Weblab Classic Client - a classic-style interface to the MIT Microelectronics Weblab
Microelectronics Weblab Graphical Client - a graphical interface to the MIT Microelectronics Weblab
Microelectronics WeblLab Graphical (Development) - Microelectronics 6.0 Graphical

Dynamic Signal Analyzer Lab Client - A graphical interface to the MIT Dynamic Signal Analyzer WebLab
Dynamic Signal Analyzer Development Client - DSA Client connection to development Lab Server
weblab-dzych-test -

ELVIS Lab Client - ELVIS Board Lab Client

Microelectronics Simulator - perform characterization experiments on simulated microelectronics devices
ELVIS Client (Development) - ELVIS Board Lab Client

Weblab 7.0 test client - test installation for Weblab 7.0 client development

Microelectronics Device Characterization Lab Client v. 7.0 - A new client version for the Microelectronics Device Characterization Lab
ELVIS Client (Jim) -

AdnaanComp - home

Radioactivity LabClient Vwag - Radioactivity LabClient

Radioactivity LabClient Html - Radioactivity Measurements

Microelectronics Weblab Users - a group created for users of the Microelectronics WebLab who are not associated with a specific class

» Microelectronics Weblab Classic Client - a classic-style interface to the MIT Microelectronics Weblab

« Microelectronics Weblab Graphical Client - a graphical interface to the MIT Microelectronics Weblab

Figure 2-2: The Service Broker webpage. It shows #various labs that students in each group
(underlined) have access to.

There are two different sets of web services thefind the type of Service
Broker. The two types of Service Brokers are thiehmd and interactive architectures. In
batched Service Broker, users specify the paramdimr the experiment that are
submitted to the lab server without actually acecesshe hardware resource. The
submitted experiment specification is then queue@tuthe lab server and the submitted
experiments are run in a FIFO (First In First Qugnner. Once an experiment is run, the
results are transmitted to the user and the ngxtrérent is run. Given that each user
only needs a few seconds of the equipments tine,igha good model for large scale

classes.
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The interactive Service Broker gives users acoedabioratory equipment while
they are running the experiment. Users reserve bloeks in which they are allowed
exclusive access to the lab equipment. This way tb@n control the laboratory
equipment in real time and get real time outpuisTé similar to going to the actual lab
and waiting your turn to use the equipment. Heaftbpugh interactive labs can appear
more realistic, they possess some of the sameationits as traditional labs. If used for
time intensive experiments in large classes, thag tad to long queues. This
architecture also demands more bandwidth sinceclibat interface tends to be more
complex, and changes in experiment parametersffaetel in real time from the user to
the hardware just as experiment results are imrteddieeturned to the client.

The ELVIS uses the batched architecture becausealso a more appropriate
design for use in the developing world where theier of users per lab setup tends to
be higher. Internet connections tend to be slow am@liable, so bandwidth intensive
interactive experiments are not possible. The latkeliable electric power causes
scheduling of equipment time to be chaotic becatisgents are not sure if they will be
able to access the experiment in the time theywvede Finally, the ELVIS is most suited
for introductory electronics classes that can helese to 300 people registered at one

time. This makes the fast batched architecturdé#tier choice.

2.1.3 Lab Server

The lab server is the machine connected directithéoELVIS platform using a

Data Acquisition (DAQ) card. It has software thahsnunicates with the Service Broker
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to receive information the user entered in thentli# sends this experiment specification
to the ELVIS where the experiment is run. The ressate then returned to the user. -

The lab server also serves as an administrativefatte where you can create
experiments. The lab server has a database codnerté that serves as persistent
storage for all the experiments that can be rutherlab server. The database also stores
a log of experiment execution requests and managj@snistrator accounts. To facilitate
sharing of labs between institutions each lab sezaa be connected to multiple Service
Brokers so that the associated experiments caarbam many institutions.

The lab server must execute code specific to thdweae connected to it. In
general, each piece of experiment hardware corthéotéhe iLab architecture needs a
separate set of drivers to access the hardwarace;building an iLab that is based on a
new piece of lab equipment typically requires antapboth the client and the lab server

code.

2.1.4 Interconnection between ISA components in the Batched
Architecture

As mentioned earlier the ELVIS iLab uses the badchSA architecture. This
architecture requires lab specific messages todsseanl between the lab client and lab
server. This is done via the lab client/server camication framework (LC/SCF). The
LC/SCF encodes the lab-specific information thatisyed between the lab clients and
servers using the generic mechanisms [2]. XML sesuly the preferred technology for
encoding this information because it can be tratisthias plain text. The ELVIS iLab

uses three XML files: the LabConfiguration, ExperimentSpecification and
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ExperimentResult files. When the user logs on to the Service Braielaunch an
experiment aLabConfiguration file (See Appendix A) is passed from the lab serve
connected to the required hardware through thei@eRBroker to the client. It contains
information about the experiment such as the nditegath for the image representation
of the experiment, and a brief description. It &iss a list of the components that make
up the experiment and their information such asenamd pixel location. This XML file

is used in the client to display a schematic drgvafithe experiment that users can use to
configure the various inputs to the experiment.

When the user is done specifying the parametetsléfae the experiment in the
client, the experiment can be run. ErperimentSpecification document (See Appendix
B) is created with all the configured values andt $e the lab server through the Service
Broker. TheExperimentSpecification is parsedand executed on the lab server. Once the
experiment is finished running, the results arekpged in theExperimentResult
document (See Appendix C) and sent back to thatdiieough the Service Broker. The
client’s graphing tools then use this informatiordisplay these results to the user.

When designing a new iLab the developer must make that the client and the
lab server are able to produce and interpret the. Xlcuments according the LC/SCF

for that specific lab.

2.2 Background on Previous ELVIS Versions

2.2.1 ELVIS Version 1.0

The development of ELVIS version 1.0 was the thesisk of Samuel Gikandi
(MEng '06). It involved integrating the Nationalsimuments-ELVIS platform into the
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current iLab and allows for simple preconfigurettgits setup on the ELVIS to be run
remotely. The circuit to be tested is setup onELb¥/IS prototyping board. Wires then
connect the circuit to the ELVIS instrument to tds¢ circuit according to parameters
chosen by the student. An easy to use client waelaged in Java to manage this
process (Figure 2-3).

Most of the circuits that have been used so fabpramp circuits. The ELVIS lab
is currently deployed for use in courses includi@gcuits and Electronics (6.002).
Version 1.0, however, had a number of limitatiobhsllowed only one setup per board,
possessed only one input and output, and expodgdvem hardware instruments on the
ELVIS, the Function Generator (FGEN) and the Ossdbpe (SCOPE). As mentioned in
Chapter 1 the ELVIS has ten additional instrumenhte client developed by Gikandi is a
modified version of the client used in the Micra#tenics Device Characterization lab
(Figure 1-2). The client shows the schematic diagod the circuit set up on the ELVIS
board. The user can click on the FGEN and SCOREIment to configure them. For the
FGEN instrument the user can choose what type okfeam to input into the circuit.
The options available are a Square, Sine or Treamglves. The user can then specify the
amplitude, frequency and offset of the wavefornr. the SCOPE the user can choose the
sampling rate and sampling time in a way that miet the sampling requirements of the
output waveform. After specifying the instrumertie user can run the experiment. The
user specification is passed through the Serviokdrto the lab server. The experiment
is run on the ELVIS hardware using the specificadiprovided and the results are passed

back to the client where the output waveform ipkdiged on the client.
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Figure 2-3: The modified weblab client developed bgikandi to run experiments on the ELVIS. The
screenshot shows running an experiment on a diffenéiator circuit with a triangular wave input.

This version of the ELVIS achieved a great dealerms of getting the ELVIS
hardware incorporated into the iLab architectureowever there were significant
limitations with this initial version that promptede development of ELVIS version 2.0
and 3.0. For one, you can’t run any circuit thajuiees more than one input waveform.
Also the user is limited to only the three waveferavailable in the FGEN instrument.

Besides this the student is not given any flexipiin the design of the circuits.
The circuits are static as designed by the cresttre experiment and hard-wired on the
ELVIS bread-board. This definitely reduces the néay experience as students cannot
experiment with different configurations and citcualues. The student is also limited to

the view of the output waveform specified by theator. The student cannot probe the
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circuit to view the waveform at different nodesfeature possible with a traditional
oscilloscope. Also with the first ELVIS version grdne circuit can be used at a time. If a
different circuit is run, it would need to be ploaly rewired to connect the FGEN and
SCOPE instruments to the new circuit. With switchithe rewiring can be done

automatically.

2.2.2 ELVIS Version 2.0

The first modification to the initial ELVIS versiomas the thesis work of Bryant
Harrison. Bryant introduced computer controlled tshés into the setup to allow for
multiple setups per board. This will also allow d#nts to use switches to choose
different component values and provide more fldi&ibin circuit design. He has also
exposed the variable power supply feature to atlmwser to input a DC voltage.

Adding the ability to switch components in and adita circuit setup greatly
enhances the capabilities of the ELVIS iLab. Thare switching modules made by
National Instruments that are compatible with tladVIEW software that composes part
of our ELVIS lab server. Using a National Instrunee8CXI-1169 100-channel switch,
the module can be used to potentially have 10Cemifit components available in a
circuit. This gives the administrator the optioncogéating multiple setups on one ELVIS
prototyping board or having different types andueal of circuit components (such as

resistors or capacitors).
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Figure 2-4: Addition of a switch allows users to chose the component value that they would like to

place in the circuit [11].

2.3 Background and Overview of ELVIS Version 3.0

To enable a larger variety of experiments to beanrthe ELVIS, the next step is to

extend all the functionalities available on the BE&\Wo the end user. The ELVIS platform

offers quite a few capabilities that are still Baposed to the user. These include:

» Digital Multimeter (DMM)

» Arbitrary Waveform Generator (ARB)

* Dynamic Signal Analyzer (DSA)

* Bode Analyzer (BODE)

» Digital Reader
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» Digital Writer

* Impedance Analyzer

» Two-wire and Three-wire Current-Voltage Analyzer

To increase the variety of experiments that caddyee on ELVIS, | chose to add the
Arbitrary Waveform Generator (ARB) and Bode AnalyzBODE) instruments.
Although it would have been useful to add morerursents | limited myself to two
because of the limited time and also because thigeq required additional
commitments including travelling to UDSM and MUK ti@in the iLabs teams there and
also training them when they visited MIT.

The ARB adds two more input channels to the exdsBGEN channel provided in
version 1.0. The two ARB channels are identical aad be used independently or
together. This enables users to design circuits tisa up to three channels (2 ARB
channels and 1 FGEN channel).

The ARB also provides extra flexibility in choositige input waveform to be used.
The FGEN feature in ELVIS version 1.0 provided thation of a Sine, Square or
Triangular waveform for which you can specify thepditude, frequency, phase and
offset. The ARB feature allows users to choose fthm predefined options of either:
Sine, Square, Triangular or the additional optidradSawtooth waveform. Unlike the
FGEN, the ARB also allows users to choose a dutjecfpr the Square wave allowing
the user an option of generating a Square wavefoitmn a 1% to 100% duty cycle.
Additionally, the user can generate an input waweférom a MatLab syntax formula or
by inputting a file that uses values to define teveform. This gives the user wider

options on the type of input that they can applshtr circuits.
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The current ELVIS versions only allow for time daim analysis on circulits.
However one of the most important analyses thattdal engineers need to do is
frequency domain analysis of circuits to determiogv the circuit responds to various

input frequencies. That is why the addition of B@DE feature tremendously increases

the utility of the ELVIS.
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CHAPTER 3

Design of ELVIS Version 3.0

In this section | will describe the technical sture of various parts of the iLab
software architecture and changes made to themcaiedul compartmentalization of the
various ISA components allows a modular approacmaking changes to the current

iLab architecture. The various modules can be arelcand tested separately.

3.1 Lab Server

The lab server is the part of the ISA to which tiaedware is connected. The lab
server plays a major role in the creation and etxacwf experiments. The lab server has
driver software that interacts directly with the\HS hardware instruments such as the
Oscilloscope, Digital Multimeter (DMM), Function @Gerator, Variable Power Supply,
Bode Analyzer and Arbitrary Waveform Generator.r Bee rest of the chapter | will
refer to them as instruments.

The lab server also has backend code that is uwsadtdrpret the experiment
specifications received from the Service Brokerthte ELVIS drivers. It also has an
administrative interface and persistent storageskiting up and storing experiments.
Figure 3-1 shows the structure of the ELVIS lalveeand how it connects to the client,
Service Broker and the ELVIS hardware [2].

You can use the administrative interface of thedatver to create an experiment
setup. A setup is the experiment circuit togethéh whe terminals and instruments
present in the experiment. The Differentiator dirén Figure 2-3 is an example of an
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experiment setup. It has an input terminal thatRB&EN instrument connects to and an
output terminal that the SCOPE instrument conn&rt¥ou can create an experiment
setup by loading an image of the circuit, creatgmninals and specifying the hardware
instruments that connect to each terminal. You aan specify any constraints on the
instruments.

This experiment setup is stored in the form @hbConfiguration XML file in the
lab server database. When a student launchesiéms, ¢he Service Broker fetches that
lab configuration from the lab server database [@ass$es it to the client. The client uses
the configuration to show a schematic represemtaifdhe experiment circuit to student.
The student then configures the instruments aMailalthat specific circuit. For example
in the case of the Differentiator circuit, the staticould configure the FGEN instrument
with the type of waveform to input together witls amplitude, frequency and offset.
They can then submit the experiment to the labesdor execution.

At that point arExperimentSpecification XML file is created by the client with all
the values specified by the student and is setiiedab server. Before the experiment is
submitted for execution the validation engine clsettie configuration to make sure the
values used by the student meet the constraintfigpeby the educator. For example in
the Differentiator circuit case, it would check teeident's wave amplitude value to
ensure that it is less than a certain maximum gelt&his is to prevent the hardware
(Operational Amplifier) from being damaged. Theidalion engine then stores the
ExperimentSpecification file in the database.

The experiment engine retrieves the experimentifsgegioon from databasand

parses it to determine the parameters specifiedhbystudent. For the case of the
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Differentiator experiment in Figure 2-3, the para@uld extract the FGEN waveform as
Triangular wave with a frequency of 250Hz, ampldéuaf 1V and offset of OV. The

experiment engine then passes these parametes\allwey to the DLL wrapper class.
The wrapper class calls the LabView drivers of Bi&/1S hardware instruments that run
the experiment on the ELVIS with the given paramsetBigure 3-1 shows how all these

lab server modules fit together.

Client

A

A 4

Service Broke
A A

A 4
Validation Engine

I

Lab Serve

Administrative Databas

Interface

! 1

i Experiment Engine E Visual

X ¢ ' Basic

X 1 Execution
! DLL Wrapper ' code

. 2 X

L ___ R -

LabView

Figure 3-1: The lab server components consisting diie execution code, validation engine, database

and administrative pages. It interacts with the clént through the Service Broker.
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Once the experiment has been executed on the hardha results are passed
back through the DLL wrapper to the experiment eegiThe experiment engine
packages the result in tleperimentResult XML files and stores it in the database. The
Service Broker waits for a notification from thepeximent engine that the experiment is
finished. Once it gets the notification it fetchtbe experiment results from the database
and passes it to the client where the results agayed to the student. Figure 3-8
elaborates in more detail the execution cycle ofxgreriment.

Next | will describe in detail each component of tab server and the changes |

made to them for developing the functionalitieshi@ new ELVIS version.

3.1.1 Lab Server Labview

National Instruments provides the LabView softwéoe accessing drivers that
can be used to control the various hardware ingnisnon the ELVIS. LabView is a
graphical programming language that can be usedrtol lab equipment including the
ELVIS. LabView is similar to any programming larage except that you use drag and
drop graphical components and connect them usitiggbiwires to form a program. Like
any language LabView has built in primitive datgdy that are also represented
graphically. LabView also provides a rich librarf/\Grtual Instruments (VIs) that can be
used to form more complex programs. These VIs endas to function or procedure
calls in conventional programming languages. Fangxe, there are Vls for arithmetic
procedures like addition or multiplication; stripgocedures like reversing a string or

splitting a string; array procedures like reversamgarray or finding the size of an array.
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The ELVIS hardware comes with drivers that can beduto run the different
hardware instruments on the ELVIS platform inclglihe ARB and BODE instruments.
| also found that National Instruments provides Wiat give a higher level programming
interface. These special VIs, called Express Viakenprogramming the ELVIS simpler.
For example there is an Express VI for the FGENBAddd BODE instruments. These
Express VIs can be integrated with the LabView laage to form a set of modules that
can run all the required instruments on the ELV&&dware. This code can be compiled
into a shared library (DLL) that provides an intexé for calling the LabView code from
other programming languages such as C++ and VBasaic. Hence in this way the
LabView code can be called as if it were an indepah program by other running
programs.

The ELVIS iLab code is arranged in the following aoée structures that are

described on the next page.

OpAmplnverter.vi

FGEN.vi

v \ v

RunFGEN.vi arb.vi Bode.vi

Figure 3-2: The LabView VI hierarchy.
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OpAmplnverter.vi
This is the main entry point into the LabView codgis is the first class called
by the compiled DLL from the Visual Basic Executioode in the lab server shown in

Figure 3-1. This module just passes user paramiet¢ine underlying FGEN.vi.

FGEN.vi

This is the VI that calls the various other hardwamstruments. It calls the
function generator and DAQ card (RunFGEN.vi), admyg waveform generator (arb.vi)
and the bode analyzer (Bode.vi). Only one of thexi&EN.vi and Bode.vi are run
because the bode analyzer uses the function gendéoabutput sine waves of different

frequencies to measure the frequency response @irituit.

RunFGEN.vi
Runs the function generator to produce the wavef@guested by the user and

controls the DAQ card to sample the required analage channels.

arb.vi

Runs the arbitrary waveform generator. This geesrdte required waveform on
the DACO and DAC1 pins of the ELVIS. The waveforeande a predefined wave like a
Square, Triangular, Sine, or Sawtooth wave. Thaufeaalso allows other flexible ways
of defining a waveform either by a formula or byadeg a file that has the data values

for the waveform.
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Bode.vi

Runs the Bode Analyzer feature of the ELVIS. Thikes in the start and stop
frequencies from the user and runs the functioreggar hardware to sweep the sine
waves.

Both the Bode.vi and arb.vi files employ Expresss \that are provided in
LabView to run the different ELVIS functionalitieBor the arbitrary waveform generator
(arb.vi) we wanted to add additional input capéisi to the ELVIS architecture. The
ELVIS provides the DACO and DACL1 pins for genergtitwo independent arbitrary
waveforms. The capabilities supported for genegadirbitrary waveforms are:

1) Square wave

2) Sine wave

3) Sawtooth wave

4) Triangular wave

5) Generating a wave from a formula
6) Generating a wave from a data file

For generating the Square, Sine, Sawtooth and Julan waveforms LabView
provides VIs that, given the wave parameters, taleithe waveforms and sample them
according at the desired sampling rate. The paeménclude: frequency, amplitude,
phase and offset. An additional parameter for thease wave is the duty cycle. There are
also parameters for the sampling rate and numbesaofples to be taken from the
simulated wave. The variables representing thgag parameters need to be created and

connected to the appropriate waveform VI.
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Figure 3-3: Part of the ARB VI showing the sine wag simulator and the input parameters it takes.

To generate the waveform from a formula theress al VI that accepts a formula

in MatLab syntax and parses the formula to genéhatelesired waveform.
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Figure 3-4: The formula generator VI.
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To generate the waveform from a file, LabView pd®s the “Build Waveform”
VI that takes an array of y values and a time diffiee (dt) and generates a wave from
them (Figure 3-5). The array of y values is geteetdy parsing a comma delimited list
of waveform values that is received from the ubeough the DLL wrapper class. This
list is generated from a text file that the used®in the client. All the above options for
running the arbitrary waveform generator are ptd sncase statement that uses a string

as a selector to determine which option to use.

(d
i
W FILE" b :
! »
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e ‘Waveform
.ﬁ-29|> - ok (Generatar
T 7] R—— v DAC 0 Enabls
. file waveform DAC 1 Enable
|:[123 DaC 0 Signal In
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errar aut ¥
rin rror ouk
] =
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Figure 3-5: Generating a waveform from an array ofy values.

For the Bode Analyzer VI (Bode.vi), the Express Whly requires three

parameters: the start frequency, stop frequencyttendteps per decade.
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Figure 3-6: The bode analyzer VI developed using thExpress VI to run frequency analysis in a
certain defined frequency range.

| placed the ARB VI (arb.vi) in the FGEN.vi file twe run in a new thread. In this
way the FGEN.vi file calls both the RUNFGEN.vi file run the function generator and
the arb.vi file to run the arbitrary waveform geater. This way the function generator
and the arbitrary waveform generator can be rumléameously. For the Bode Analyzer
VI (Bode.vi) | placed the VI in a case statementtisat only one of RUNFGEN.vi or
Bode.vi is run as they both use the function gdnetaardware.

There are a limited number of parameters that @exXposed via the LabView
DLL. This means that the Visual Basic Executiodedn the lab server can only use a
limited number of parameters to call the LabViewlLDLFor this reason | added a parser
in LabView for each of the functionality. The parggarses a string to extract the
different parameter values. This way for each umagnt | only pass one string from the
lab server which is then parsed in LabView to getrequired parameters for running the

instrument VI.
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3.1.2 Experiment Engine

The experiment engine runs in the background dtra#ls while the lab server is

operational. At specified intervals, the experim&mgine checks the experiment

execution queue for new jobs (Figure 3-8). If anavailable, the experiment engine de-

gueues the job. The main class file in the expeartreagine is the Modulel.vb file. This

file has a Min() subroutine that does the following:

1)

2)

3)

De-queues submitted jobs from the SQL server. iBhi®ne at the following line:
strDBQuery = "SELECT dbo.gm_CheckQueue();"

Once the job is de-queued the method call

ParseExperimentSpec(strExpSpec) is made to parse the Experiment
Specification received from the client.

The ParseExperimentSpec method parses the expérapecification (an XML
file that contains the experiment parameters chdsemhe user). The method
stores the values for different instrument paramsetie a table called the
functinfoTable . For example the code below extracts the frequeradyev

specified for the function generator waveform atwles it in the table:

‘load frequency value
tempXPath = "/terminal/function/frequency"”
tempNode = xmITemp.SelectSingleNode(tempXPath)

functinfoTable(instrumentConstant, FUNCT_FREQUENCY) =

Figure 3-7: Experiment Specification Parser.

This method calls theunExperiment() method in thanverter  class defined
in the OpAmplnverter project with the parameters values stored in the
functinfoTable table. TheOpAmplnverter project calls the DLL to run the

experiment on the ELVIS hardware. The results aetarned to the experiment
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engine in an array of data for graphs that willdsplayed to the user. The data
points are then put into an XML file called the fieriment Results” and sent
back to the client for display to the user. Finallg experiment engine triggers a
notification (via theNotify() method) to the ServiceBroker saying the dataddye
[14].

I modified the experiment engine to handle the ipgrsf the parameters of the new
instrument. This involved changing the XML parsethe ParseExperimentSpec method
and extending the table that stores the parseeg¢sakor the ARB feature, the two ARB
channels are represented as distinct instrumenteagadhey can be run independently.
The new values are parsed from the Experiment Bgetoon XML file and passed onto
to theOpAmplnverter DLL wrapper.

The experiment engine also determines whether stperenent being run is a time
domain or frequency domain experiment. This is dossed on whether the FGEN or the
BODE instrument is used. This is because only drieese instruments can be used at a
time. This information is also used when sendinguits back to the client. If the
experiment is a time domain experiment the x-adkies are time intervals otherwise
they are frequency values of the sine waves usedgithe frequency sweep. The y-
values are also different because they are FGEAR®B waveforms in the time domain

case and magnitude and phase values in the fregdentain case.

3.1.3 DLL wrapper (OpAmplnverter)

This is a Visual Basic wrapper class that impanes tabView DLL and calls it

with the parameters passed from the experimennengigure 3-8). The main class file
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in this project is theOpAmplnverter.vb file that defines thenverter class. The
RunExperiment() method in theinverter class calls the compiled LabView DLL
with the specified parameters. The DLL runs thpegixnent on the ELVIS hardware.
Once the experiment is run, it returns from theerter class back to the
runExperiment() method in the experiment engine The DLL returnsirdgerleaved
array of the output data back from the LabView cold@s array is deinterleaved in the
RunExperiment() method of the Inverter class, which returns thisadaack to the
runExperiment() method of the experiment engine.

In the DLL wrapper | condensed all the parametersehch instrument into one
string. Each ARB channel has 8 parameters anB®@12E has 3 parameters that need to
be passed to the LabView DLL. However the LabViell [@an only take a maximum of
28 parameters. Passing the parameters separatelg have left only 5 more parameters
open for future use. By passing a string for eaxdtrument the number of parameters
required is only 3 instead of 19; saving 16 paransefior future use.

| also added an extra sampling channel in LabVieat treturns the output
waveform generated at the ARB channel. LabViewrretan interleaved array of all the
sampled waveforms. Hence the code in the DLL wrapm@es to be changed to de-

interleave the extra waveform.

3.1.4 Validation engine

This module is called before the job is queuedeiecution. It checks whether
the inputs specified by the user meets the spatibic set by the designer of the

experiment when setting up the assignment. It wotke same way as the
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ParseExperimentSpec() method in the experiment engine to extract the exaant
parameters and checks these values against valresl sn the database. Hence the
changes made to the validation engine are sinaléné changes made to the parser in the
experiment engine. | also added constraint cheak$he ARB and BODE instruments.
Some examples of the ARB constraints include mawimwuoltage or maximum
frequency. For the BODE | checked to make surettiestart and stop frequencies were

between 1 Hz and 35 KHz, which are the extremesvelll by the ELVIS hardware.
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CLIENT 1)The client sends the “execute”
A SOAP request to the
@ @ ServiceBroker with the
v “Experiment Specification”
XML file.
SERVICE BROKER 2)A Web service call is made to
4 the appropriate Lab Server and
LAB SERVER @ @ the experiment specification is
stored in the Lab Server
__________________________________________ Database after validation.
LabServer S 3)The experiment engine in its
Database >

i Main() method de-queues the
i experiment in a FIFO manner

and fetches the stored
experiment specification.
4)The experiment specification ig
| passed on to the
i ParseExperimentSpec() methdd
! in the execution engine where
! the XML file is parsed and
' parameters stored in a table.
| 5)The runExperiment() method is
| called. It extracts the
i parameters from the table

©

experiment _engine
(Modulel.vb)

stored during parsing.

6)The RunExperiment() method
in the Inverter class is called
using the parameters extracteq
this in turn calls the
runExperiment() method in the

""" N e R il PInvoke class with the same
@- i | _@ parameters.

! ! 7)The PlInvoke class imports the
! RunExperiment(in class Inverte ! compiled LabView DLL and

: A ! runs the DLL with the

i v ! parameters when called. The

runExperiment

1
1
1
|
i ParseExerimenSpec(
1
1
1
1

OpAmplnverter
DLL Wrapper

(OpAmplnverter.vb)

runExperiment(in class Plnvok entry point into the LabView
code is the OpAmplnverter VI.

This runs the experiment on th

@ ELVIS platform.
8)The LabView DLL finishes

------------------------------------------- ' execution and returns and arrg
of output data to the Inverter
class.

9)The Inverter class de-
interleaves the output array an
returns a 2D array of results to
the experiment engine.

10) The experiment engine formg
the “Exp Results” XML file
and stores it in the database apd
sends a notification to the
Service Broker.

11) & 12) The Service Broker

——————————————————————————————————————————— ' fetches the Exp Result file fronf

DB and forwards it to the

client.

ww

<<

LabView DLL
OpAmplnverter.vi

=

FGEN.vi

v ‘ v

RunFGEN.vi arb.vi Bode.vi

Figure 3-8: The execution cycle showing details ttie lab server.
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3.1.5 Lab Server Administrative Interface and Database

The lab server administration interface is an AS#bsite where you can create
new experiment setups. It interacts directly with tab server SQL database. To reflect
the new ARB and BODE functionalities the businesgid of the ASP website was
changed to reflect the new instruments and themsitaints. The database was also

changed to store the new instruments and constraint

If you can't come to the lab
...the lab will come to you !

ﬂ)

Instrument: ARB0 |~ |

- = FGEN

I Horizontal Location (pixels): 11 Vertical L"“’—SCOPE is): 27
[erres Maximum Voltage Amplitude (+/- V) Maximum V +H-V)
: : ] ; ARBA1
b Broker Management 10 2 BODE

'-p Site User Accounts

Name: ]arb1

Maximum Current (+/- A}
Maximum Frequency (Hz) 5000 3
iccess Control

b Usage Classes
P Bystem Resources

Maximum Sampling Rate (For input
terminals) 10000

Maximum Sampling Time (For input
terminals, in secs) 10000
Zxperiment Setup
lanagement

b Active Setups

P Experiment Selups

Maximum Number of Samples (For input terminals) 10000
Date Created: Mar 1, 2008 16:05 Date Modified: Apr 7, 2008 18:46

Update Terminal | Delete Terminal

System Records

¥ Terminal 2 :
b Web Method Activity
b Queue Status Name: ]arhE Instrument: ARB1 =

“} Execution Records

Horizontal Location {pixels): 25 Vertical Location (pixels): 73

“b Site Lagins
Maximum Valtage Amplitude (+/- V) Maximum Voltage Offset (+/- V)
?yslem Status 10 2
b Configuration Settings
b Notices Maximum Current (+/- A)

Jocumentation

b Troubleshooting
P User Manual

seneral
P Logout

©2002 MIT

Maximum Frequency (Hz) 100000

Maximum Sampling Rate (For input
terminals) 100000

3

Maximum Sampling Time (For input
terminals, in secs) 10000

Maximum Number of Samples (For input terminals) 10000

Date Created: Mar 1, 2008 16:06

Date Modified: War 1, 2008 18:08

Update Terminal | Delete Terminal

Figure 3--9: The lab server administration interfae where the creator of an experiment can choose
what terminals and instruments to use in the expement and specify constraints for those

instruments.

When the instructor creates a new experiment tlagyadd the ARBO or ARB1

instruments (ARB for the DACO and DAC1 channel exgjvely) or the BODE
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instrument. For the ARB they can specify constragatameters like maximum voltage,
maximum frequency or maximum offset to prevent dgen@ the circuit components.
When the instrument is added to the experimentathiSetupTerminal  stored
procedure is called that adds the new terminahésétupTerminalConfig table in the
lab server database. The stored procedure is ctidogeass the constraints of the ARB
and BODE instruments and the table was changeddinde columns for the new
constraints. The entries in th&etupTerminalConfig are used to create the Lab

Configuration document in the lab server when tlentis started.

3.2 Client

The client is where the user can specify the paemmehat will be used in the
experiment. It is a Java Applet that is launchexinf the Service Broker. It uses Simple
Object Access Protocol (SOAP) requests to intevatlt the Service Broker to send and
receive information. To understand the changeslwedoin the client it is important to look

at the steps involved in the running the client.

3.2.1 The main flow of information in the client

(italics represent Java class names)

When opened, the client is initiated through theaphicalApplet class and a
BServer class is instantiated in the applet class. T¥Server class represents the
Service Broker the applet was downloaded from. Th#() method in the

GraphicalApplet class then creates a newebLabClient. When this happens the
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loadLabConfiguration() method M/ebLabClient is called. This method fetches the Lab
Configuration XML File (see Section 2.1.4) from tlad server through the specified
Service Broker via the getLabConfiguration() SOA# o the SBServer class [15].

The Lab Configuration is then parsed by the parseXabConfiguration()
method in theLabConfiguration class. From parsing the Lab Configuration a dist
Terminals are created. A Terminal has an instrumentType (for example
Instrument.FGEN_TYPE orlInstrument. SCOPE_TYPE) and an instrumentNumber, a
label, an xPixelLocation and yPixelLocation to itiBnwhere the terminal is located in
the setup image.

From the list of Terminals &etup is created which represents the current
experiment. Setup has a setupID, a name, a deearigin imageURL, and an ordered
list of Terminals that are present in the experimen

Once the Lab Configuration has been parsed, Sep is stored in the
ExperimentSpecification theSetup field and thelnstruments (FGEN, ARB, SCOPE,
BODE) are created from thBerminal information and stored in thestruments  vector
in the same class. Then tMainFrame draws the main client elements including the
buttons and the menu bars. TMainFrame then calls theSchematicPanel and the
ResultsPanel which draws the axes for plotting later.

The SchematicPanel uses setup stored in  theheSetup in the
ExperimentSpecification to draw the image of the experiment and the coording
InstrumentLabel for the instruments in the setups.

The experiment is ready to be run. When the usekscbn any of the instrument

labels the instrument dialog box appears. Eachumsnt has its own dialog box that
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users can use to specify parameters of the insimsmEor example frequency, amplitude
etc for theFGEN instrument.

EachInstrument has aSourceFunction associated with it. ThiSourceFunction
(WAVEFORMFunction in the case oFGEN ) is changed when the user specifies values

in the dialog boxKGENDialog for the case dFGEN).

£ Untitled - MIT NI-ELVIS Weblab.

Configuration  Meastrement  Setups Resuls Help

Opamp Diferentiator ol

E Buttons in
a MainFrame

T

FGENLabel ——SchematicPanel

(InstrumentLabel for FGEN) > 5

V1 st Y2 fis:

e ‘- 4——ResultPanel

Java Applet Window

Figure 3-10: Different parts of the Java Client

When the user clicks on the ‘Run’ button, the Expent Specification XML
document is created by the ExperimentSpecificatlass. This Experiment Specification
is sent to the lab server via the execute SOAPicdlie SBServer class. The job is now
submitted to the lab server and the events in Ei§d8 take place. When the experiment
finishes executing the lab server sends a notifinato the client. The RetrieveResult
SOAP request is then used to get the ExperimenalREML file from the lab server.

The parseXMLExperimentResult method ExperimentResult is used to parse the
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Experiment Result XML file. The data is displayesing theAxis, ConnectPattern,

Graph andGrid classes in the graphing package.

3.2.2 Changes made to the client

The first step in adding the new functionalitiezsicreating an instrument class
for each feature. For the Arbitrary Waveform get@mréARB) and Bode Analyser

(BODE) feature a new class was created that extiredmstrument class.

Instrument

Attributes
public int FGEN TYPE =1

public int SCOPE TYPE =2
public int ARBO TYFE=3
public int ARB1 TYFE =4
public int BODE TYPE=5

ARB ‘
FGEN SCOPE BODE
—— Attributes

o t,qﬂubz.es private int number Attributes Aftributes

rvate Int number x i : i g
- vate String v private String viamea BriveLe It pueaties IS Il Tumber

rivate String vilame i i i i
p ! g niiiaierbos sarn ¥lowdioad p|fvate String wName private String vName'
private hoolean vDownload Ell i il private boolean vDownload private boolean vDownload

Figure 3-11: Each feature on the ELVIS is an Instrunent. All features inherit from the Instruments

Then | made the source function class for the mestraments by extending the
SourceFunction class. The source function (Figure 3-12) for thstrument stores the
information parameters for your instrument. In nage the ARBFunction is the function
for the ARB instrument and stores information like waveform type selected by the

user and the parameters like frequency, amplitysltgse etc associated with the
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waveform. If the user wants to plot a formula gBabtores the wave function. Finally, to
use a file for generating a wave, there is a parsgrparses the file loaded and extracts
the dt value and the associated y values thattaredsin thewavefilevalue  field. The

BODEFunction similarly has the fields to store #iart, stop frequencies and the steps

per decade to be used for the bode analysis.

SourceFunction

Attributes

public int CONS_TYPE =1
public int 'YAR1_TYPE =2
public int VARZ _TYPE=3
public int WARTP_TYPE = 4
public int VWAVEFORM _TYPE = 5
public int SAMPLING _TYPE = &
public int ARB_TYPE =7

| public int BODE_TYPE = 8
A

q 3

ARBFunction

Attributes
public String WAVE_FILE

public String waveformType

public BigDecimal freguency
public BigDecimal amplituce
public BigDecimal offset
public BigDecimal phase
public BigDecimal dutycycle
public String formula

Public double ct

public String wavefievalus

package String yvalues(d.*] = new LinkedList<String=()
package String xvalues[0. *] = new LinkedList=String=()

SAMPLINGFunction

Attributes
private BigDecimal rate

private BigDecimal time

WAVEFORMFunction

Attributes
public int SINE_VWAVE =1
public int SQUARE WAWE = 2

public int TRIANGULAR_VWAWE = 3
private BigDecimal frequency

private BigDecimal amplituce

BODEFunction

Attributes
public BigDecimal Start
public BigDecimal Stop
public BigDecimal Step

Figure 3-12: Associated with each instrument is aufhiction. Functions for each instrument are sub

classes of the SourceFunction class.

Next | designed the user interface dialog boxes whih allow the user to input
the desired parameters for the ARB and BODE ingninor the BODE instrument the
user needs to specify the start and stop frequehtlye sweep and the increment steps

per decade for the sweep.
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BODE Configuration E|

FREQUEMNCY DOMAIN AMNALYSIS

Skart Frequency |EI.EIEIIII |H2 v|

Skop Frequency |EI.EIEIIII |Hz v|

Step |I:I.I:II:II:I |per decade v|
[ (4 ] [ Apply ] [ Zancel ]

Figure 3-13: The dialog box to specifyarameters for the bode analysis.

For the ARB instrument, the user can either sdteat predefined waveforms,

choose to enter a formula or load a wave data file.

ARBITRAEY WAVEFORM GEMERATOR

WaveForm Type: Please specify wave parameters

Wave Parameters: | oK

mta File: | apply

amplitudei:

Offsek(i;

Frequency(Hz):

Phase(deq): I:I | |
Dby Cyecled™s): I:I Cancel

N

Figure 3-14: In the ARB dialog box users can chooghe type of waveform they would like to use and
specify parameters for them. They can also enterfarmula or load a file to specify the wave form.

When the user chooses from predefined waveformsy ttan specify the
parameters that they would like to use for that efanm. Otherwise they can enter a
formula or load a comma delimited file to specife twaveform. The formula accepted

by the client has to be in MatLab syntax. This folanis passed from the lab server to the
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LabView DLL, where it is parsed to form the wavewdve file can be created using MS
Excel and saving the file &SV file.

To handle the drawing of the new experiment insemis, theLabConfiguration
class needs to be changed to handle the parsitite afew instruments. Hand in hand with
this, new labels with appropriate images for eatrument need to be madeo pass the
user parameters for the ARB and BODE instrumentthéolab server the Experiment
Specification XML needs to be changed. Additioaajst are added to the XML document

for the new instruments and the same XML tags aegl tio parse the specification in the

lab server.
Instrument Instrumenti_abel
{ From client } =
Attributes
Attributes protected Frame theMainFrame

public int FGEN_TYPE =1 o protected JLabel imageLabel
Bibleint SEORE T FHE = 2 mylnstrument package int HEIGHT = 100
public int ARBO_TYPE =3 package int VWMDTH = 50
public int ARE1_TYPE =4 package int MUM_SIGFIGS = 4
public int BODE_TYPE=5

T

ARB
{ From client }

Attributes
private int number

private String vMames
private boolean vDownload

public int channel

myAREB
myAREB
ARBDialog
e ARBLabel
£ 5 .
private JButton jButtonApply myARBDialag o Attribites

private JEutton jButtonBrowse
private JButton jButtonCancel
private JEutton jButtonl oad

Figure 3-15 The UML diagram shows how the ARB instument is related to the ARBDialog class
that draws the dialog box and the ARBLabel class.
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3.3 Testing using new circuits

To test the two new ARB channels, | decided todbaih adder circuit. This was
not possible in the ELVIS version 1.0 because iy tilad one input channel. | used a sine
wave and square wave of the same frequencies maddhbe input channels. | also tested
the ARB feature with a wave file that forms a wakat is unique. To test the BODE

feature | built three Sallen-Key filters to tes¢t BODE feature.

r i
Untitled - MIT NI-ELVIS Weblab . E I Pageﬁyout For\as
Configuration  Measurement Setups. Resulks  Help o *ut — :
i Calibri 11~ A5
53 Copy
atestwtl [3] Paste 7 Format Painter || B I U-||#H-|&-A-=
&4 Clipboard ] Fant ]
£ | P9 - £
m A B c D E
1 | Time(ms) Voltage (V)
2 o 0
3 0.1 0.2
4 0.2 0.4
5 0.3 0.6
6 0.4 0.3
7 0.5 1
8 0.6 1.2
9 0.7 1.4
10 0.8 1.6
11 0.9 1.8
Temperature: unknown 12 1 2
satay 13 1.1 2.2
14 1.2 2.4
15 1.3 2.6
L Axis: 16 14 2.8
ARED v l Tl ij 1l ;E n'c;x‘s; ‘ = SIE 5
e R 18 1.6 3.2
o : o n
autoscale i i i B ,,— I 2 | 2l T 3.6
B! autoscals 21 1.9 3.8
"“ 2 2 4
505.5 i ! I| 23 21 4.2
| division i ,l |||||| 24 2.2 4.4
it s »
I 2 24 48
=oedmy “m H| i 27 25 5
0.000s 20.00 ms | division 200.0 ms 28 2.6 0
ETWH”Q 7l 1 23 2.7 0.2
% Ais: [TIME | Scale: | Linear v | autoscale
Lt Eolire | = & ]
31 2.9 0.6
32 3 0.8

Figure 3-16: This shows the waveform generated bpdding a .csv file that was created in MS Excel.
It generates a unique waveform that won'’t be foundn any pre-defined library and for which a
formula doesn'’t exist.
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Figure 3-17: Using the ARB feature to run an expeément on an adder circuit. A and B shows the
two input waveforms and C shows the output of thedder circuit. Such a circuit with two inputs
wasn't possible in ELVIS version 1.0.
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CHAPTER 4

Conclusions and Recommendations for Future Work

The work described in this thesis has improvedcilreent ELVIS iLab version.
However there are still other improvements that osaeke the ELVIS iLab a more

versatile electrical engineering remote laborafuagform.

4.1 Conclusion

The improvements made to the ELVIS platform greatigrease the types of
experiments that can be done on this platform. arbérary waveform generator enables
the user to design circuit with up to three inpuirenels. It also allows the designer of the
experiment and the student to use a variety of feawes and even to make their own
waveforms using either a formula or a file with thave values.

The bode analyzer feature will allow students tdrdguency domain analysis of
circuits. The ability to combine time domain anddguency domain analysis of the same

circuit will allow students to getter better insigin what the circuit is doing.

4.2 Recommendation of future work

One of the main problems that | faced with theiteaby waveform generator
feature was the triggering of the oscilloscope dptare an arbitrary waveform. This is
because the triggering was hard coded and was useradefined option. The setting that

we had encoded in the first version of the ELVI§uieed triggering on the rising edge
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when the 0 V level was passed. However, this gpttioesn’t always work for the
arbitrary waveform generator because the usermaut ia waveform that never crosses
the 0 V threshold level. Such a waveform can beagéness than zero or always greater
than zero. Even if it does cross the zero, it mayniuch later than the start of the
waveform meaning that the oscilloscope will not toa@ anything before the zero
crossing.

This problem has recently been fixed by Jim Hamligho used the higher level
Express VI to offer the user a choice of triggermgdes. Hence they can choose the
appropriate triggering type based on the wavefdmay tare studying. Combining this
with my version will greatly improve the arbitramaveform generator feature.

Bryant Harrison was working on his thesis to depdid VIS version 2.0 which
added the capability of switching at the same timavas doing my research.
Consolidating his version with mine will be a logliext step in ELVIS development.
Doing this will enable students to be more crealiyeenabling experiments that require
circuit design skills. For example one possibilgyhaving students design a feedback
controller for a system. Using ELVIS version 2.@&h0, students can choose different
components for their controller and check the feaguy response of the system with their
newly designed controller.

There still remain quite a few features on the EiVhat need to be adapted for
the iLab platform. Some of the features that shd@dxposed in future versions include
the digital and device characterization featurdsENVIS also just recently introduced a
second version of the ELVIS platform (ELVIS 1l). @keurrent ELVIS platform (ELVIS

I) has high noise issues when using low voltagetherorder of 50mV. When generating
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a sine waveform of such amplitude in the functi@meyator, there usually is an offset
that causes the wave not to pass the zero crodsimguuld be interesting to test the
performance of the new hardware. The function geoe of the new ELVIS platform
can generate waveforms of higher frequencies tharnctirrent platform. The ELVIS |
that can generate a maximum frequency of 250KHZenthie ELVIS Il can generate
frequencies of up to 5MHz. The bode analyzer inne&y ELVIS also has a bigger

frequency range of measurement [16].

4.3 Progress at UDSM and MUK

A major component of the thesis work was collabogawith iLab teams at the
University of Dar-es-Salaam and Makerere UniversitfKampala. We visited UDSM
and MUK in January 2008 to help develop the iLadirte at those institutions and to
integrate ELVIS experiments in the curriculum. ADSM one of our main aims was to
spread iLabs to other institutions in the counife held a seminar attended by more
than 50 participants from 6 institutions within t@untry. The seminar raised awareness
about iLabs and the attendees showed great interéisé technology. During a second
visit in June 2008, we visited two of the instituts that showed the most potential and
encouraged them to start getting involved by udiadp experiment in their curriculum.
The UDSM iLabs team is currently working on impnmoyithe lab server and adding the
bode analyzer feature to it. The team also bougima?e ELVIS platforms, and 5

students will start developing new experimentstos ¢quipment.
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Figure 4-1: Picture taken at the iLabs workshop alUDSM on 22nd January 2008.

At MUK we started training the new student team halpping them get started on
their final year project. They learned LabView aadVIS programming very quickly.
When they were able to visit MIT in April, they cpiated most of the work for their
final projects and started exploring adding thatdigeatures of the ELVIS. During the
summer an iLabs conference and workshop was helMdK for all the partner
universities.

More work remains to be done in training the tedimre so that they can
contribute to the ELVIS iLab platform by developiadditional functionalities. We hope
this joint development will then be shared and witicourage collaboration among the

partner universities.
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APPENDIX A

LabConfiguration.xml

<?xml version="1.0" encoding="utf-8' standalone="no
?><IDOCTYPE labConfiguration SYSTEM
'http://web.mit.edu/weblab/xml/labConfiguration.dtd
figuration lab="MIT ELVIS Weblab' specversion="0.1'
id="7"><name> Adder </name><description>0Op amp Adder
</description><imageURL>http://localhost/LabServer/
tups/7adder.GIF</imageURL><terminal instrumentType=
instrumentNumber="1"><label>arbl</label><pixelLocat
</x><y>27</y></pixelLocation></terminal><terminal
instrumentType="' ARB1'
instrumentNumber="2"><label>arb2</label><pixelLocat
</x><y>73</y></pixelLocation></terminal><terminal
instrumentType="SCOPE'
instrumentNumber='3"><label>scope</label><pixelLoca
45</x><y>86</y></pixelLocation></terminal></setup><
id="13'><name> band pass filter </name><description>b
</description><imageURL>http://localhost/LabServer/
tups/19bo5.GIF</imageURL><terminal instrumentType="'
instrumentNumber="1"><label>bode</label><pixelLocat

</x><y>83</y></pixelLocation></terminal></setup></I|

ration>
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APPENDIX B

ExperimentSpecification.xml

A.BODE

<?xml version="1.0" encoding="utf-8" standalone="no
<IDOCTYPE experimentSpecification SYSTEM
"http://localhost/LabServer/xml/experimentSpecifica
><experimentSpecification lab="MIT NI-ELVIS Weblab"
specversion="0.1"><setuplD>13</setuplD><terminal
instrumentType="BODE" instrumentNumber="1"><vname
download="true">BODE</vname><function

type="BODE">< st art frequency>10.00</startfrequency><
ency>1000</stopfrequency><step>5.000</step></function><

inal></experimentSpecification>

B. ARB

<?xml version="1.0" encoding="utf-8" standalone="no
<IDOCTYPE experimentSpecification SYSTEM
"http://localhost/LabServer/xml/experimentSpecifica
><experimentSpecification lab="MIT NI-ELVIS Weblab"
specversion="0.1"><setuplD>7</setuplD><terminal
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instrumentType="  ARBO" instrumentNumber="1"><vname
download="true">ARB0</vname><function
type="ARB"><waveformType>Square</waveformType><freq
.0</frequency><amplitude>1.0</amplitude><phase>0.0<
ffset>0.0</offset><dutycycle>50.0</dutycycle><formu
ula><channel>BOTH</channel><dt>0.0</dt><filevalues>
evalues></function></terminal><terminal

instrumentType="  ARB1" instrumentNumber="2"><vname
download="true">ARB1</vname><function
type="ARB"><waveformType>Sine</waveformType><freque
</frequency><amplitude>1.0</amplitude><phase>0.0</p
set>0.0</offset><dutycycle>0</dutycycle><formula></
channel>BOTH</channel><dt>0.0</dt><filevalues>null<
es></function></terminal><terminal instrumentType="
instrumentNumber="3"><vname
download="true">Vout</vname><function
type="SAMPLING"><samplingRate>20000</samplingRate><

ime>0.01000</samplingTime></function></terminal></e

Specification>
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uency>250
/phase><o0
la></form

null</fil

ncy>400.0
hase><off
formula><
ffilevalu

SCOPE"

samplingT

xperiment



APPENDIX C

ExperimentResult.xml

A.BODE

<?xml version='1.0" encoding="utf-8' standalone="no
?><IDOCTYPE experimentResult SYSTEM 'http://ilab-
labview.mit.edu/labserver/xml/experimentResult.dtd' ><experim
entResult lab="MIT NI-ELVIS Weblab'

specversion='0.1"><datavector name="' Fr equency' units="Hz'>10
15.8489319246111 25.1188643150958 39.8107170553497
63.0957344480193 100 158.489319246111 251.188643150 958
398.107170553497 630.957344480193 1000

</datavector><datavector name="' Magni t ude' units='dB">-
8.43744638272253 -4.72643766642672 -1.1310082284642 2
1.87497449923435 4.56120907760289 5.51952781285724
5.92812725499974 6.10969595899165 5.50990339189745
4.14724738839594 3.72754745030727 </datavector><dat avector
name=' Phase' units='Deg'>73.2895958778259 69.4963263262885
63.6334972817331 51.0847210224226 31.1982910592505

16.9370339215086 5.60293878972823 -7.26607176216796 -
21.7011374320994 -38.7595993504763 -59.473724820684 6

</datavector></experimentResult>
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B. ARB

<?xml version='1.0" encoding="utf-8' standalone="no
?><IDOCTYPE experimentResult SYSTEM 'http://ilab-
labview.mit.edu/labserver/xml/experimentResult.dtd’
entResult lab="MIT NI-ELVIS Weblab'
specversion='0.1'><datavector name="TIME' units='s'

0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004
0.0005 0.00055 0.0006 0.00065 0.0007 0.00075 0.0008
0.0009 0.00095 0.001 0.00105 0.0011 0.00115 0.0012
</datavector><datavector name="VIN'
units='vV'>0.635299299652402 0.999653454555948
1.00029775904035 0.999653454555948 1.00094206352501
0.999975606798119 1.00094206352501 0.99933130231384
1.00158636800992 0.999009150071798 0.99997560679811
2.99278710075719 -0.486756969986187 </datavector><d
name=" ARBO' units="V">0.951330618926855 0.951330618926855
0.998364845587902 0.998364845587902 0.9832236902885
0.58855712679146 -0.587912821960877 -0.771217569058
0.77089541656047 -0.905233022125623 -0.905555174691
0.98222749049865 -0.981905337889957 -0.998657273785
0.000306998656911655 0.249360970543194 0.2487166661
0.482277007927486 0.481632703543914 0.6849107380660
0.684588585866899 0.844698232689047 0.8446982326890
0.951008466693817 </datavector></experimentResult>
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