The Design and Evaluation of
Laboratories in Engineering Education:
The Purpose-First Approach

Joshua Burridge

B. Tech (Computing Studies), MIT (Software Engineering)

THE UNIVERSITY OF

SYDNEY

Supervisor: Professor David Lowe
Auxiliary Supervisor: Professor Judy Kay
Auxiliary Supervisor: Professor Keith Willey

A thesis submitted in fulfilment of
the requirements for the degree of
Doctor of Philosophy

This research reported in this thesis was supported
by the award of a Research Training Program
scholarship to the PhD Candidate.

School of Computer Science
Faculty of Engineering
The University of Sydney
Australia

2024



Abstract

ABSTRACT

Laboratories are a key component in the practice of engineering education, typifying much of the
identity of the discipline. Throughout the information age new technologies have disrupted these
teaching and learning activities with innovations around access, observation, and pedagogy —
however these innovations have seen only sporadic take-up and continue to be understudied in the
literature. This thesis considers the techniques used in the design and evaluation of laboratories in
engineering education as a potential inhibiting factor in this adoption. It investigates how these
practices might be developed into more effective ways to answer the questions being asked of these
teaching and learning activities, with overarching research question being:

“How may laboratories in engineering education be effectively designed to meet the
purposes their stakeholders require, and evaluated against these purposes?”

Prior research work to this thesis by the author indicated an issue with the standard practice of
evaluating laboratories in engineering education. This issue can be described as the application of
traditional research methods from the practice of engineering to the research of engineering
education, particularly quantitative experimental designs which attempt to control the complexity in
these contexts. The impacts of this misalignment were observed to be research outputs which were
lacking in internal and external validity, limiting their ability to act as impetus for the adoption of
innovations, and inputs to a collective understanding of the nature of laboratories.

This thesis followed an Educational Design Research (EDR) methodology to investigate this issue, to
iteratively design and evaluate a set of artifacts intended to improve outcomes in the design and
evaluation of these laboratories. EDR is an iterative methodology which seeks to generate both an
artifact which is the object of the study, as well as design process learnings obtained through the
iterations refining its design. The iterations this thesis followed incorporated literature review,
synthesis, expert review, and empirical studies.

The literature review and synthesis were in large part driven by siloing observed in research
practices in this discipline, with solutions to similar issues developed in other disciplines such as
science, mathematics and nursing education not seeing significant breakthrough into engineering
education research practice. Also incorporating pedagogic theory and cognitive psychology, and with
a focus on research methodologies, the synthesis derived an initial set of artifacts to be applied to
the design and evaluation of laboratories in engineering education.

These artifacts comprised an Approach incorporating an ontology, epistemology, and process, and a
Framework providing structural and communicative support for applying the process. These artifacts
were then iterated on with input and validation from engineering education researchers and
practitioners in their own teaching contexts. The artifacts developed by this thesis following the EDR
methodology are the Purpose-First Approach, and the PIPOV Framework.

The Purpose-First Approach is an embodiment of an ontological, epistemological, methodological,
and process perspective on the design and evaluation of laboratories in engineering education. It is
characterised by the statement:

Designing, refining, evaluating, and reporting on laboratories in engineering education must
all explicitly derive from the purpose(s) to which that laboratory will be applied.
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It embeds the EDR methodology as a better-aligned methodology more likely to achieve improved
outcomes in laboratory evaluation than current practice, as evidenced by examples from other
disciplines in the literature and the empirical work of this thesis.

The PIPOV Framework is a supporting tool to aid in the effective application of the Purpose-First
Approach by practitioners without an extensive background in the theories embedded in the
Approach, in order to allow adoption quickly and easily. The Framework draws from prior laboratory
characterisation studies in the literature and embeds contributions from constructivism/social
constructivism and Constructive Alignment, and EDR, as well as extensive iterative refinement and
empirical investigation throughout the work in this thesis.

The empirical work to iteratively refine and validate these artifacts were an expert review, a
longitudinal collaborative study, and a pair of validation studies. The expert review involved one-on-
one interviews with N = 9 engineering education practitioners who had previously published
research on laboratories in engineering education, in which the artifacts were described and stepped
through to generate discussion and feedback to improve their design. The longitudinal collaborative
study involved the author being embedded with a team in another institution designing,
implementing, and validating a new laboratory using an iterative process over approximately three
years. Finally, the validation studies involved 2 sessions with teams designing the evaluation process
for their laboratories, one new laboratory and one modified laboratory, using the generated
artifacts.

The empirical work in this thesis supported by the literature synthesis indicates that these artifacts

are effective in supporting the design and evaluation of laboratories in engineering education. Their
design processes are intuitively familiar to engineering educators via their design practice, and their
evaluation practice mandates and recommendations have been positively adopted by practitioners
and observed to be effective in their own contexts.

This thesis provides a series of contributions to knowledge as outputs from the above development
and empirical research. The literature review and synthesis conducted provides a multi-disciplinary
body of knowledge in support of improving the maturity level of engineering education research on
the back of work already completed in literature not typically cited in our discipline. An initial
investigation of the scope of ‘what is a laboratory’ involving interviews with experts in laboratory
research. The Purpose-First Approach and PIPOV Framework as artifacts are contributions as
empirically validated tools for the design and evaluation of laboratories in engineering education.
Following the EDR methodology, the design insights, decisions, motivations, and observations that
were a part of the iterative process of developing these artifacts are also provided as a research
output, for incorporation in parallel design work in other contexts, extension, or refinement of these
artifacts themselves by others.

Engineering education stands on the cusp of an educational technology explosion — networked
equipment, learning analytics, generative Al, haptic digital interfaces, augmented reality, and digital
presence to name a few. Challenges in engineering education means the status quo is likely to be
disrupted regardless of our ability to be ready for it. Current evaluation practice has not been
effective at answering the questions being asked, and innovation in these practices is clearly needed
to support the follow-on innovation in teaching and learning activity design. The Purpose-First
Approach and PIPOV Framework provide an evidenced and practice-tested answer to this call.

—t

—



Acknowledgements

ACKNOWLEDGEMENTS

There are so many people to whom are owed more thanks than | can possibly express in any
reasonable time or space or the limitations of text. | will do my best to capture all that | can, and
make no excuses for any omissions.

First to the supervisors who gave me the support to tackle a problem wherever that problem led,
even though it was hard, out of the ordinary, and not the way things used to be done - Professors
David Lowe, Judy Kay, and Keith Willey.

To my family, who supported me no matter how little sense the words | was saying made.
To Andrea and the triplets (and Kevin!), who became family.

To the denizens of the dry office and the wet office, for making sure to collect everybody when the
time came to go from one to the other.

To all the people in the School and Faculty who helped along the way, whether teaching me or
letting me teach.

To Tim, David 1, and David 2, for managing to deal with an entire world of separation and still build
cool and valuable things.

To the academics who were just crazy enough to try something new.

And to the students who were just polite enough to go along with it.

STATEMENT OF ORIGINALITY

This is to certify that to the best of my knowledge; the content of this thesis is my own work. This
thesis has not been submitted for any degree or other purposes.

| certify that the intellectual content of this thesis is the product of my own work and that all the
assistance received in preparing this thesis and sources have been acknowledged.

Joshua Burridge




The Design and Evaluation of Laboratories in Engineering Education

LIST OF PUBLICATIONS

The following publications involving work in this thesis are presented with the author’s contribution.

Reference

Topic & Relevance

Contribution

J. Burridge and D. Lowe,
“Breaking down the
laboratory supertype
conflation,” in
Proceedings - Frontiers
in Education
Conference, FIE, 2018,
vol. 2018-Octob.

This paper was transitional
between the earlier Masters
research and this thesis, involving
literature synthesis from the earlier
work, but with some analysis,
writing, and publication
overlapping with the initial stages
of this thesis. It examined a key
limitation in laboratory
examination which led to my
guestioning the appropriateness of
experimental designs more
broadly.

The synthesis and analysis were
conducted by me with feedback,
guidance, and proof-reading
from my thesis supervisor.

J. Burridge and J. Kay,
“Dark Data and Learning
Analytics,” in Australian
Learning Analytics
Summer Institute
Proceedings, 2019.

This presentation was examining
the idea of education data which
was being collected by new
computer-mediated/web
interfaces but not being examined.
This theoretical synthesis work led
directly to the ‘Defeating
Hawthorne...” applied paper
described below.

The synthesis and analysis were
conducted by me with feedback,
guidance, and proof-reading
from an auxiliary supervisor

A. Hadigheh, J. Vulic, J.
M. Burridge, T.
Goldfinch, J. Thomas,
and A. Opdyke,
“Preliminary Evaluation
of Immersive and
Collaborative Virtual
Labs in a Structural
Engineering Unit of
Study,” AAEE2019 Conf.,
2019.

This paper presented empirical
work on the design and evaluation
of an immersive VR laboratory. The
evaluation method used in this
study was an early exposure for me
in the application of qualitative
methods towards the evaluation of
laboratories, and while lacking the
precision possible from
quantitative methods,
demonstrated their ability to give
insights that could be iterated on.

| came onto the project to
provide an engineering
education laboratories research
perspective to the collaborators,
who included engineering
education practitioners, and
collaborators out of general
education research. | contributed
to the design discussions
leveraging literature on non-
traditional laboratories, and in
partnership with the education
research member of the team
developed and conducted the in-
class observation research
protocol. | also contributed to
the analysis of results and writing
of the paper.




List of Publications

J. Burridge, D. Lowe, K.
Willey, and J. Kay,
“Defeating Hawthorne
in tech-enabled
education: Passive
observation of student
behaviour with a
remote laboratory The
Laboratory System,”
AAEE2019 30th Annu.
Conf. Australas. Assoc.
Eng. Educ., 2019.

This paper extended the earlier
literature synthesis work on dark
data to provide an empirical
example leveraging data that had
been automatically collected but
not analysed during the Masters
research work. This case study was
later used to inform discussion of
white-boxing the evaluation
approach to laboratories when
describing or applying PIPOV.

| performed the software
processes of log acquisition,
cleaning, processing, and analysis
to produce the analytics. | wrote
the paper with feedback,
guidance, and proof-reading
from my thesis supervisor as well
as auxiliary supervisors.

J. Burridge, “The
Purpose-First Approach
to Laboratory Design,
Evaluation, and
Research,” in
Proceedings of the 31st
Annual Conference of
the Australasian
Association for
Engineering Education,
2020.

This workshop presented the
current state of the thesis artifacts
and invited activity from
participants applying it to their
own laboratories. It is described in
section 7.2.3.1.

| developed the workshop
materials and gave the content
presentation. | facilitated the
work on laboratory contexts in
the workshop with an auxiliary
supervisor co-facilitating.

D. Reid, J. Burridge, D.
Lowe, and T. Drysdale,
“Open-source remote
laboratory experiments
for controls engineering
education,” Int. J. Mech.
Eng. Educ., vol. 50, no.
4, pp. 828-848, Oct.
2022.

This paper presented the empirical
evaluation of the Edinburgh
remote laboratory designed in
collaboration with this thesis work.
It is based on work described in
Chapter 6.

| contributed to the design
process for the laboratory as part
of a long-term research
collaboration between
laboratory researchers at the
University of Sydney and the
University of Edinburgh.
Development was primarily
conducted by the Edinburgh
team, with the Sydney members
contributing expertise in design
and evaluation research
practices. The research was
designed by the first author from
the Edinburgh team relating to
the interface they had developed
on the equipment. My
contribution to the data
collection was advice on usability
instrument selection, and
gualitative questions. | iteratively
contributed to the quantitative
analysis with the first author
leading and other members of
the collaboration giving

Vi

—
| —




The Design and Evaluation of Laboratories in Engineering Education

feedback. | designed the analysis
of the qualitative results and
iteratively contributed to this
analysis with the first author
with feedback from other team
members. The first author led
the writing of the paper, with
contributions by me particularly
to the qualitative component
and all members giving guidance
and proof-reading.

J. Burridge and D. Lowe,
“Purpose-First & PIPOV:
A framework to enable
design-based research
for engineering
education laboratories,”
in HERDSA, 2022.

This presentation described the

current state of the thesis artifacts

along with empirical validation
results to that point.

| developed the artifacts through
the course of this thesis work
with feedback from my
supervisors. The presentation
was written by me, with
feedback, guidance, and proof-
reading from my thesis
supervisor.

AUTHORSHIP ATTRIBUTION STATEMENT

In addition to the statements above, in cases where | am not the corresponding author of a
published item, permission to include the published material has been granted by the corresponding

author.

Joshua Burridge

As supervisor for the candidature upon which this thesis is based, | can confirm that the authorship
attribution statements above are correct.

Professor David Lowe

vii

—
| —




Human Research Ethics Approvals

HUMAN RESEARCH ETHICS APPROVALS

This thesis involved several studies involving human participants. These studies were all approved by
the University of Sydney Human Research Ethics Committee process, with the exception of the study
involving students at the University of Edinburgh which were approved by the equivalent processes
at that institution. The following ethics protocol numbers and titles from the University of Sydney
are associated with this research:

e 2017/942

‘Towards a research-informed design for immersive virtual reality (IVR) environments’
e 2018/229

‘Sahara Remote Laboratories Integration’

Retitled ‘Student Experience of Engineering Education Laboratories’ after amendment.
e 2019/1040

‘Understanding Engineering Education Laboratories’

The “Student feedback on 'Controls 3' remote lab” data project associated with this research
was reviewed and approved through the University of Edinburgh Research Ethics and Integrity
self-assessment process as low-risk. The data from this project used directly in this thesis work
was based solely on the public dataset version available at
https://datashare.ed.ac.uk/handle/10283/4007, and so reciprocal approval through the
University of Sydney was not required.

viii

—
| —


https://datashare.ed.ac.uk/handle/10283/4007

The Design and Evaluation of Laboratories in Engineering Education

CONTENTS
LY o1 1 - T TPV PP PP i
FA Yol g Lo Ty 1= F =T o Y=Y o PP iv
StatemMeENnt Of OFiGINAlILY......oii e e e e e e e st e e s s sbee e e s nareeesenarees iv
Ry o) W] o] [ ToF- AT o - T T TR PP VPTOPPT v
Authorship attribution StatEMENT .......ooeiiiiiie e e e et e e e e srte e e e erteeeeeanes vii
Human Research Ethics APProvals .........eeoiiiiieiiie ettt et e e e stae e e e sna e e e e saanaee s viii
L7 01 (=T 01 (OO PP ix
I L o1 T oL T T TSR XV
TaDIE OF TADIES ...ttt st sttt e b e bt e s bt e et e et e e beesbeesaeesaneeas XV
Selected Glossary & AbDreVvIiations.........cueiiiiii it e e e bae e e e e XVi
1 INEFOAUCTION L.ttt sttt et e b e b e s bt e sae e et e e b e e sbe e saeesanesabeeabeebeenes 1
11 The Path t0 The Problem ...ttt et s 2
1.2 Premise, Problem Statement, and Research QUEStIONS..........ceeeeeeeiiiiiiieeeeeei e 3
1.3 ReSEArCh CoNtriDULIONS. ....eoeieiieieee ettt st st s 4
1.3.1 Literature SYNTNESIS....ccceiiee e ettt e e et e e e e bae e e s eabbe e e e naaeaean 4
1.3.2 Empirical understanding ......cc.ueeiiiciiiiicciie et e e 5
1.4 Positionality StateMENt.....ccocuiiie e aaaeeeas 5
1.5  Structure Of This TRESIS....ciciiiieiieeieee ettt 6
Part 1: Background, Methodology, & SYNTRESIS .......cccuiiiiiiiiie et e e 9
2 LIterature REVIEW .....ciiiiiiiiiee et e s s 9
21 1] o Jo T (oL 4 =TSPTSRO P PPN 9
211 Laboratories in science @dUCAtioN ........coceevieeiierieniereeeeeeee e 10
2.1.2 Technologically-Enabled Laboratories ......ccccueeeiiieei e 11
21.2.1 SIMUIAEIONS ..ttt s st b e 11
2.1.2.2 REMOTE ACCESS .ottt 11
2.1.2.3 Core AUEMENTATION ...ciiiiiiiiiieeeeeeeeee e e e e e eees 12
2.1.24 Peripheral AUMENtatioN......cc..eiiiiiiiie e e 12
2.1.25 D11 01T Y | RSP 12
2.1.3 Laboratory attribULES .....coeeeeeeeeee e 12
2.2 (I ] o T [ Ko a VA Y71 [V 4 o o ISR 14
2.2.1 The Supertype CoONFlatioN.........ueeieiiiiece e e 14
2.2.2 ReSEArCHh CONTOMTION... ittt 15
2.3 Quantitative EXperimental DESIGNS ......cceuiiiiiieee et 16




Contents

2.3.1 Categories of experimental design ........coccuvieiiiiiii e 17
2.3.2 Internal & External Validity ......ooovciieiieciee e 18
233 Experimental designs in education research .......ccccceevecieeiirciiee e 19
234 Internal and external validity controls in education research.......ccccccoeeiveeeiecieeenenneen. 20
2341 Context in studies: 1essons from HCl .........cooveeiiinienienicieeeeeeee e 20
2.3.5 The Assumptions and Requirements in Experimental Designs .........cccccevveeeecvieeeennen. 21
2.4 Experimental evaluation: Argumentum Ad AbSUrdum.........ccceeveriieeeiniiiee s eereee e 22
241 TrUSS LADOIAtONY .eeeiiiieciiieee ettt ettt e e st e e s s e e s s abee e e s b ee e e enaneeas 23
242 G*Power and multifactorial StUAIES ....c..coviiriiriiiiieee e 24
2.4.3 Telescoping Selection Dias..........oi i e 26
244 DArK DA .e.uveeteeiieniieite ettt ettt ettt et s bt s bt sat e sttt e b e b e s be e sae e et e e teenbeenheesaneeas 26
2.5 Evaluation in other education disCiPliNES .........eeeviiiiiiiiiiiei e 27
251 Yol =] o Tl PP PSP PPPRPIOPPRRRTORE 27
2.5.2 Nursing and Wider REalth..........ooiiiii i 29
2.5.3 PRISIMA MeEta-analysis.......cccecuiiiiiiiiiee ettt et e e ree e s e e e e e e abe e e e eearaee s eareeas 29
2.5.4 Alternative Methodological ApProaches ..........cccueeeeeciiieeeciiee e 30
2.54.1 Linguistic €thNOGraphy .....cciiiciiiiiciii e 30
2.5.4.2 Design-Based RESEAICH .....cccccuviiiiiiiee ettt 31
2.5.5 (011 oY= o DT Yol o] [Tg =T U SROt 32
2.6 Alternative evaluation research appProaches..........cccocuveieeciiii e 32
2.6.1 Methodologies, methods, & INSTFUMENTS.........ceiiiiiiieeciee e e e 32
2.6.2 QUAlITATIVE FESEAICN ..o e 33
2.6.3 Qualitative Research Methods. ........cccceiiiriiiiiiiiiiieeeec e 33
2.6.4 Mixed and Multi method StUIES.......cocueiiiiiieiie e 34
2.6.5 Practical Inquiry MethodolOgies .........cccuuiiieiiiiei e e 35
2.6.5.1 ACLION RESEAICN ..cviiiieitiee e e 36
2.6.5.2 DESIN EXPEIIMENTS. .etiiiiiiiiiiiiiiieee ettt e e st e e e e s s s sibarreeeessssssaaneseeeeesesnnes 38
2.6.5.3 Educational design research .........ccueveviiiii e 40
2.6.54 VA =T 0 T2 X (ol Y=LY= N 43

2.7 Factors inhibiting the adoption of Practical Inquiry Methodologies in the Design and

Evaluation of Laboratories in Engineering EUCAtioN .........cccceiveiieiiiiiee e 47
2.8 FramEWOTKS ...ttt st sttt et sbe e st r e sree e 49
2.8.1 How frameworks are developed..........cccueiieiiiie et 50
28.1.1 CONSTIUCTIVISIN <. e s s e e e e 51
2.8.1.2 2] Yo ] s N 1= D (o] a1 ] o 1V 28U UR 52
2.8.1.3 KOID'S LEArNING CYCIB..cuniiiieiiiieeeetee ettt et e e st e e aare e e e e 53




The Design and Evaluation of Laboratories in Engineering Education

28.14 Constructive AlIZNMENT........oiiiiieee e e e e rarae e e s earaee e enes 55

3 CrItICAl REVIBW ..eutieeieiiteeite ettt ettt sttt ettt e bt e s bt e sat e st e st e e bt e beesmeesmeeeneeenneen 58
3.1 RV AT =4 1= A =L PP PP PP PP TPPPPPPOPPRE 58
3.1.1 Vignette 1: Comparative STUY ......evi i raee e 58
3.1.2 Vignette 2: Literature AEregation ..........uuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeee e 61
3.1.3 Vignette 3: Value in QUaNTitatiVe........ccuuiiicciiii it 63
3.14 Vignette 4: DeSiZN RESEAICR ...ciivuiiiiiciiie ettt e s e saaee e 64
3.1.5 VA= { g Y] d (o 6] o Yol [N To o I USRS 67

3.2 Research Contortion REVISITE........oicuiiiiiiiiiieeiie ettt st e 67
3.2.1 DTINITION. ¢ttt st st r e r e saeesane e 67
3.2.2 HTUSEFALIONS ettt sttt s be e st st e e beesbeesaeesaneeas 68
3.2.3 Claim to novelty and similar WOIK ........ccoocviiiiiiiiie e 69
3.24 [ ] o= 1N 70

4 Y11 g ToTe [o] o} -V PSPPSR 71
4.1 Practical Inquiry & Educational Design ReSEarch ........ccceeieiieeiecciiee e 71
4.2 EDR And Meta-EDR in ThiS TRESIS ..c..eeiutiiiiiiieieesieesiee sttt sttt 73
4.3 (0] 2R BT T = g W CTo -1 PSPPI 74
4.4 Peripheral ENGagemMeENnt... ..o ittt ee e s e e s ee e e e sabe e e s e nareeas 76

5 PRASES ettt h e bt sttt et b e e b e e he e sae e e at e e beenbeenbeesheesanena 77
5.1.1 PrOJECE INCEPTION ...ttt naaananan 78
5.1.2 Collaboration STUAY........cccciiii it et ette e e e e eate e e e eeatae e e enteeeeenteeeesanns 78
5.1.3 SYNERESIS 1.ttt e e e e et e e e st e e e e e btaeeeeartaeeeearraaeeanes 79
5.1.4 EXPEIT REVIEWS ...eeeiiiieeee ettt ettt e e s e sttt e e e s s s st a e e e e e e s sssasbbtaaaeeessssnssnsenaeeens 80
5.1.5 Validation STUAIES ...cc.eiiiiiie et st 81
5.15.1 NeW Laboratory DESIZNS .....cccuveiieciiie ettt ettt et rae e e aae e e e areeas 81
5.1.5.2 Existing Laboratory Modification ..........ccceeeeiiiiiiiiiiiis e, 82

Y A o o o g ot | I UL [T USSP 83
6 (00] | =T ool =1 4 Lo T a1 {0 Lo 1Y SRR 83
6.1 Logistical Context of the collaboration ..........cc.ceeeciiiiiciiiec e e 83
6.2 D) [ olo] 1 [=Tot i o] o HEO TSP UPRTOTRRORRIOt 84
6.3 Theoretical Context of the research study .......ccccveeeiciiiicciiie e 84
6.4 The laboratory and teaching CONEXt........cccvieiiiiiiie i 85
6.5 L O AV T = Y LSRN 86
6.5.1 SEAKENOIARTS. ... e e s s 86
6.5.2 PUIPOSE .t a e aaa———————————————————————————————————————————————_. 86
6.5.3 D LTYF=q Y=Y I T o 10 RSP 87




Contents

6.5.4 DESIZNEU PrOCESSES...eeiieiiiieeiiieeeeiiteeeeiteeeesitteeeestreeeestteeeesabaeesasseeeeesbeeesansreeesennsens 87
6.5.5 DESIZNEA OULCOMES ..eeieeiiiieeiiiee e ettt e e ectte e e e sre e e e st ee e e s ateeeesabaeesessaeesesbeeeeennraeesennsenns 88
6.5.6 DESIZNEA VS ACLUAN ..vveiiiiiieiciiee et ree e s e e s e e e s abee e s e naneeas 88
6.5.7 Validation ..ot esne e e saree s 88
6.5.7.1 Validation of Designed Inputs -> Designed ProCesses ........ccccveeeecuveeeeccveeesecnvenenn. 88
6.5.7.2 Validation of Designed Processes -> Designed OUtCOMES.........cccvveeeeiveeeeivnnenn. 89
6.5.7.3 Validation of Designed Outcomes against the PUrpose.......cccccevvvveeeviiveeesicineeenn. 89
6.5.7.4 Validation of the Actual laboratory against the Purpose........ccccccccvvvviiiiiiicinennnn. 89

6.6 The Laboratory Design & Implementation ... 90
6.6.1 The Practable INfrastrUCture .....co.eo et 90
6.6.2 The REMOTE LADOIatOrY ...coiiciiiee ettt ettt e e e e e e e abae e e e b ae e e eenreeas 90
6.6.2.1 Physical EQUIPMENT ...cciciiiieiciiiee ettt e e ree e e e 90
6.6.2.2 WED INTEITACE ..eeiiiiieeee et 93

6.7 EVAIURTION ettt ettt st e st e st e e it e e s bt e e sabeesbeeesneeesbeeenes 93
6.8 Developing Engagement with Educational Design Research........ccccceeecvieeieccieeccciiee e, 95
6.9 Collaborator INTEIVIEWS .....cocveiiiieiieeieee ettt st sttt b e b s eeeas 96
B.10  DiSCUSSION.cuueteeeietiteeeeittee e ettt e e ettt e e ettt e e s bt e e s s ne et e e snbe e e e snbe e e e snseeessanseeeesannneeesnsneeesannneeenan 97
Artifact DEVEIOPMENT.....oii ittt e e st e e e st e e e e srta e e e enraeeeenes 100

7.1 The Purpose-First Approach & PIPOV FramewWorK.......ccueeeeuieeeieiieeeeeiiieeeecieeeeeeveee e 100
7.11 CONEEXT et 100
7.1.2 Critical SYNTNESIS SOUICES.....ciiiiiiiieecciieie ettt e et e et e e et e e e e stae e e eentree e s naeeeean 100
7.1.3 DESIEN DiSCUSSION ...uviiiiiieiiiiiiiitttee e e e ettt ee e e e e ssirreeeeeessssssstaraeeeesssssssssseaaeesssssssnnnnne 101
7.1.3.1 Purpose, Assessment, EValuation ........ccveeeieiiiiiiiiiieeeeee e 101
7.1.3.2 Design as a Process; SatisfiCiNg .....ccveeeeciie i e 102
7.1.3.3 Frameworks as VEhiCIes . .......ooeiiiiiiiieece e 102
7134 Frameworks as Lenses; Frameworks as Communication Media ..........cccccuvvuneee. 103
7.1.3.5 TWO Hard ThingS...uvveei ittt et e e see e e s sbee e s e bae e s e nareeas 103
7.1.4 The Purpose-First APProach.........ccueeeiiciiii ittt e e e 104
7.14.1 Purpose-First as a Theoretical Framework & Methodology ..........cccccuvvveeeenennnn. 105
7.1.5 The PIPOV FrameWorK ........ei ittt et 106
7.15.1 The Visual FrameWorK.......c.coeiiieiieneeiieieee e 107
7.1.5.2 SUPPOILING Material ......vveeeeiiiee e e e e e 108
7.1.53 How to Apply the FrameworK ... 113
7.1.6 o oToTY=To l 21T o =] {1 4 USSR 114
7.1.6.1 Avoidance of Research Contortion .......c..coceeeeieeieenienie e 115
7.1.6.2 Transferability to New CONteXES .....uviiiicieee it 115

xii

—
| —



The Design and Evaluation of Laboratories in Engineering Education

7.1.6.3 Support of Literature Synthesis & Qualitative Meta-analysis...........ccccccveeeennneen. 115
7.1.64 W ItE-BOXING..eeiietiiieeeiitie ettt ettt ettt e st e e e e e e e et e e e e erabe e e e enbeeesearaeesennsenas 116
7.1.6.5 Framework CommuNICatioN .........eeocieeeiiieniee ettt 116

7.2 Laboratory Scoping and Artifact [deation ........ccovvcvieriiiiiei i 116
7.2.1 What is a Laboratory Study and Derived Definition ..........ccccveeeeiieeeicciee e, 116
7.2.2 EXpert ReVIEW DESIZN PrOCESS .....uuuuuuuuiuiiiiiiiiiiiiiiiiiiiiiiiaiiiiiaiaesaaraaneaeneneaeaeaeaeneanaaaaanane, 122
7.2.2.1 Laboratory STUIES ...cciiiieie e 123
7.2.2.2 ATTIfaCt REVIBW ..ceueiiiiiieeiee ettt ettt e e sree e 124
7.2.2.3 Artifact Design Ierations ........eiiviiieei i 126

7.2.3 Broader Evaluation WOrkShOps .......ccoocuiiiiiiiiie ettt e 138
7.23.1 AAEE WOrkShop, 2020 .....c..ciiiiiiiiieeniiesiee ettt s 138
7.2.3.2 Australian University, 2021 .......ccoociiiiiiieee e e s eree e 139

8 1] o =T ATV -SSP 140
8.1 Field Test I: New Laboratory DESIZN .....c..eiiieiiieiiiiee ettt e e s e e e 140
8.1.1 CONEEXT .t 140
8.1.2 DESIZN SESSION ...uuututiiititiiit b ———————————————— 140
8.1.3 DISCUSSION ..ttt ettt ettt ettt e e st e e s e e s s eab e e e s s ree e e enbeeeesanreneeennrenas 141

8.2 Field Test II: Existing Laboratory Modification.........ccccccveiiieiieiiiciieeeccee e, 144
8.2.1 CONEEXT et 144
8.2.2 DIESIZN SESSION .. ettt a—————————————————————————— 145
8.2.3 DISCUSSION ...ttt e s s e s s e s enre e s e n e s e 146

Part 3: DiSCUSSION & CONCIUSIONS .....eevueiriiiiiietieteeteesiee sttt ettt st e r e smeesme e s enees 148
9 SUMMALIVE DISCUSSION .uviiiiiiiiiiiiiiiiiiic it sra e 148
9.1 Educational Design Research & Reflective Practice — breaking down silos........................ 151
10 Contributions & CONCIUSIONS......coiuiiiiiiiieeiie ettt st st st st 153
10.1  ReSEArCh QUESTIONS ....eeeiieiiiiieeieee ettt sttt ettt st r et esmeesmeeeaneennees 153
10.2  RESEAICH CONSEQUENCES ...ueeiiiireeeieiieeeiiiteeeesiteeeesstteeeesssteeeesssteeeessssaeeesssseeessassaeesssssesessnnes 153

10.2.1 Consequences to the research design and iteration which feed into the design for the

LoDl or= 1 =T UL 1 2SRRI 153
10.2.2  Consequences to future work in research.........cccoceeeeceiiicciee e, 153
10.2.3  Consequences to future work in laboratory design and evaluation practice............. 154
10.3  ReSearch CoNtribULIONS. ....ccveiiiiiiiiieeeeeee sttt sttt enees 154
0 Y ol T o Tt 155
10.5  FULUNE WOTK ettt st sb e st e s b e e nr e e sareesneeesareeanne 155
10.6  FINA WOIS ..coniiiiieiieeieee ettt sttt ettt et sae e sttt e bt e ne e smeesmeesmeeenneen 156
REFEIEINCES ...ttt sttt et et e bt e s bt e s et st e st e e bt e b e e s beeareesmeeenneenreen 157

xiii

—
| —



Contents

LY oY o1=] o Vo [T o] YRR 171
A. Reference PIPOV Diagrami.....c..ccciccuiieeecciiiie e ettt e e ettt e e et e e e e caaeeesssataeeessasseeessnnaeeessnsseeesanseseenan 171
B. INEEIVIEW PrOtOCOL....ciiiieiie ettt ettt e st e s e s bae e sat e e sreeesanas 172
C. Sample PIPOV Design and Discussion SUpport DOCUMENT .....cccveeeiiiiieriieiiee e 177
D. What Is A Lab Study - EXaMPIES ...ccccuvieeieiie ettt et e 187
E. What IS @ Lab — UL and SUIMNVEY......ooi ittt eebae e e e bae e e e earaeas 191
F. PIPOV Workshop Explanatory Materials..........eeeeciiiiiiiiiiiieiiiie e 193
G. Edinburgh Control SYStEMS SUMVEY ....ciccuiiiiiiciiie ettt e e s sbre e e s saaeeeeas 204
H. UTRESEAICN ArTICIE ..ttt et st sab e s b e e sat e e sabeeesanas 223
l. Redacted data — collaboration StUdY ..........cccuiiiiiiiiii e 224
J. Redacted data — Field validations ..........coceeieiieniinee e 236
[ Xiv }



The Design and Evaluation of Laboratories in Engineering Education

TABLE OF FIGURES

FIGURE 1:THE UNMODIFIED, PROXIMALLY OPERATED TRUSS .eeeeeetesuurtrrreesesasansrnreeesesesssssssseesessssssssssessessssssssssssesssesssnssnseeses 23
FIGURE 2:THE TRUSS RIG DURING OPERATION ....eeeteeeieuuureeeseessssusssreeesssssasssssseesessssssssssessesssssssssssssessssssssssssesssessssssseesens 23
FIGURE 3: ITERATIVE CYCLES IN EDUCATIONAL DESIGN RESEARCH ....uvvvrieeiieiiiiieieeeeeeseiitnrreeeeeeseeiansseseeessessnnssssessesesssnsssseseens 42
FIGURE 4: MACROCYCLES OF ITERATION IN EDUCATIONAL DESIGN RESEARCH ...vvviieeeeeiiiiiiieeeeeeeecinnreeeeeeeeesnrseseeseseesensssseseens 43
FIGURE 5: BLOOM'S TAXONOMY, COGNITIVE DOMAIN .....eeeeiieiieiiiriteeeeeeesiitttteeeeeeeseitsrseeeesesesssssesesessesssssssseeeesensssssseseens 52
FIGURE 6: KOLB'S LEARNING CYCLE..uueeeeiiiieutureeeeeeeieiiuureeeeeeesesissseseesesesasssssseesesesasssssssssesssenssssssssesssesasssssssesesessanssssesees 54
FIGURE 7: CONSTRUCTIVE ALIGNMENT c.uutttteeeeeeesesuuereeesesssasnssseseesssesasssssessssesassssssessesssassssssssesssssssssssseesssessnsssseeeens 55
FIGURE 8: CHARACTERISED PHASES IN EDUCATIONAL DESIGN RESEARCH .....uuuvviiieeeeeeiiiiirreeeeeesesintveeeeessesnnsnnseesssessnssnseneens 77
FIGURE 9: PHASES OF EDUCATIONAL DESIGN RESEARCH CONDUCTED IN THIS THESIS .euuvvvrreereeeseerrnreeeeeesessnnrnnneesssesssnsnnseeeens 77
FIGURE 10: THE INITIAL VERSION OF THE PIPOV FRAMEWORK VISUALISATION ....eeeeeeeeieerrrreesesesesnrrsrereessssssssssseesssssssnssssenees 80
FIGURE 11: THE FINAL VERSION OF THE PIPOV FRAMEWORK VISUALISATION ...vvvveeeeeeieurrrreesesssssnnsrereesssssssssssseessssssssssnsenees 81
FIGURE 12: SPINNING DISK CONTROL EXPERIMENT «.eeeieieeeieieeeeesesesesesesesesesesesesesesesesesesesesesesesesesesssssesssesesssssessssssseseseseees 91
FIGURE 13: PRACTABLE SHOEBOX LABORATORIES ...cieieieieieieieieieseiesesesesesesesesesesesesesesesesesesesasesesssesesesssssesesssesesesesesesesesesens 91
FIGURE 14: REMOTE LABORATORY WEB INTERFACE ...cieieieeeieieeeeeseiesesesesesesesesesesesesesesesesesesesesesesssesesesesssesesesssesesssssnsesesenes 93
FIGURE 15: THE FINAL VERSION OF THE PIPOV FRAMEWORK VISUALISATION ...ceieieieieieieieieieieeeeeeeeeseseeeeeseseseseseeesesesesesesenens 107
FIGURE 16: AN EXAMPLE CANDIDATE LABORATORY USED IN THE WHAT IS A LAB SURVEY. ...cceieiiieieriireeeeeeeiiernrneeeeeessnnnnneesens 118
FIGURE 17: EXPANDED QUESTIONS IN THE WHAT IS A LAB SURVEY ....uvttiieeieiiitreeeeeeseiirtreeeeeesesnntsnneesssessnssssseesssesssnsssseesens 120
FIGURE 18: EXAMPLE 3D SCATTERPLOT, GENERATED USING MATPLOTLIB ... .121
FIGURE 17: INITIAL VERSION OF THE PIPOV FRAMEWORK VISUALISATION..... ..127
FIGURE 18: ITERATION - EXPLICIT STAKEHOLDERS ......cvvvvreeeeeesennnnnns ..128
FIGURE 19: ITERATION - STAKEHOLDERS AND PURPOSE IN ISOLATION .. .129
FIGURE 20: ITERATION - DECOMPOSED PROCESSES...ceieieieieieieieieseieieiesesesesesesesesesesesesesesesesesesesesesesssesesesesssssesssesesesesenes 130
FIGURE 21: ITERATION = DESIRED VS ACTUAL .. eeteteieeeieeeieieieeeeeieseeeeesesesesesesesesesesasesesasesesesesesesesesesesesesssesesesesesessseseseses 131
FIGURE 22: ITERATION - ENCOMPASSING VALIDATION ...ceieieieieeeieeeieieseiesesesesesesesesesesesasesesesesesesesesesesesesesesesessseseseseseseses 132
FIGURE 23: ITERATION - INCORPORATED AND TRANSITIONAL VALIDATION .....uvvrrreeeeesesuerreeeesesassnnrssreesesesssnsssseesssessssssseeses 133
FIGURE 24: ITERATION - VALIDATED STAKEHOLDERS ...ieieieieieieieieseiesesesesesesesssesssssesssssesssssssssssssesesesssesssssesssssssssesssssasenes 134
FIGURE 25: ITERATION - DISCARDED ATTRIBUTE CONTENTS . .ceeteteieieieieieieieieieiessieiesesesesesesesssesssssssssssssssesssssessssssssssseseseses 135
FIGURE 26: ITERATION = FINALVERSION 1..ieieiiieieieieieieieieieseieieeesesesesesesesesesesesesssesesesesesesesesssssesssssssssssssssssesssssesssesasenens 136
FIGURE 29: ITERATION - END-TO-END COMPARISON ...ueieieieieieieieieieseiesesesesesesesesssesssssssssssssssesssesesesssssesesesssssssssesssssaseses 137
TABLE OF TABLES

TABLE 1: SELECTED PAPERS ON PRACTICAL INQUIRY IN LABORATORIES FROM SYSTEMATIC REVIEW ..civveieieieieiereiererererereneeeeeeeeennns 44
TABLE 2: META AND DIRECT APPLICATION OF EDUCATIONAL DESIGN RESEARCH IN THIS THESIS oeeeeeuvvirireeeeeesieeirnreeeeeesnnrsaneeeens 73

XV

—
| —



Selected Glossary & Abbreviations

SELECTED GLOSSARY & ABBREVIATIONS

This thesis involves the use of several highly overloaded terms that require precision in the way they
are understood. This frontismatter provides a description not to present any authoritative singular
meaning, but rather to flag for readers the way in they are used and should be understood in the
context of this thesis. It also provides a central reference for abbreviations used.

AAEE

Australasian Association for Engineering Education
ABET

Accreditation Board for Engineering and Technology
AJEE

Australasian Journal of Engineering Education
ANOVA

Analysis of Variance

AQF

Australian Qualifications Framework

AR

Augmented Reality — see VR; Virtual Reality
Asynchronous

Involving a disconnect between some elements in respect to time. For example, one student
doing some solo work with remote laboratory equipment at 4pm on a Saturday, while
another does so at 1am on a Tuesday, and class is at 9am on Thursdays. Can be partial —
students might be working at the same time as each other but not their teacher, or a class
might submit instructions to a piece of equipment but not hear the results back for a few
days.

AT

Assessment Task

Batch Mode

A type of laboratory use which involves the giving of instructions asynchronously and waiting
for results, rather than having direct control of the equipment.

Bloom

Short for Bloom’s Taxonomy, a framework for classifying intended learning outcomes.

CA

Constructive Alignment

A framework for understanding and defining teaching and learning

DBR

Design-Based Research; see EDR

Design Research

See EDR

EA

Engineers Australia

EDR

Educational Design Research.

An iterative research approach which embeds multiple component methods and
instruments to triangulate answers to research questions progressively. Many different
terms are used inconsistently to describe variations of this approach. Another notable
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conflation can exist with the teaching of design, as in ‘research about design education’,
which this thesis is not engaged in.

EJEE

European Journal of Engineering Education

Engineering

Broadly and largely arbitrarily defined for this thesis, with blurred borders between other
disciplines such as science, biomedicine, project management and business, software
development, etc. Defined primarily through faculty names (e.g. Faculty or School of
Engineering), and through research publication venues.

Engineering Research

See EDR

General Instructional Theory

A research goal for EDR after identifying and elaborating on the local instructional theory
across multiple contexts. The collective transferable learnings which can be used by readers
of EDR research.

hands-on

Laboratories involving physical interaction with equipment — contrasted with computer-
mediated

HCI

Human-Computer Interaction

ICT

Information and Communication Technology

ILO

Intended Learning Outcome

What students should be able to do (alternatively know, understand, be competent in, etc.)
after completing some component of study.

IPO

Input-Process-Output

Systems analysis model for the application of a system to data, material, people, etc.

JEE

Journal of Engineering Education

KIPPAS

Knowledge and understanding, Inquiry skills, Practical skills, Perception, Analytical skills, and
Social and scientific communication

See reference [1]

Laboratory

This thesis includes an attempt to define and then scope this term in section 7.2.1. This
thesis is scoped specifically to laboratories used for teaching purposes rather than research
or manufacturing, and usually in an engineering context.

local instruction theory

The core element being progressively elaborated by the EDR process. Initially a learning
hypothesis, which is detailed and validated iteratively through each phase.

MR

Mixed Reality — see VR; Virtual Reality

NTL

Non-traditional Laboratory

Any laboratory which uses a different modality or design style to a ‘traditional’ laboratory.
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Often defined as remote (conducted over the internet), simulated (no real equipment), or
VR/AR/MR/XR enabled — but this is limited only by the available designs and technology.
Generative Al is likely a new entrant to this list.

PF

Purpose-First Approach

The guiding principle for the artifact developed for this thesis: “Designing, refining,
evaluating, and reporting on laboratories in engineering education must all explicitly derive
from the purpose(s) to which that laboratory will be applied.” See 7.1.4.

PIPOV

Purpose, Inputs, Processes, Outcomes, Validation

The name for a visualised framework which this thesis developed as an artifact in service to
the Purpose-First Approach. See 7.1.5.

PRISMA

Preferred Reporting ltems for Systematic Reviews and Meta-Analyses

A structured approach to reporting what and how many resources were included or
excluded at each step in a systematic review.

Proximal

A term for laboratories where the students using the laboratory are proximal, i.e. in the
same room as, the equipment and/or interfaces they are using. Might also apply to other
participating elements, such as the students being proximal to their teacher. Cf. Remote.
Purpose

A loaded term in this thesis as applied to laboratories. Captures the intended learning
outcomes, but also any other reasons or motivations for a laboratory to be evaluated
against, from any and all involved stakeholders — such as cost, space, student throughput,
etc.

RCT

Randomised Controlled Trial

A formal quantitative experimental design often used in medical research. Attempts to
completely control for confounding and nuisance variables.

Remote

A term for laboratories where the students using the laboratory are remote, i.e. in a
different room, building, country, etc. as the equipment/and or interfaces they are using.
Might also apply to other participating elements, such as the students being remote from
their teacher. Cf. proximal.

RQ

Research Question

SCQF

Scottish Credit and Qualifications Framework

Simulated

A term for laboratories which do not involve (or only partially involve) real equipment
and/or real data. Computer simulation.

SoLo

Structure of the Observed Learning Outcome

A framework for classifying intended learning outcomes.

Synchronous

See Asynchronous
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TA

Teaching Assistant; Tutor

TL

Traditional Laboratory; see NTL

TLA

Teaching and Learning Activity

A bounded component of a teaching program. Often a single class or an activity in a class,
might also be an assessment process occurring in parallel to other TLAs, such as an ongoing
portfolioing activity.

UEQ

User Experience Questionnaire

An HCl instrument for investigating user experiences with interfaces.

Ul

User Interface

UX

User Experience

VEE

Virtual Experiment Environment

A term used to mean a remote laboratory — notably not virtual as this thesis defines it.
VR

Virtual Reality

A deeply overloaded term — originally used in reference to any environment virtually
simulated by a computer, particularly virtual 3d environments displayed on 2d computer
screens. Now more commonly used in reference to headset-based immersive virtual
environments involving head-tracking and simulated physical interaction with virtual actors
and objects. Has several variants, of which VR might be this base version, or might be a
collective term for all, and none used consistently. Augmented reality takes in real world
data to leverage inside the virtual reality, mixed reality pairs real world vision with virtual
elements, extended reality includes any number of extended data sources or interaction
methods to blend virtual and real elements. Useful to understand for this thesis largely in
the conflated interactions between terms such as ‘virtual labs’, ‘labs with VR/AR/MR/XR
elements’, ‘virtual data’, etc., especially with different interpretations between different
cited literature.

XR

Extended Reality — see VR; Virtual Reality

ZPD

Zone of proximal development
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1 INTRODUCTION

Laboratories are a fundamental part of many engineering education curricula. They are mandated by
many accreditation bodies [2], used in marketing engineering to students [3], and are the subject of
significant budgetary and human investment [4]. Laboratories are often described as delivering
‘practical’ education to students, in a discipline that may be described as the practical investigation
and manipulation of our built and lived environment [5].

However ubiquitous and critical laboratories are held to be, this thesis will show they are not an
activity that is well understood in the literature, nor is the significant research efforts expended to
understand and improve these teaching and learning activities effective. This thesis will first identify
and explain these issues, then synthesise a proposed solution. In parallel with this synthesis, it will
empirically refine and develop this solution, to better understand what benefits it might yield.

In 2005, Feisel and Rosa published what would become the most highly-cited research on
laboratories in engineering education the Journal of Engineering Education (and most likely the
entire discipline) has yet seen [6]. In this paper, they established some key points about these
laboratories:

e laboratories were a critical part of engineering education.

e Innovative technologies were drastically altering the laboratory space, and lack of
understanding was hampering the effective adoption of these innovative technologies.

e Research on these laboratories had up to that point been very limited.

e What research had been conducted was greatly lacking in consideration of laboratory
objectives.

It is now nearly 2 decades since Feisel and Rosa’s research, and based on the work that led to this
thesis the following statements will be shown to remain true:

e lLaboratories remain a critical part of engineering education.

e Innovative technologies continue to drastically alter the laboratory space.

e lLack of understanding continues to hamper the effective adoption of these innovative
technologies.

e Research on laboratories continues to be limited (though in different ways)

e What research is being conducted is greatly lacking in consideration of laboratory objectives.

Besides the obvious observation that the hampering of these innovative technologies is a problem
that should be solved, the impacts of these continuing issues with laboratory research are
significant. On the one hand, laboratories are being designed and run without a significant research
foundation to identify best practices, to give insight into how to correct for given errors, etc.

On the other hand, while research on laboratories continues to be limited, this limit is no longer the
lack of publication observed by Feisel and Rosa. Currently there exists significant bodies of published
research on laboratories, however, this thesis will show it is limited by a general lack of internal and
external validity. This limitation means that effort is currently being misdirected — and that greater
value could and should be derived from ongoing research effort in this field.

The fundamental problem with current practice that this thesis observes is the attempted
application of quantitative (pseudo-) experimental research methodologies under circumstances
that inherently fail to support them. Experimental research methodologies are a core part of the
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engineering discipline —ironically, they are often what is being taught as part of the very engineering
education laboratories being evaluated. However, these methodologies carry specific requirements,
which when breached mean their mathematical basis is no longer valid. The educational contexts
laboratories are assessed in routinely breach these requirements, and much of the published
research on laboratories in engineering education does not properly address this invalidity. Even
where these internal and external validity issues are correctly identified, the potential impact of the
research effort expended is therefore greatly reduced. This invalidity present in individual research
activities involving laboratories means that secondary or meta studies involving laboratories is thus
unable to establish a valid foundation, leading to a general inability to identify and support answers
to the questions being asked of laboratory research since Feisel and Rosa and earlier.

This thesis first dives into the nature of this problem — the nature of different levels of experimental
design, the methodologies employed in current research, and the breaches that inherently occur. It
then explores potential alternative approaches, and proposes a solution. Finally, it validates that
proposed solution, which it titles the Purpose-First Approach, and the accompanying PIPOV
Framework.

1.1 THE PATH TO THE PROBLEM

This thesis found itself in a markedly different place to where it began. This is likely true to some
extent for all theses, but in this case the journey to the eventual problem statement is a
fundamental part of establishing why that question is so important, and what the potential impact
of this research may be.

In a perfect world, this thesis would instead present and investigate some implementations of the
fantastic innovative technologies available for laboratory development — remote access, integration
of simulated and real data, novel interfaces — from VR/AR to haptic controls. These technologies
present new opportunities that hold enormous promise on existing laboratory attributes, such as
availability (remote equipment need not be scheduled for a specific class time), accessibility (new
interfaces can support students with differing physical and mental requirements), budget (time-
sharing, elimination of set-up/tear-down/clean-up, miniaturisation to save space, prevention of
breakage due to user error — all of these can serve to provide the laboratory at a cheaper cost).

They further present incredible opportunities to do things students in a classroom have never been
able to ‘do’ before — experiments too dangerous to allow students to conduct, such as involving
explosives, large scale equipment, or biohazards; or experiments fundamentally infeasible to have
students conduct, for example, a remote access experiment sent up to the International Space
Station. Most relevantly, these technologies present the possibility of improved pedagogic outcomes
— however, unlike the clearly demonstrable benefits to concretely definable and measurable
attributes, these have not yet been established.

This thesis work grew out of an earlier research project to do just that — take an implementation of a
laboratory leveraging innovative technologies (in this case remote access and the integration of both
real and simulated data), and then evaluating it. The stumbling block for this research project was
the repeated and unanswered question “how do you know if it is working?” — moving beyond the
immediate “the equipment reacted as expected” to the far more complex “did the students learn
what they needed to by using it?”.

As will be described in detail to follow, the current methodologies most often used in engineering
education research are not fit for purpose when attempting to answer this question.

—
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Incompatibilities between the requirements of the usual methodologies and the fundamental nature
of education research have significantly inhibited the potential value of the research efforts being
conducted as a result.

A common saying for the nature of research is Newton’s “If | have seen farther, it is by standing on
the shoulders of giants” [7] — it is the position of this thesis that the core issue with research on
laboratory education is the lack of a necessary giant. That is to say, there is key pre-requisite
knowledge and research that has not been integrated into the discipline, and that lack has left the
research being conducted without a necessary foundation, and so left it fundamentally flawed.

Rather than taking the grandiose and likely futile approach of trying to be that giant, this thesis
instead seeks existing giants serving similar purposes elsewhere. The general challenges present in
evaluating laboratories have proven not unique to laboratories, and so the eventual problem this
thesis tackles is identifying and attempting to integrate knowledge from outside current engineering
education practice that may fill that gap, and lead to increased value and impact from ongoing
laboratory research.

1.2 PREMISE, PROBLEM STATEMENT, AND RESEARCH QUESTIONS

While the identification and selection of a research approach was a defining component of this
research work, it is necessary in this introduction to ‘skip ahead’ and frame the problem within the
approach which was eventually chosen as the most appropriate. This approach is Educational Design
Research, which involves a phased or iterative blending of research with contextual practice. This
approach does not begin with fundamental research questions — rather it begins with a context and
problem statement, and research questions are generated sequentially through different phases or
iterations in service to these. This section will map out the flow of these questions and reference the
subsequent chapters and sections where they arise. The overall flow of these research questions and
their findings leading to the next research question in the following phase is also described
holistically in chapter 5.

The problem statement for this research work is the need for rigorous and actionable methods for
the design and evaluation of laboratories in engineering education. Stated as a scoping research
question this is:

“How may laboratories in engineering education be effectively designed to meet the purposes
their stakeholders require, and evaluated against these purposes?”

Answering this overall research question involved a sequential list of contributing sub-questions:

1. How do the research methodologies used in evaluative research on laboratories in engineering
education support or inhibit answering the questions this research poses?

2. What methodological alternative provides the appropriate characteristics to resolve the
identified issues with experimental approaches in the design and evaluation of laboratories in
engineering education?

3. Can Educational Design Research be successfully applied to the design and evaluation of
laboratories in engineering education?

4. How can practitioners be supported in their application of Educational Design Research to the
design and evaluation of laboratories in engineering education?

4.1. Do the Purpose-First Approach and PIPOV Framework support practitioners in their
application of Educational Design Research to the design and evaluation of laboratories in
engineering education?
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These contributing sub-questions each map to different iterative phases. Their sequence and
connections is described holistically in chapter 5, and then individually in turn through the
subsequent chapters.

1.3 RESEARCH CONTRIBUTIONS
This thesis presents the following contributions to knowledge:

e Literature synthesis drawing knowledge from multiple external disciplines and collecting this
into a coherent body of knowledge on laboratories in engineering education and how they
might be designed and evaluated.

e A systematic review on practical inquiry methods applied to laboratories in engineering
education, section 2.6.5.4

e Identification and definition of the ‘research contortion’ effect on research in engineering
education, section 3.2.

e Describing and defining the Educational Design Research methodology through a structure
of named research traditions and distinguishing literature in order to support its
investigation in spite of the mixed terminology issues.

e The Purpose-First Approach and PIPOV Framework as artifacts supporting the design and
evaluation of laboratories in engineering education.

e Alens for describing the scope of what is considered a laboratory teaching and learning
activity.

e Design decisions made in the process of designing and refining the artifacts, and the
literature and empirical observations which motivated this as an Educational Design
Research output.

e |dentification of white-boxed design and evaluation of teaching and learning activities
incorporating mid-way observation and intervention via learning analytics as a critical
opportunity in engineering education laboratory practice

In recognising that the current practice of laboratory evaluation is ineffective, and that some new
and more effective practice should instead be used, it is perhaps unsurprising that the methodology
used by this thesis is itself non-standard when compared to more traditional engineering education
theses. As will be described in the methodology discussion to follow, this thesis takes a meta-
methodology approach that mirrors the iterative design methodology it endorses. As such, the
research contributions are intertwined with the overall design and development work of this thesis,
and must be explicitly extracted and articulated. The detailed findings and what they contribute will
be a feature of each relevant phase, but the source of these contributions in the abstract are as
follows.

1.3.1 Literature synthesis

This thesis uses literature synthesis as a core technique for the generation of new knowledge. This
synthesis includes examination of the existing literature on laboratory evaluation research in
engineering education based on multiple pre-extant intersecting systematic literature reviews, as
well as a review of papers using literature search and snowballing. Beyond laboratory evaluation
research, further literature beyond engineering education is incorporated to synthesise potential
solutions to identified challenges.
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1.3.2 Empirical understanding

Leveraging artifacts created by the above synthesis, empirical studies were then conducted to
investigate the conclusions drawn and refine the artifacts iteratively. These studies include the
expert review to iterate on the designs of the artifacts, longitudinal work in applying the evaluation
approach the artifacts are intended to communicate, and validation studies to investigate the
feasibility of their use in supporting this approach. A contextual study was also conducted to attempt
to establish a definition of laboratories in engineering education.

1.4 POSITIONALITY STATEMENT

This thesis work is heavily influenced by the observation that context matters and cannot be
meaningfully controlled for or extracted from the rich and interconnected environments of
education. This is similarly the case for the empirical work itself that | conducted. Positionality
statements are a common way to give the informed reader a window to this complexity by the
reflexive description of this context by one who is conducting and reporting on research. Rowe [8] in
[9] defines positionality as

“the stance or positioning of the researcher in relation to the social and political context of
the study (the community, the organization, or the participant group)”

Throughout this thesis the empirical work often involved my own observations made while
embedded with laboratory designers in a collaborative space. In this context the critical stance or
positioning is my relation to the social and political context of the educators designing and
evaluating laboratories in engineering education.

My identity was in a state of flux during the time of this PhD thesis work. | was undergoing and
continue to undergo a transition from software engineer, to engineering and IT educator and
researcher. My undergraduate degree was a Bachelor of Technology (Computing Studies) which
focused on the craft of software development rather than theoretical computer science. This degree
was entirely taught online at an early time for that style of university education (late 2000s/early
2010s). After working as a software developer on web development and photographic systems, |
studied a Master of Information Technology (Software Engineering) (Research Pathway), and it was
during this degree that | first began working on laboratory design and evaluation, as part of a
research project which initially leveraged my web development background, but quickly migrated
into a crash course on educational laboratories, pedagogy, and evaluation. The questions raised as
part of this research project led directly into this thesis project for deeper investigation.

Alongside this research work, | began teaching at university. Initially during the Masters degree as a
tutor and content developer writing material and assessments in software engineering classes,
progressing to lecturing drawing on my degrees and industry experience coinciding with the start of
this thesis work. Throughout this time, | have been acting as a tutor, leading tutoring teams,
designing teaching material, and lecturing in software engineering classes. Towards the end of this
thesis work | transitioned to become a teaching academic coordinating classes, and at the time of
concluding this thesis writing | have taken a teaching and research role providing capability
development of academics in engineering and IT education and researching into engineering and IT
education.

My motivations behind investigating the design and evaluation of laboratories in engineering
education is due to a capability gap | observe between what is known to be possible in terms of
technology and pedagogic innovation, and what is practiced. Research continues on exciting
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innovations, but the penetration of these innovations continues to appear limited to specific
research projects by individual academics rather than triggering widespread quality improvement
across the discipline. For example, the remote laboratory system | worked on during my Masters
degree was originally developed from 2009-2012, but had been largely stagnant since the ending of
funding, and was last updated in 2016. Something was inhibiting the adoption of these technologies,
and my speculation was that the design and evaluation practices were the most likely cause.

My experience working with engineering educators in designing and evaluating laboratories and
interacting in general has been one of an ‘outside insider’. The discipline of software engineering in
my personal experience is held separate from other types of engineering, often taught by a school of
computer science rather than engineering schools as it was at my home university. The common
techniques, practices, and ways of thinking between the 2 related disciplines however makes ‘shop
talk’ flow very easily, and in conversations with engineering education practitioners as part of this
thesis work any barriers to discussion were overcome quickly. The ‘outside insider’ role was one that
helped greatly in observing engineering educators in their practice — it was normalised for me to ask
guestions about the specific engineering being done, and participants were quick to expand jargon
or assumed knowledge as | was not within the same disciplines, so when asking research-motivated
qguestions these were part of normal conversation flow and not intrusive.

The lens | use to interpret and analyse the observations made is described in detail as a search for
and synthesis of an appropriate methodology, but in brief | used Educational Design Research as a
research process and methodology embodying a post-positivist ontology and epistemology, with
constructivism and Constructive Alignment as my primary pedagogic theory perspective.

1.5 STRUCTURE OF THIS THESIS

This thesis follows a meta-implementation of the educational design research methodology. As such,
it is focused on the development and refinement of an artifact (the final artifact comprises the
Purpose-First Approach and PIPOV Framework). This is presented in the following chapter structure:

e Part 1: Background, Methodology, & Synthesis
This thesis work does not lend itself to a single literature review, being comprised of several
iterative phases of review, synthesis, and re-review. These contributions from the literature
occurred at several points, in particular being embedded into the selected methodology as
ongoing synthesis contributions. As such these iterations are broken up in this thesis Part to
show the foundations in the literature behind the design decisions made, and to highlight
the synthesised contributions to knowledge by this thesis prior to the empirical work.
o Chapter 2: Literature Review.
This chapter presents the core literature review establishing the nature of research
on laboratories in engineering education. In particular, it identifies the inherent
flaws in current research practices, and examines the impact of these flaws on the
potential benefits of this evaluative research.
Several key papers are either seminal in themselves, or exemplars of trends in
laboratory evaluation research, and form the exploratory foundation of the
synthesis work on which this thesis is based.
o Chapter 3: Critical Review.
This chapter further goes through several key contributing papers as case study
vignettes, identifying their contribution to the motivations behind the later artifact
development.
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This chapter also details the ‘research contortion’ effect observed in experimental
study designs.

Chapter 4: Methodology. This thesis can be considered a meta-methodology thesis,
examining the manner in which research on laboratories is conducted and studying
more effective options. The methodology selected for this process is itself tied to the
synthesis work being conducted, and this chapter describes that design process and
the eventual methodology of both the thesis, and the contributed artifact. This
process is iterative, with several distinct phases in the design process. This chapter
presents the phases that were followed, as well as distinguishing between the
methodology being proposed, and the meta-methodology being used to investigate
it.

Chapter 5: Phases. This chapter outlines the overall narrative which is followed by
the studies to follow, within the structure of Educational Design Research. Each
phase and its associated sub-research questions are mapped out, their success
criteria are identified, and the outcomes of each phase which motivated and defined
the scope of each subsequent phase are described.

Part 2: Empirical Studies

While a significant portion of this thesis is literature synthesis work, empirical work was
undertaken both in the design stages of the artifact, as well as work on validation of the
‘final’ version. This thesis Part describes that empirical work from methodological and
findings perspectives.

O

Chapter 6: Collaboration Study. This chapter presents the major long-term
collaboration study that was conducted in parallel with the development of the
Purpose-First Approach and PIPOV, each iteratively improving and feeding back into
the other through the active design, implementation, running, and evaluation of a
technologically enabled laboratory.

Chapter 7: Artifact Development. This thesis is driven by the creation of an artifact,
with the contributions to knowledge existing either side of this in the synthesis work
developing it, and the empirical work exploring its use. This chapter describes the
artifact itself, which is an approach to laboratory evaluation, a framework for that
evaluation to be conducted within, and accompanying material to support that
work. It also describes the contributing literature behind each component of the
artifact. The Purpose-First Approach comprises the education design research
methodology, coupled with communication surrounding the specific motivations for
using the methodology for laboratories in engineering education (the ‘why’), as well
as more targeted and hopefully more approachable details for ‘how’ practitioners
can utilise this methodology for their own laboratories. The PIPOV Framework is a
visual model and tool for understanding, designing, and communicating laboratories
in support of the proposed methodology, to maximise both the approachability of
the methodology, and the benefits published research may yield.

As new technologies and teaching approaches have been developed, the lines
between ‘educational laboratory’ and other teaching have become blurred. This line
was investigated empirically with experts in the engineering education space, as well
as iteratively presenting the earliest forms of the Purpose-First Approach and PIPOV
frameworks for design experimentation.

Further iterative design experimentation was undertaken with the artifact
components with experts and novices in the engineering education space. These
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workshops served to refine the design and presentation of the artifacts for usability
by practitioners.

Chapter 8: Field testing

I: New Design. This section presents the initial phase of an ongoing project, using the
current form of the generated artifact. This project is being conducted during the
design of a new laboratory.

II: Modification. This section is in parallel with the new design study, and looks at the
application of the generated artifact to a modification of an existing laboratory.

e Part 3: Discussion & Conclusions

O

Chapter 9: Summative Discussion. While each phase of the iterative design process
from synthesis to empirical validations includes discussion of the research findings
and what these mean to the artifact and to an understanding of laboratory
evaluation, this chapter looks at these holistically, examining the artifact as it exists
at the end of this thesis work, and what knowledge exists around it as a result.
Chapter 10: Contributions and Conclusion. This chapter extracts and articulates the
specific research contributions of this thesis, to differentiate them from the iterative
design work that the thesis undertakes, before concluding the thesis overall. It
acknowledges that the iterative process this thesis follows has no inherent ‘end’,
and looks at what next steps exist both in terms of refining the artifact generated,
and what further questions this research work overall presents for laboratory
evaluation.
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Part 1: BACKGROUND, METHODOLOGY, &
SYNTHESIS

2 LITERATURE REVIEW

When answering the question of determining effective ways to design and evaluate laboratories in
engineering education, a significant amount of synthesis and design based on pre-existing literature
has proven necessary prior to any empirical study being possible. As a result, this literature review
and background to this thesis work falls into some distinct themes:

e An establishment of the research domain and scope, that being laboratories in engineering
education, and how they are designed and evaluated, as well as identifying the need for
further work motivating this thesis.

e An exploration of disciplines external to engineering education to seek methods or
techniques for resolving the identified issues in engineering education, described from the
perspective of engineering education research.

e Supporting material that provides the necessary components for the subsequent synthesis
and study design.

2.1 LABORATORIES

Laboratories, if one defines laboratory to mean direct investigation and experimentation with
natural phenomena, have been used in engineering education since the inception of engineering as
a discipline, with the earliest documented engineering education being master-apprentice study
performed in entirely practical settings [6]. While the use of laboratories and practical education has
waxed and waned against more theoretical approaches to education in engineering over time, it is
generally held to be critical to the effective training of new engineers, and often features as a
requirement for the accreditation of engineering education programs [2], [10].

There are a variety of reasons to include laboratories in engineering education curricula — direct
pedagogic reasons, affective reasons, or even simple expectation. These broad reasons can be
broken down into a variety of more specific intentions for laboratories, perhaps the most widely
cited of which comes from Feisel and Rosa’s work establishing the ‘Role of the laboratory in
undergraduate engineering education’ [6]. This seminal work outlined 13 fundamental categories of
laboratory objectives:

Instrumentation
Models
Experiment

Data Analysis
Design

Learn from Failure
Creativity
Psychomotor
Safety

10. Communication
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11. Teamwork
12. Ethics in the Laboratory
13. Sensory Awareness

There is an important limitation that this list, while broadly sourced and likely to be a good
representation of laboratories based on the questions asked, were specifically student learning
outcomes, rather than objectives more broadly, and were specifically the learning outcomes that
laboratories were currently being used for, rather than what they might be used for. It nevertheless
provides a good baseline for consideration of what sorts of activities should be considered when
investigating ‘laboratories’.

Considering the extensive history of laboratories in engineering education [11], [12], [13], [14], the
date of publication of this work is remarkably more recent than this long history would imply - 2005.
This work was triggered by perhaps the most extensive paradigm shift in laboratory education in
engineering — the inclusion of computing and networked equipment to deliver laboratory education
in ways that were previously impossible. Minor, relatively low-impact publications had been made
throughout the history of engineering education on laboratories, and questions of what they were
for and whether they were successful, e.g. [12], [13], but these did not trigger ongoing publication
interest or investigation by the engineering education discipline into questions of laboratory
purposes or effectiveness. Most importantly, they primarily asked questions rather than answering
them, hence the necessity of Feisel and Rosa’s work.

These potential changes to what a laboratory in engineering education ‘was’ meant that questions
that had been left largely unasked for decades were quite abruptly of significant interest. This can
most readily be seen by a comparison of Ma & Nickerson’s 2006 literature review [15] against a
more recent 2021 review by Nikolic et al [16], and 2022 bibliometric analysis by Raman et al [17],
showing exponential growth in research outputs on technologically-enabled forms of laboratories.
The most fundamental of these questions being ‘how can we determine if this new innovation is
useful’. The changing nature of what was possible in laboratories has become one of if not the most
significant driver of research outputs on laboratory education in engineering.

2.1.1 Llaboratories in science education

While the focus of this thesis is on laboratories in engineering education, there is significant overlap
in both practice and published literature with laboratories in science education. Similarly to
engineering education’s ‘common citation root’ seminal publication being Feisel and Rosa, science
laboratories have a significant common citation root in Hofstein and Lunetta [18], and their
continuing work in this space [19]. Similarly to Feisel and Rosa, Hofstein and Lunetta’s work was
motivated by new types of laboratories, specifically computer simulations — though significantly less
so than in engineering, with more consideration being given to alternative aspects of laboratory
design such as critical thinking and affective responses. Speculatively, this may be due to the core
driver being interest by these academics, rather than an accreditation body.

Many key papers do not make a distinction between these disciplines — for example Ma & Nickerson
[20] and Brinson [21]. This thesis does so, but only for consideration of scope and time rather than
attempting to establish any such border. It is likely that engineering accreditation is the primary
distinguishing characteristic, and so Feisel & Rosa’s work [6] can be considered to define some of the
scope of interest for this thesis. Nevertheless, significant review papers and citations in common
among the background work for this thesis draw heavily on science education, and it is likely much
of the synthesis and research work of this thesis will have relevance in that discipline also.
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2.1.2 Technologically-Enabled Laboratories

There is a ‘traditional’ view of a laboratory — students file into a room with different sorts of
engineering apparatus. Oscilloscopes and breadboards, beakers and Bunsen burners, microscopes,
and slides, set up by groups of students working under the direction of some educator to investigate
some natural phenomenon. It is this traditional style of laboratory that essentially defined practical
education for the majority of the history of engineering education [6].

Just as they have done in every other industry and discipline in the modern era, however, computing
and communications technologies have led to incredible innovation in what is possible for
laboratories in engineering education. Engineering is of course a discipline inherently bound to
technological progress, and the equipment used in a laboratory will change over time with the
changing nature of engineering practice — such as migrating from the slide rule to the calculator to
the computer [22]. The changes that triggered the new interest in the nature of laboratories
however were changes not simply to the equipment being used, or the phenomena being
investigated, but the fundamental mechanisms available for teaching and learning.

There are many ways in which technology might change the way a laboratory is or might be
delivered, and it is almost certain that the limits of these potential changes have not been reached.
Some helpful categories of technological enhancement can however be identified to give a
foundation for discussion:

e Simulation

e Remote Access

e Core Augmentation

e Peripheral Augmentation
e Dispersal

These categories are a convenience invented by the author — they are not mutually exclusive, nor
are they intended to be exhaustive — they are simply being used to introduce the scope of new
laboratories more approachably being developed, and to provide a basis for discussion. They are
intended to be broad enough to be somewhat resilient in the face of new innovations rather than
present a specific taxonomy.

2.1.2.1 Simulations

Simulation refers to the partial or complete replacement of the natural phenomenon being observed
with an artificial facsimile. This is most often run as a computer program that a student can interact
with to see the outputs for given inputs, for example the outcome of mixing certain chemicals.

Computer simulations have been a feature of education from as early as the 1950s [23], and have
grown to encompass a wide variety of software applications and supporting companies. This is an
area that straddles the borders between ‘laboratory’ and ‘not a laboratory’, with some computer
simulations being relatively divorced from the natural phenomena they simulate, and others being
an attempt to faithfully replicate a physical experiment, down to the laboratory room itself [24],
[25].

2.1.2.2 Remote Access
Remote Access involves equipment that exists in reality, that a student is able to connect to over
some form of ICT equipment and control remotely.

This type of laboratory has its origins in internet-controlled robots, with applications in laboratories
originating in the 1990s [26]. By using robotic components to manipulate equipment and providing a
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web-enabled interface, students can conduct experiments with real equipment remotely. These
remote laboratories have been enhanced over time through the addition of features such as
cameras, batch processing vs live control, and many more [27].

2.1.2.3 Core Augmentation

Core Augmentation is a broad term capturing several different technologies that change or replace
the equipment being used, or the student’s interaction with it. Computer-mediated equipment,
augmented reality, virtual reality, various haptic technologies — these all change the way a
laboratory is delivered and how students undertake them, through changes in interface.

Some elements present in remote laboratories appear without the remote aspect —a computer-
mediated interface such as LabVIEW being used to control local equipment [28]. These were a
significant driver for remote access in the first place, given once the robotic controls and computer
interface were in place, adding internet connectivity was the only barrier.

More modern innovations include more sophisticated new interface technologies. VR headsets may
be used to give an immersive, head and/or hand-tracking visual experience [29]. Augmented reality
may be used to superimpose artificial elements onto a real-world environment [30]. Haptic
technologies may be used to introduce new ways of controlling and sensing vs the traditional mouse
and keyboard [31].

2.1.2.4  Peripheral Augmentation

Peripheral Augmentation differs from Core Augmentation in that it involves changes not to the core
experimental equipment, but rather changes to the ‘other’ components of a laboratory as a teaching
and learning activity. For example, the ability to communicate with educators or other students over
the internet [32], or the use of smart tutoring systems to provide support [33]. As in the first cited
example this can often occur in conjunction with core augmentation, given the mediated interface
and innovation triggers already exist.

2.1.2.5 Dispersal

Dispersal is an outlier on this list in that it was not enabled by computing technology, having rather
been enabled by pre-computer communications technology many years prior. The ability to send
laboratory equipment to students, rather than students to the equipment, is something that has
been enabled by using radio [34] and TV [35] communications technology, seeing a resurgence with
the advent of the internet [36]. This typically involves sending a laboratory kit to each student, or the
student building one with materials from home, with some form of peripheral augmentation to
allow for access to teaching material (e.g., a broadcast, or web-based material), as well as direct
communication with educators and peers.

2.1.3 Laboratory attributes

Laboratories do not simply vary along lines of their technological enhancement, of course. Various
attributes exist which vary between different laboratory designs. The most prominent paper
investigating these attributes is Nickerson et al [37], which breaks down laboratory attributes into
several categories:

e Experiment

e Experiment Interface
e Coordination

e Coordination Interface
e Lab Frame

12
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e Lab Technology (called ‘Laboratory Mode’ in some publications, e.g., [38]
e Individual Differences

Prior work by the author [39] explored these categories and revised them into the following:

e layers: Infrastructure, Implementation, Integration
e Interfaces

e Experiment

e Data Source

e Coordination

e Synchronicity

e Individual Differences

Layers recognise the different meanings that may be applied to the term ‘laboratory’ — whether this
means the platform some laboratory is presented by (infrastructure), the equipment being used
(implementation), or the laboratory as a holistic teaching and learning activity incorporating not only
the equipment, but also the instructions, the educators, the students, etc. An example of
infrastructure would be a web platform for remote laboratories, e.g., the Sahara system [40]. An
implementation would be the equipment and software necessary to conduct experiments and make
observations, being anything from a collection of chemicals and glassware to a programmed micro-
computer connected to robotic equipment. It is with Implementation that this thesis is primarily
concerned, but of course this may only be arrived at within the constraints of the infrastructure and
implementation that is designed as part of this, or exists prior.

The interfaces refocus Experiment Interface and Coordination Interface of the source Nickerson et al
model [37], and in particular acknowledging that there will be further coordination with teaching
materials and other elements with which the students will be interacting. This may be physical
contact, or some form of computer-mediated interaction.

Experiment includes the instructions students are given as part of the teaching and learning activity
that is ‘the lab’, the degrees of freedom the equipment provide, the phenomenon under
investigation, the accuracy of the equipment, and everything else relating to the actual experiments
being conducted and what they are conducted on (notably excluding the manner in which they are
interacted with).

Data source is an arguably more accurate term for Lab Technology or Mode, and refers to whether
the laboratory involves data coming from real equipment, or simulated. Notably it does not
distinguish between traditional and remote laboratories where both use real equipment.

Coordination looks at the interactions between learner-content, learner-instructor, and learner-
learner, as described in [41]. These interactions each have an interface as described previously, and
establish what is possible for the students to do in the laboratory outside of manipulating the
equipment itself (for example, discussing with peers).

Synchronicity is extracted out of the interface components in Nickerson et al [37] as a top-level
attribute due to its significant influence on the nature of the laboratory itself. The experiment and all
coordinations previously listed may be synchronous or asynchronous in nature.

Individual Differences capture the myriad of different contributing attributes each participating
student will bring with them to any teaching and learning activity. From the very obvious differing
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physical accessibility requirements, or different levels of prior knowledge, to more subtle differences
such as mood, each may have an influence on the student experience of the laboratory itself.

2.2 LABORATORY EVALUATION

The primary focus of this thesis is the design and evaluation of laboratories in engineering education.
This is a topic that has had sporadic treatment in the literature, showing a varied level of depth and
quality across different studies. There are three general categories that this research can be divided
into: practitioner reports, comparative studies, and aspect studies.

Aspect studies are interested in some more specific attribute than the laboratory as a whole, for
instance gender, or teamwork. They may be a more tightly scoped study looking at an aspect of a
single laboratory, or they may be cross-sectional looking at the same aspect across multiple
laboratory contexts. This thesis largely does not examine issues with aspect studies except where
the aspect is being treated as an intervention on a holistic laboratory, or point of comparison
between different laboratories, though it does use them as inputs for design decisions involving
those aspects.

Practitioner reports are the local evaluations of laboratories by practitioners discussing what they
implemented and (in good quality work) the evidence they have for its benefit. Practitioner reports
show the highest variation in quality, ranging from a primarily technical discussion of how the
laboratory was developed with anecdotal evidence of quality, or perhaps a simple affective survey
for students (i.e., measuring how much students enjoyed the laboratory), as in [42], to more
structured evaluative research as in [43], [44]. Practitioner research is critical to local improvement
of educational practice, as well as forming the basis for wider-scale studies [45].

Comparative studies most often look at one or more of the technological enhancements described
earlier vs some alternative implementation. These styles of studies were made particularly popular
by the comparative aspects of the Feisel & Rosa paper [6] which contributed to the spark of research
over the last 20 years —in large part due to the comparative nature of the initial issue which drove
that paper’s inception, namely the possible accreditation of remote and simulated laboratories and
whether they ‘matched’ the outcomes of traditional approaches.

2.2.1 The Supertype conflation

One habit of this style of comparative research which was also investigated as part of the author’s
earlier work was the conflation of different laboratories based on a single primary differentiating
attribute. These conflated ‘supertypes’ are proximal or hands-on labs, remote labs, and simulations
[46]. While this does represent a flaw in research design and a gap in the overall knowledge of the
discipline as a result, they are useful archetypes to appreciate given their proliferation throughout
research in this space, particularly comparative research.

Proximal laboratories are what one may term ‘traditional’ laboratories — they comprise physical
equipment manipulated directly by students in a laboratory room. The interface is hands-on without
computer mediation between students and the equipment, and all coordinations are synchronous.

Remote laboratories are computer-mediated laboratories with real equipment operated at a
distance. Students may be proximal to each other (e.g. in a room full of computers), or distant to
each other as well. Coordinations may be synchronous or asynchronous.
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Simulations are computer-mediated laboratories with a computer model of the intended equipment
that exists only as a simulation. Again, students may be proximal or distant to each other, and
coordinations may be synchronous or asynchronous.

The prior work [46] identified the ‘missing pairs’ of mode and interface, with computer-mediated
proximal laboratories and haptic control of remote and simulated laboratories being ignored by the
extant research in this space. Further missing elements exist when considering the list introduced
previously — core and peripheral augmentation are captured by the idea of computer-mediated
interfaces on proximal laboratories, but dispersal types of laboratories are not captured at all. This is
part of a problem that exists in the modern era of laboratories in engineering education — the
existence of new laboratories has found the definition of ‘laboratory’ lacking, and ‘what is a
laboratory’ is an open question that will be addressed in part later in this thesis.

2.2.2  Research contortion

A distinct but co-occurring aspect of evaluative research which the prior work and this thesis
challenge is the contortion of laboratory elements to an artificial parity with other laboratory
elements for the purpose of comparison. This phenomenon will be revisited after the background
into why it occurs and what impact it will have on studies is covered from contributing disciplines of
research, but as an introduction, this contortion manifests in the artificial limitation of usually an
affordance of a laboratory mode or interface. For reasons of experimental design, something that is
possible for one laboratory being compared to another is disabled, or prevented, or chosen not to
be implemented, because it should be a ‘like for like’ comparison.

The most common example of this is artificially limiting the affordances of a computer-mediated
remote laboratory to match the affordances possible using a hands-on proximal laboratory. For
example, a computer-mediated remote laboratory can usually be accessed at any time of day,
multiple times by the same or different students, with much shorter sessions times due to students
not requiring time for setup or teardown. However, when comparing such a laboratory with a more
traditional implementation, students might be required to use it only during a scheduled laboratory
session, with the same time provided as for the traditional version. This contortion is not in itself a
flaw in a study, but it places limitations on the possible conclusions that are not always respected —
for example, making determinations such as ‘remote laboratories are better/worse than traditional
laboratories’, which is often the type of question being posed [21]. This will be returned to when
considering context for studies later in this chapter.

While this thesis explicitly rejects the use of these supertypes, the literature that is published often
falls along these lines, and so it is through this lens that the existing work on evaluation of
laboratories will be considered. Brinson [21] undertook the most significant review of this
comparative style of research to date, particularly focusing on simulated and/or remote laboratories
being compared to more traditional designs. In the initial work Brinson reviews the existing
literature for comparative studies, and then follows this up with further characterisations of these
originally reviewed papers. Brinson’s work and some specific observations of what it implies about
the nature of comparative evaluations of laboratories in engineering education are considered in
more detail in the Vignettes section 2.3, in this chapter we will be looking at the papers being
reviewed and what these contribute to an understanding of laboratory evaluations.

Brinson’s work represents a continuation of Ma & Nickerson’s earlier review [20], with a greater
focus on synthesis than the earlier general review. Several relevant observations may be made
regarding how laboratory evaluations are conducted — the first and most significant for this thesis is
that laboratory evaluations are primarily conducted as single-run studies utilising purely quantitative
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methods. This excludes those published works that do not conduct effective evaluation, being
practice papers which include a cursory treatment of ad hoc educator observations or basic
descriptive statistics. Based on this grouping, 41 of the 56 reviewed papers were these purely
guantitative studies, 4 were ad hoc practice papers, and 11 included some form of qualitative
investigation. The qualitative studies reviewed largely did no fall into established qualitative practice
— rather, the majority collected open ended data and then examined this in an ad hoc fashion.

Nikolic et al [47] present a more recent review that focuses specifically on ‘new laboratory
implementations’, a term incorporating both technologically-enabled laboratories as well as
laboratories which leverage more teaching methodology-based changes such as problem-based
learning or flipped classroom preparatory work. As established by the earlier reviews and Feisel &
Rosa of course, this focus is likely to have captured the overwhelming majority of publications on
laboratories at all, with nearly all of this work being triggered by changes in the first instance.

The review presents a similar picture to Brinson’s — work on laboratory evaluation falls into lower-
quality ad hoc practice papers, which present the laboratory development with cursory
observations, usually from basic student surveys, with more rigorous work involving quantitative
methods, usually analysing student assessment submissions, and resulting grades. Only a tiny
proportion of high-quality papers reviewed — 3 of 16 — included separate qualitative data, with only
1 of these 3 using it for its evaluation work.

2.3 QUANTITATIVE EXPERIMENTAL DESIGNS

The core motivational premise for this thesis is that the current practices of evaluation used to study
laboratories in engineering education are not fit for purpose. This is fundamentally tied to the types
of evaluation study designs identified as common in the prior reviews — quantitative experimental
designs. Before the issues with these designs are examined, it is necessary to describe the specific
nature of quantitative experimental designs, and in particular what requirements they pose, and
what conclusions may be drawn from their results.

Quantitative experimental designs are designs founded on the collection and analysis of quantitative
data. That is, data which either begins as or is converted into numbers. These numbers have
mathematical procedures applied to them, primarily from the statistics subdiscipline, which lead to
certain findings. This thesis follows the definitions in Creswell & Creswell [48], but the same nature
and requirements of quantitative research have been generally established across many disciplines
from medicine to social science.

The core of quantitative research is thus — if you can collect data by manipulating and observing
reality in particular ways, you may then perform mathematical operations to that data, and the
resulting numbers tell you something about the nature of reality you observed. The numbers may
yield findings such as ‘no significant difference’, i.e. telling you the study does not conclusively tell
you anything, or it may yield significant findings that may be interpreted as some elements being
correlated (i.e. this tends to occur with that), or causative (i.e. this causes that). The most important
aspect of this for this thesis is that one may not rely on the mathematical operations that are
involved in the data analysis conducted unless the requirements for their use have been satisfied.

These requirements can be complex, and the nature of possible mathematics can similarly be
complex. Fortunately, the general categories of experimental research designs give a shortcut from
‘what requirements have been satisfied’ to ‘what may be relied on when conducting analyses.
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2.3.1 Categories of experimental design

Creswell and Creswell [48] define 3 major categories of experimental design: true experimental
designs, quasi-experimental, and pre-experimental. When examining these categories supporting
textbook-style and critique material will be used collectively which each give a holistic reference for
experimental designs. These bibliographic citations were input for sections 2.3.1 - 2.3.5, with specific
citations for points identified outside these resources, [49], [50], [51], [52], [53], [54], [55], [56], [57],
[58], [59], [60].

True experimental designs are those which satisfy all of the requirements for quantitative analysis,
within the defined scope of their application. There are many requirements for a well-conducted and
robust true experimental design, but the majority of these (mitigating bias in survey questions,
avoiding coercion, disclosing methodologies used, etc.) are common across all experimental designs.
The 2 that are specifically relevant to this discussion are the need for a control group which does not
experience the element under study, and random assignment of participants between the control
group and the ‘intervention’ group. The fundamental requirement for a control group is that
confounding variables that may also vary between the control group and the intervention group
must be controlled, in order for the numerical findings to be valid for the intervention itself, rather
than being possibly due to the intervention or possibly due to some other uncontrolled variable. By
ensuring random assignment of participants in each group, nuisance variables, which are those
which vary between participants but not in a correlated manner, may also be controlled.

By ensuring these 2 requirements (along with the other more general requirements for high quality
studies), a true experimental study may establish causative and correlative relationships between
the intervention and the observed outcomes, depending on the specific implementation, such as
pre- and post- testing, between subjects, etc. The ‘gold standard’ for experimental designs of this
type is the double-blind Random Controlled Trial, or RCT. Usually associated with clinical medical
trials, this design is seen as the only way to quantitatively control for the stochastic nature of studies
involving humans and appropriate control for confounding and nuisance variables. While interesting,
these specific variants within the true experimental design space are not at issue for laboratory
evaluation — the misalignment that will be examined occurs much ‘lower down’ the hierarchy of
design quality.

Quasi-experimental designs are experimental designs which fail to meet the random assignment
requirement. They are essentially a step down in the hierarchy of experimental designs, requiring
only that a control group be used to compare against the intervention group. Designs which meet
only this lesser requirement have not controlled for confounding variables, and the study is said to
be limited. Limitations of studies prevent a firm finding of causation or correlation, because the
mathematical approaches used to determine findings take the validity of their inputs as assumed —
the term ‘garbage in, garbage out’ applies, where the processes do not apply any controls or
manipulations to deal with such limitations.

Limitations are primarily dealt with through reader controls. That is, the limitation is acknowledged
and described by the study authors, and interpreted by an informed reader as to how impactful it is
likely to be to the results. This is an inherently qualitative process, with the limitations necessarily
not able to be strictly defined in numbers — as, for example, measurement error +/- brackets can be
in life science research [61]. Limitations are not absent in the earlier true experimental designs, but
they are inherently embedded in quasi-experimental designs, as the lack of random assignment
which defines this category is itself a limitation.
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Pre-experimental designs, described in other publications [62] and for the majority of this thesis as
‘pseudo’ experimental designs (to acknowledge that in educational studies they usually do not pre-
empt or precede a ‘true’ experimental design), are those studies which lack a control group. Under
the assumptions embedded in quantitative research methods, studies which lack a control group
cannot ‘pass through’ the experimental groups to make findings about the intervention. Rather, the
findings apply specifically to the groups under study, and it is then up to the informed reader, having
read the acknowledged and described limitations, to qualitatively interpret these to make
conclusions about the validity of the findings as they apply to the intervention under study.

It should be noted that not all quantitative studies are experimental — there are myriad possible
guantitative study designs, and more being actively developed, but the two most relevant for this
thesis are aggregations, and quantitative observational studies. Aggregations make use of usually
experimental study components, to analyse what each of these studies might say as individual data
points in a larger aggregate picture — for example PRISMA [63] from the medical research discipline,
which defines a rigorous process for conducting and reporting on quantitative systematic reviews
and meta-analysis. Observational study designs are quantitative study designs that lack an
intervention or treatment — for example, massive scale population surveys. These studies are able to
identify correlations, and may be combined with other methods or studies to explore potential
causal explanations for these.

2.3.2 Internal & External Validity

The above experimental design categories establish what relationships a study can establish, but
they do not define what the study is establishing relationships about, nor do they establish the size
of a relationship that might be detected nor how confident a reader might be about its
establishment. This is reliant on the detailed specifics of the study from a design and
implementation perspective. The combination of the overall experimental design, in addition to
these specifics of design and implementation result in the study’s internal and external validity —
encompassing terms defined variously in the literature such as reliability, replicability,
generalisability, type 1 and 2 errors).

Internal validity can be summarised as how correctly and appropriately the study informs a reader
about the nature of the reality that was under study. Issues with study design that arise from
experimental designs below true experimental in the quantitative experimental design hierarchy
occur here. That is, the inability for a quasi-experimental design to establish a causal relationship can
be expressed as a lack of internal validity; though this would usually only be expressed as such if a
study incorrectly attempted to claim a causal relationship — a quasi-experimental study which
claimed to establish a correlation may be entirely internally valid.

This mismatch identifies the essence of internal validity issues — they arise out of a misalignment
between the question being asked, and the study which is attempting to answer it. At its core, any
number which is observed says ‘something’ about reality, even if in the worst case all that may be
validly stated about the measurement is that that was what was written down. When the
mathematical/statistical methods used in quantitative research are applied to data which is not
adequately prepared to support the assumptions embedded in them, or when conclusions are
stated about the eventual numerical results which rely on those unsupported assumptions, that is
when internal validity is violated.

External validity is the ability of a study to say something about contexts outside of itself — this might
be expanding from a sample of a larger population to the population overall, or translating an
intervention from one group to another. External validity can lead to conclusions in the external
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context up to and no higher than the internal validity that is present. That is, a study which has
strong internal validity that has strong external validity can make strong statements about the
external context, whereas a study with weak internal validity (e.g., a pseudo-experimental study that
invalidly makes causal claims) can only make weak statements even if it has strong external validity.

Achieving external validity involves further requirements on the design and implementation of
experimental studies. In essence it requires the study to be translatable to other contexts, which
requires the context under study to be properly understood, controlled, and reported, such that a
reader might identify whether this is able to be translated into their own context, and to what
extent. External validity also feeds into aggregations — highly specific studies can be aggregated with
other highly specific studies to make statements more generally. This is the impetus for systematic
review papers, particularly in medicine and social policy [63], [64].

2.3.3  Experimental designs in education research

There exists a significant dissonance between the nature of experimental research, and its
application in education research. This dissonance is highly variable between disciplines, with the
discipline of engineering being highly likely to apply quantitative experimental designs when
conducting evaluation [65]. It is likely that this is a result of the nature of the engineering discipline,
in contrast to the engineering education discipline, and the methods that are appropriate for use
there. Borrego [65] presents the most direct examination of this dissonance within engineering
education specifically, both in comparing perspectives on different methodologies, as well as
examining why quantitative methodologies appear to be the assumption within engineering
education research, as is supported by the review findings described above.

Engineers are trained to apply the quantitative scientific method on fixed and measurable natural
phenomena. This lends itself perfectly to true experimental designs —and due to the lack of human
stochastic behaviours there is no need for double blind RCTs for valid findings. Engineering
educators and engineering education practitioners are highly likely to be trained in traditional
engineering, and so when conducting educational research, for example the evaluation of
laboratories they are teaching with, they draw from their existing toolkit and apply the methodology
they know [65].

The dissonance occurs as a result of the educational context being significantly different to the
traditional practice of engineering — though notably not all of engineering as will be discussed later.
2 steel beams with common material and structure can be experimented on and compared with a
reasonable level of confidence. Random assignment is not difficult to achieve, a control group which
experiences no intervention is simple to establish, and the findings are likely to be valid for all steel
beams of a similar makeup. Humans however do not lend themselves nearly so effortlessly to
experimentation — no 2 humans are at all as close in nature as 2 steel beams might be, and their
reactions are stochastic — that is they vary randomly at the local level, perhaps with order appearing
on some aggregate scale. This dissonance of a trained engineer applying engineering research
practice to engineering education research practice represents a significant risk to the validity of the
work being conducted and reported, with limitations being present that cannot be controlled in the
way they might be using an engineer’s original skillset [65].

One key point that is under dissent in the literature is the nature of control groups in education
research. One position is that control groups cannot be established — because a control group in
education would be a group that was not taught in any way. Furthermore, to meet the ‘gold
standard’ required of a double blind RCT as in clinical trials would require a placebo —that is,
students believing they were being taught somehow when they were not [66]. If this position was

19

—
| —



Literature Review

upheld, it would limit all quantitative experimental designs in educational research to the level of
pseudo-experimental design, leaving them unable to establish causal relationships for interventions.

Instead of adopting this perhaps more purist stance, the position may instead be taken that a control
group may be established for an intervention in educational research by way of a ‘before state’, that
is teaching being delivered in the way that it was before some intervention was implemented [53],
[67]. This then allows for quasi- and even true experimental designs to be implemented in
educational research, but these may only achieve internal or external validity if the design is such
that the surrounding requirements on nuisance and confounding variables were appropriately
managed. This limitation has been repeatedly observed across education research, e.g. [68].

2.3.4 Internal and external validity controls in education research

One critical method for this management is random assignment — which again is required in order to
meet true experimental design requirements. Random assignment in education is an incredibly
tricky task for a variety of reasons. Taken at the individual level, which is necessary to meet the level
of a true experimental design, it would be necessary to randomly assign students to different
classes.

Many studies instead opt for non-random sampling on the individual level, with students selecting or
being assigned to classes as normal, but with random assignment of the treatment or intervention
between classes. Alternatively, the difference between the perhaps-artificial control and the
treatment can be year-on-year, though this raises still further questions around the appropriateness
of the false ‘control’ group — there will undoubtedly be confounding variables that also change year
on year between the control and treatment groups in this case [66].

It is possible to bypass these issues and create as close to perfect an internally valid study design as
is likely to exist, by extracting ‘the study’ from the educational context it exists within. This is a
similar spectrum as exists in HCI studies, comparing studies conducted ‘in the wild’ field studies and
‘laboratory’ studies [69] —in order to avoid confusion with the term ‘laboratory’ these will instead be
termed studies ‘within’ and ‘outside of’ their surrounding context respectively. To illustrate what this
might look like for a laboratory study in engineering education, consider a laboratory study which is
part of a regular degree undertaken by students as part of their studies. It exists within its intended
context, and is impacted by that surrounding context. Alternatively, students (or even more broadly
recruited participants) may be recruited into a laboratory session run independently from any
overall degree work or other teaching context, and participating in learning solely within the
laboratory.

2.3.4.1 Context in studies: lessons from HCI

There is a large body of applicable work on the impacts of within and outside of context studies in
the discipline of human-computer interaction. In the simplest terms, studies conducted within
context have far more difficulty establishing internal validity — due to the messiness of the
surrounding context and general lack of control that may be exerted by the study designers. Studies
conducted outside of context have the greatest internal validity due to the intensive controls that
may be applied, but due to being decontextualised lack external validity — the alternative contexts
that one might wish to extrapolate or transfer the findings into do not similarly lack context, and so
it falls to the reader to identify what the potential impacts of this un-studied context might be were
the treatment or intervention to be applied to a more realistic setting [70].

There is no specific outcome from this of one style or the other being better than the other — simply
more or less appropriate for the questions they may be applied to and, critically, what is necessary
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when reporting and later interpreting the results of such studies. In the main, these tend to fall
down lines of abstract vs concrete, with abstract questions lending themselves to the generalised
format of studies without context, while concrete questions asking about specifics, particularly
implementations, being more suited to studies within context [70].

This has implications for studies on laboratories — following this example of HCI, a discipline which in
conjunction with its larger parent discipline of design could readily be considered a more mature
research discipline than engineering education and particularly on laboratories, it is thus likely that
studies on specific laboratory implementations should be considered within context. This has a more
judgemental impact on studies which involve the contortion of like-for-like comparison described in
the earlier supertype conflation in section 2.2.1. Where a specific implementation is under
comparative evaluation, it is invalid to artificially limit the affordances of that implementation when
evaluating it, unless the question being posed and the reporting of the findings takes that into
account. Certainly, it cannot be said to be a true evaluation of the laboratory under study — rather it
is at best a study examining whatever aspect was allowed to vary. No examples fitting this possible
valid design were found in the literature when conducting the literature review for this thesis nor do
they appear in the cited literature review publications — likely because laboratory aspects are
interdependent, and the effects of controlling one aspect cannot be established to be entirely
independent of any other aspect.

2.3.5 The Assumptions and Requirements in Experimental Designs
Based on the above analysis of the literature, the following is a summation that this thesis uses as
the basis for investigating quantitative designs in education:

e Education involves stochastic behaviours: an individual outcome is not predictable, but the
outcomes of groups of individuals with similar circumstances trend towards some mean
value. As such any study must be applied to groups using statistical methods in order to
generalise the results across some population.

e A'perfect’ study, or ‘gold standard double blind randomised controlled trial’, takes a
representative sample of some population, randomly assigns that sample between a control
group, and a group for each intervention under study (i.e. a study comparing Thing A and
Thing B would require 3 groups), and has the treatment/intervention given to each group
applied in such a way that neither the participants nor the researchers (or e.g. the doctors
delivering some treatment) know at the time of treatment/intervention who is getting what
(requiring a placebo for the control group). There must be no systemic variance in conditions
between groups other than the interventions under study. The outcomes of interest must be
tested before and after the treatment/intervention. If these requirements are upheld, then
the study is valid and the results can give indications about the treatment/intervention,
including a causal relationship existing, i.e. the treatment was responsible for the outcome
occurring.

e There is no known way to deliver placebo teaching (part of Kember’s primary argument [66])
thus there can be no control groups in education. At a minimum this means the novelty
effect is always in play as a confound [71].

e The educator in an educational experiment delivering some lesson (as the equivalent of a
doctor delivering some medicine) cannot be blinded — they have to know what is being
taught and how in order to do so (the other part of Kember’s primary argument [66]). Thus,
there can be no blinding of the researchers —and arguably no blinding of the students
assuming they can freely observe what is being done.
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e Without the control group and double-blinding, the only remaining protection against
confounding and nuisance variables is the randomisation, which is only a protection under
the assumption that there are no systemic variances between the groups that are not
inherent to the treatment. This represents the most critical flaw in education research
designs applying a purely quantitative experimental design, because there are so many
possible (arguably certain) ways in which educational context variables might systemically
vary between treatment groups:

o Taught by different educators with different skills.

o Taught by the same educator, but the order means one group is getting the first
delivery of a class, and the other group is getting the second delivery of a class.

o Taught in different rooms, or differently timetabled times (e.g. one morning vs one
afternoon).

o Inthe case of longitudinal studies comparing e.g. a change in teaching delivery
between semester 1 and 2 involves drastically more systemic variance.

e There are also severe practicality and ethical reasons limiting truly randomised assignment.

e The only way to deal with potential systematic variance without the above avoidance
controls is to mitigate it by measuring the possible sources so it is known whether any
occurred.

e Replication by others is necessary to provide confidence that experiments have been run
properly. Replication requires the recreation of the experiment with matching context
variables to ensure the same result.

e Recreating contexts in education is similarly impossible — teachers are not fungible; student
cohorts are not fungible.

o There are perhaps trivial or outlandish experiments in education which avoid these
concerns, but these do not align with the sorts of research questions being asked of
laboratories in engineering education.

Investigating the consequence of these assumptions to the evaluation of laboratories in engineering
education and in particular the measuring mitigation is the basis of the following empirical work that
led into this thesis.

2.4 EXPERIMENTAL EVALUATION: ARGUMENTUM AD ABSURDUM

This thesis work represents a continuation and expansion of the same root question that was asked
in prior work by the author. While the above background is new to this thesis, the initial conclusion
that limitations existed in the application of quantitative experimental designs when evaluating
laboratories is common to both — notably Feisel and Rosa [6], Nickerson et al [37] and Brinson [21]
provided the initial indication of this issue.

One possible response to the establishment of this flaw in current research has been raised in
several reviews, but most recently and specifically for this context in both Brinson [21] and Nikolic
[47]. In essence this response is ‘conduct quantitative research such that the confounding variables
are investigated and controlled for to maintain internal and external validity as per ‘true’
experimental design rules,” and report these designs comprehensively. This response was attempted
in a laboratory evaluation to assess whether this would be appropriate and resolve the observed
issues.

—
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2.4.1 Truss Laboratory

The laboratory that was the vehicle for this study began as a commercially produced piece of
equipment intended to be run as a proximal, hands-on laboratory - Figure 1. Prior to the author’s
involvement in the project, this laboratory was converted to its initial remote laboratory form
through the application of Arduino boards connected to a local PC and basic electronic motors -
Figure 2. This was developed leveraging the Sahara Remote Laboratories system [40] to allow
remote access.

Figure 2:The truss rig during operation [39]
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The truss was subsequently modified to include further degrees of freedom in the remote operation,
and deployed by the author in an educational context for research. The specific details of this
conversion are out of scope and may be found in [39], however the web conversion did support
significantly more data capture far less invasively than the original proximal model. This deployment
was conducted as a single-test pseudo-experimental design, intended to investigate the baseline
responses of students participating in the laboratory. It comprised the students’ use of the
laboratory, completion of a laboratory worksheet, and several quantitative measures built into the
laboratory web system for the study.

The purpose of the study can be broken down into a direct purpose, and a meta purpose. The direct
purpose was to experimentally establish or reject a causal relationship between an observable
student attribute (demographics, problem solving behaviours, or others), their behaviour with
laboratories, and their assessment performance. The indirect purpose was to determine the validity
of experimental designs to answering questions such as these.

By the letter, this experiment failed to answer the direct question it set out to ask, and no
relationships could validly be established. Analysis of the initial constraints along with the observed
behaviours of participating students is presented to support the prior conclusion that this failure was
inherent to the nature of the question and methodology used, not the specific design of the
laboratory study itself.

2.4.2  G*Power and multifactorial studies

The first challenge encountered when designing the study was the constraints placed on true
experimental designs in order to fulfil the assumptions made by the mathematical formulae they
comprise. These are described in the prior section 2.3.2 Internal & External Validity, but are applied
in concrete form to this laboratory.

In order to answer the direct relationship question posed, internal and external validity would both
be required. That is, a causal relationship or lack thereof must be identified (internal validity) while
retaining the ability of a reader in another context to translate these findings to their own contexts
to achieve/avoid the same results (external validity). There are some key mechanisms for doing so as
previously noted:

e Random assignment of participants to groups comparing a difference in a variable of interest
(independent variable) as correlated to some known variable of interest (dependent
variable)

e Control of all variables not either independent or dependent (nuisance or confounding
variables)

e Where these nuisance or confounding variables may not be controlled, they must be
observed, and diverted into separate groups and a multi-variate approach used.

e Finally, if the maximum influence of a nuisance or confounding variable is known, and the
observed relationship is larger, a causal relationship may still be established, however with
damage to the knowable effect size.

Establishing a control group is left out as this would be necessary for establishing a causal
relationship, and subject to the arguments previously presented in [66]. As will be shown, resolving
this argument is unnecessary, as the lower internal validity of correlation may not be empirically
met.

Consider the variable of age on academic performance. In order to establish a causal relationship
between age and performance in a laboratory assessment, one must observe or control all variables
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of students other than age. For example, number of years of study can be assumed to correlate
strongly with both age and performance, and this relationship is most likely causal. But in order to
establish a causal relationship between age and performance one must either not allow years of
study to influence the outcomes (e.g. use all the same years of study), or observe the values and
mathematically control them (e.g. split up participating students by years of study and compare age
vs performance within each group).

If none of the above measures are taken, then it mathematically may not be concluded that a causal
relationship exists between the independent and dependent variables no matter their observed
correlation. Further, this applies not simply to years of study, but to any variable that might
influence the outcomes, e.g.,

e Instructor.

e Room the laboratory is conducted in.

e Time the laboratory occurs.

e |[nstitution the laboratory occurs in.

e What the students had for breakfast that morning.
e Near-indefinite others.

It should further be noted that selecting a single state of a variable and holding it constant — for
example the instructor delivering 2 versions of a laboratory, or the institution the laboratories occur
within — maintains internal validity only at the expense of external validity. Knowledge may be
gained about the behaviour and relationship between 2 variables under a given context, but no
knowledge is gained about their behaviour and relationship were that previously controlled context
to change. An institution might have a student culture that drastically supports the use of remote
laboratories and have experimental outputs to show a positive relationship between remote
laboratories and student performance, but another might have a different culture and reach directly
conflicting conclusions.

There is one final method of handling threats to internal and/or external validity — to accept them,
and to allow an informed reader to determine the likely impacts in their own context. This approach
is often the one taken whether acknowledged as such or not — when a study fails to observe and
report a given variable within an experimental design this is the default condition. The nature of
these uncertainties is critical to qualitative designs and will be discussed further in the appropriate
section below.

The influence of the above on the truss study was profound. In order to establish causal
relationships merely between a single laboratory and a group of students, let alone the eventual
goal of comparing multiple laboratory designs for effectiveness, the number of different variables to
control for was immense.

e No direct variable controls (e.g. selecting only domestic enrolment males speaking Spanish
at home aged 19 in their first year of study etc. etc. etc.) could be used, else external validity
to any class not comprised solely of those individuals would be lost. Further, this was not
practical for the study itself.

e Thus, all potentially influencing variables must be observed and controlled for.

e No experimentally established effect sizes of any variables of interest have been identified,
for the same reasons they must be controlled for in the first place, and so no effect size
control is possible either.
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This inherently leaves multivariate study design as the only mathematically sound approach, to
this or to any other study investigating causal relationships between variables in laboratories in
engineering education.

Mathematically establishing multivariate studies may be performed using the software
G*Power, which identifies the necessary participant group sizes to achieve the required p-value
significance for a given expected effect size for a given number of variables needing to be
controlled for and contrasted. This software immediately shows the absurd conclusions required
to achieve the desired goals — limiting expectations to a mere 8 variables of the myriad possible,
and a target detectable effect size of 0.1, a sample size of 2,283 students would be required [73],
[74] via [39]. This is of course wildly underestimated, as the total number of potentially
confounding variables in any classroom is far higher than 8.

2.4.3 Telescoping selection bias

Irrespective of the mathematical impossibility of achieving an answer to the direct question, and a
seemingly purely mathematical conclusion to the meta question of ‘no’, the study proceeded with
the reduced goal of identifying correlations of interest — not causal correlations, but identifiable
correlations for future investigation, nonetheless. During this study, an attempt was made to
observe as many variables regarding the students as could reasonably and ethically be achieved. In
order through the sequence of participation in the study, these were:

e A meta-variable of sorts of students opting in to participate in the research on ethical
grounds.

e Interactions with the laboratory equipment — digitally observed by the equipment itself for
participating students without further student interaction.

e Laboratory assessment performance obtained for those students participating without
further student interaction.

e An optional affective survey establishing student responses to the laboratory.

e An optional g-methodology study identifying problem solving behaviours.

A not unexpected result was observed during the study involving students’ participation rates — the
more questions are asked, action or thought is required, invasiveness increases, student
participation drops. Of N = 132 students in the class, N = 121 agreed to participate and completed
the laboratory, N = 29 further consented to any optional data collection, N = 14 completed all
requested data. This phenomenon was termed telescoping selection bias, as it resulted in the final
14 participants having been selected along behavioural grounds rather than being a representative
sample [39].

This telescoping selection bias must therefore apply anywhere attrition occurs with observation —
thus requiring indefinite numbers of variables is likely to lead to indefinite attrition of participants.
As a result, the original study concluded that a ‘better’ study design that resolves this attrition and
can observe 100% of the potential confounds is unlikely in the extreme to be possible.

244 Dark Data

The above conclusion serves as the end of the prior work portion of this section 2.4. The following
subsection made direct use of the collected data, but was completed subsequent to the conclusion
of the earlier work and may be considered original analysis work of this thesis, with components
previously published in [75] and [76].
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One caveat to the expected observation that increasing the demands of study participation leads to
a reduction in study participation is that increasing the observed variables that somehow avoids
increasing the demands on participants will therefore be immune to this telescoping bias effect and
thus ethical concerns notwithstanding may provide value without a participation cost. There are
many sources of ‘dark data’ which either is or could be observed without participation demands, but
the one of most interest in the context of non-traditional laboratories in engineering education is
that of interaction data from computer-enabled equipment.

Subsequent to the analysis of the intentionally collected data, a review of the involved systems
indicated value in the web logs being generated by control of the system. These web logs revealed:

e Correlations between queue size (number of users waiting in a digital line to use the
laboratory equipment) and booking behaviour (users pre-booking timed access).

e Use and downtime patterns for the equipment.

e User behaviour with the laboratory once assigned — didactic, ‘following the instructions’
behaviour heavily contrasting with exploratory, ‘investigate the relationships between
degrees of freedom in the equipment’ behaviour.

e Correlations between the above behaviours and wait time for the equipment.

e Correlations between all of the above, proximity to assessment deadlines, and number of
user sessions.

In each case these observations could be made post hoc, with zero demands placed on the
participants for their collection. The results clearly indicated design decisions that should be made to
improve the laboratory given the observable proxy for learning of exploratory behaviour [77]. They
were conclusions that lacked external validity, however the methods presented provide an
alternative style of external usability — replication. A practitioner in another context need not make a
decision solely on the research presented and their own context — if the observation demands are
low, they might replicate the observations made and determine any correlations within their own
context independently. This observation became a key feature of the artifact work in this thesis and
will be referred back to in later chapters.

The details of the specific methods and findings used in that laboratory, while incredibly useful for
that laboratory and interesting for applications elsewhere, are not relevant further to the specific
material required for this background and instead may be found in the relevant papers [75], [76].

2.5 EVALUATION IN OTHER EDUCATION DISCIPLINES

The problem facing engineering education in evaluating laboratories is far from unique. Even within
engineering education itself it is likely that methods used to evaluate laboratories will map closely to
methods used to evaluate other teaching and learning activities. There are however disciplines of
education research that have a far more robust approach to evaluation than engineering education,
which can inform the path engineering education might take in resolving the issues observed.

2.5.1 Science

Science education in this context presents almost bi-modal characteristics — as has been observed
above research evaluating science laboratories is often entirely conflated into research evaluating
engineering laboratories, with exactly the same approaches taken, and thus exactly the same issues
preventing the work from being effective in yielding improved designs and implementations.

On the other hand, one significant difference to evaluation between science and engineering is the
perception that engineering is a purely tertiary level subject, drawing on primary and secondary
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education subjects such as science and mathematics [78], [79]. While this is arguably an incorrect
distinction in terms of the nature of engineering and science, it appears to manifest in significantly
more literature studying science education at the primary and secondary levels than engineering.

Using a recent systematic review of evaluation of laboratories in science education from Gericke et
al [80] as a foundation, the increased breadth of available studies is made apparent. Notably this
paper is one of many citing the seminal Hofstein and Lunetta paper [18] mentioned earlier as a
common foundation to much of the work on laboratories that are explicitly ‘science’ and not
‘engineering’. This systematic review aimed to “identify important aspects of how to successfully
make use of laboratory work as a science-teaching strategy in secondary schools” [80]. Simply in the
stated research question aspects of integration with wider teaching are stated explicitly in ways not
encountered in the identified literature in engineering equivalents. There is also explicit scoping of
the term ‘laboratory’, which will be relevant in the later section 7.2.1 of this thesis examining the
same.

The study uses 3 theoretical frameworks:

1. With the aim of developing students’ learning of science
2. With the aim of developing students’ learning to do science
3. Regarding the level of inquiry that facilitates aims 1 and 2

That is, explicitly stating the purposes of the contributing laboratories, albeit as broad, abstracted
purposes as is necessary in a broad meta review.

The study identified 39 studies likely to contribute to the research question within the identified
frameworks, and coded them according to the study design being used. There are two key
observations that highlight the differences in the engineering education tradition and explicitly
science education tradition on laboratories. First, the study correctly differentiates ‘quantitative’
studies into randomised controlled trials, specific quasi-experimental designs, correlation studies
(pre-/pseudo-experimental designs), and simple observed numbers. The nature of RCT and validity is
not critiqued, though as previously mentioned in section 2.3.3 this is an unanswered contention that
is often accepted in research designs. Secondly, of the 39 studies, 8 used mixed methods
triangulation, and 12 used qualitative methods. Qualitative methods were defined differently to that
observed in [21] — where Brinson implicitly defines qualitative research as ‘research which fails to
meet the requirements of quantitative experimental designs’ (i.e. quantitative affective responses
without experimental controls are considered a qualitative method), Gericke et al in [80] describe
gualitative designs as follows:

“naturalistic observation concerned with understanding the process of students’ meaning-
making, interviews to capture students’ and teachers’ experiences, and analyses of
documents used or created adjacent to exercises, such as teachers’ written instructions or
students’ laboratory reports.” [80]

More than half of the available studies had the rich description inherent to qualitative studies that
enabled the synthesis work of the review to reach past the external invalidity issues of experimental
designs and derive several outputs. In brief these related to the connection between level of inquiry
and learning goals in laboratories as indicated in their starting frameworks, connections between
science knowledge and skills, transfer of understanding between activities, and assessment. It is
likely that these conclusions have relevant implications to engineering education laboratories also,
but most relevant to this thesis is the establishment of what meta research is enabled by more
appropriate methodologies in ‘coal face’ studies.
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2.5.2 Nursing and wider health

Nursing (and to a less commonly published extent medicine, surgery, and wider health practitioner
education) is perhaps an unexpected source of insight into the evaluation of laboratories in
engineering education. There is however a strong link between the mechanisms used to teach
practical skills in nursing, and technologically-enabled laboratories in particular. Speculatively this is
perhaps because nursing must grapple with the issue of how you allow students to practice their
skills and learn from failure, when failure in a healthcare setting holds the potential for significant
negative consequences for the patient.

As such, nursing has for a significant length of time relied on the use of ‘simulations’ for teaching
practical skills. These simulations are not inherently computer simulations as would generally be
assumed when discussing simulations in engineering education — though in recent work computer
and robotic elements have been introduced. Rather, these simulations meet the dictionary definition
of the word ‘simulation’, in that they simulate issues with patients that nursing students must
respond to as if they were real [81].

These simulations can involve the use of a human actor, or perhaps a stand-in such as a CPR dummy
or more sophisticated pretend patient. Many parallels exist between these practical exercises and
engineering education laboratories, and it speaks to the siloed nature of this discipline that the
significantly more mature body of work available is not more heavily drawn upon for insights that
might be transferred [82].

Two relevant aspects of evaluative research on nursing simulations were discovered when reviewing
the available literature from this discipline — first, a direct attempt at the purely quantitative meta-
analysis procedure following PRISMA [63] that is often upheld as the ‘gold standard’ from medical
research when leveraging double blind RCT experimental design; and second, a series of example
stand-alone studies that show the effectiveness of qualitative and mixed method study
methodologies at performing these evaluations and designs.

2.5.3 PRISMA meta-analysis

Hanshaw & Dickerson [82] present a meta-analysis of literature available on nursing simulations,
though limited to ‘high fidelity’ simulations which most closely match ‘real’ experiences. The PRISMA
reporting protocol was declared as the overall approach, and 20 studies were identified, all of which
were quantitative as is generally assumed by this approach.

Of these 20, at least 8 involved pre- and post-tests or simple correlations (pseudo-experimental
design), 8 involved quasi-experimental designs, 2 claimed to be RCTs, 1 was a ‘blinded controlled
intervention’ which most closely matched a quasi-experimental design, and 1 was a mixed methods
study — however only the quantitative component of this study was used for the analysis in isolation.
Some literature also used multiple quantitative designs.

Most of the studies involved were declared ‘low’ to ‘moderate’ in quality, which is a PRISMA
standard to more systematically define validity, particularly internal validity. This rating was due to
the inherent weaknesses in those study design types and attempts to implement RCTs in education
as described earlier, while also being influenced by the single-site or context nature of those studies.
Regarding limitations to the external validity of the analysis, the paper states

“Studies in this synthesis were heterogeneous, with varied study designs, sample sizes, and
simulation topics, which limits generalizability. A majority of studies reviewed were limited
to convenience sampling in a single site in one geographical location.” [82]
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These are similar challenges facing any attempt to synthesise between studies in the engineering
discipline, as will be demonstrated in the vignettes section 2.3 to follow. This example is shown not
as an exemplar to follow, but rather to highlight the extreme difficulties with undertaking
experimental design and subsequent meta-analysis in educational contexts. Nursing and the wider
health discipline is the origin of randomised controlled trials and the gold standard of quantitative
analysis of stochastic human responses, with practitioners more likely to be familiar with the
requisite controls and assumptions required to be upheld — and yet to date this success has not been
replicated in the equivalent educational evaluation context.

This conclusion is supported by other studies on nursing simulation evaluation with a focus on
guantitative paradigms. Prion [83] presents an imported framework from the wider education
research discipline, Astin’s Input-Environment-Outcome framework for identifying variables of
interest [84]. These are the independent variables controlled for in a study, environmental variables
(this thesis typically terms these ‘context’) which are potential confounds, and outcome variables
which are the dependent variables to be studies. The general conclusion of this paper is a mirror of
the initial premise of the earlier described truss experiment — that these variables must be captured
in order for a study to be robust. While there is consideration given to the difficulty of measuring
specific variables, no consideration is made of the compounding difficulty of measuring all of the
requisite context.

Foronda et al [85] present an earlier review to Hanshaw & Dickerson’s, with a broader scope and
101 contributing papers. While not following the PRISMA approach and reporting substantially less
detail to interrogate as a result, this review similarly calls for strict adherence to true experimental
designs:

“The discipline of nursing is lacking robust research and evidence that supports simulation as
a method for nurse education” [85]

Noting that this lack is on the basis that robust research and evidence must be quantitative
experimentation.

“Consider a pre-/post-test design or use a control group versus an intervention group to
evaluate if change or learning occurred.” [85]

It should be stated that this review did make conclusions that are more readily aligned with the
general conclusions of this background, in that what is being studied should be more robust than
merely affective responses to teaching, and to identify differences in behavioural and cognitive
outcomes.

2.5.4 Alternative Methodological Approaches

The discipline of nursing education as stated appears to be far more mature than engineering
education, particularly when comparing nursing simulations to engineering laboratories. As might be
expected, significant progress has been made in developing approaches that more appropriately
deal with the challenges observed above. Several exemplars of methodologies and their successful
findings are presented as representative of this body of knowledge.

2.5.4.1 Linguistic ethnography

Frandsen & Lehn-Christiansen [86] presents a qualitative research study using linguistic ethnography
analysing transcripts from ‘debrief’ sessions. Debrief sessions in this context are conversations
conducted after a simulation to reflect on the activities conducted, their correctness, further
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learnings, etc. A theoretical framework from llleris [87], describing learning and competence
development, was used to situate the analysis and present findings.

Outcomes of this process which were able to be empirically validated by the methodology applied
included the influence of time pressures of the sessions on student learning, categorical differences
in student motivations for learning, and the contributions of real clinical experiences to simulated
learning. These outcomes are uninhibited by internal validity concerns caused by limited
guantitative studies, and while they do not present a number to transfer to some other context, the
rich description including transcript observations allows a practitioner in some other context to seek
parallels in their own observations as a method of transfer.

2.5.4.2 Design-Based Research

The Design-Based Research approach, a version of which became the approach used in this thesis,
was originally encountered by the author out of mathematics education research — that description
is left to the detailed treatment of that methodology in section 2.6.5. Upon seeking saturation from
the literature synthesis portion of this thesis however, extensive use of this family of research
approaches was identified in nursing, and particularly for use in designing and evaluating simulation
activities.

Koivisto et al [88] present the development of the ‘NESTLED’ model, a framework for educating
simulation facilitators. This development followed an iterative design-based approach, specifically
Design-Based Research drawing from multiple sources, including Reeves [59], Barab & Squire [89],
and Plomp [90], among others. This process follows specific iterative phases with focus shifting
between each [88]:

Systematic literature review

Analysis of current education programs
Development of a prototype

Testing of the prototype

Analysis of the test and refining of the prototype

vk wnNE

These steps 1-3 generated an initial model, which was continually developed through to stage 5. In
addition to this model, transferable design principles were also generated. For example:

“Simulation facilitators [should] fulfil their roles as coaches and experts instead of ‘deliverers
of knowledge’” [88]

The data leading to the designed model and transferable principles were embedded in the design
process over each phase. Literature synthesis, expert collaboration, and empirical observations of
practitioner and student participants combine to form a mixed-method triangulation environment
that is continuously analysed and responded to rather than being ‘held static’ to maintain
experimental conditions.

Macdiarmid et al [91] similarly present a design-based research project in nursing simulations, in this
instance Educational Design Research in the tradition of McKenney and Reeves [92]. This project,
which is ongoing and reported in between iterative phases, examines and is in the process of
designing authentic learning environments in graduate entry nursing programmes. The publication
comprises a design through to first student contact subset of the larger project, and details the
future phases yet to be completed. This mid-point to an ongoing project reporting is a common
feature of iterative designs which might be under study longitudinally for years.
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Even with only a partial completion, the iterative nature of the approach means outcomes have
already been observed and analysed as inputs to each subsequent phase. For example, identifying
incoming issues from the current state of practice that should be designed against, such as students
failing to engage with pre-reading materials, leading to the inclusion of audio podcasts in the new
design. Incorporating existing literature recommendations and expert collaboration supported the
use of an active design to the podcasts rather than a more common didactic content delivery.

2.5.5 Other Disciplines

The above represents a point of saturation in this literature review for broadly different approaches
to evaluation of educational activities in different disciplines of study. Similar tensions between
guantitative limitations and qualitative approaches were encountered across several further
disciplines. Notable examples of these include mathematics education, which as mentioned will be
described as part of the educational design research section below, pilot training with flight
simulations that shares many parallels with nursing simulations, and pre-service primary and
secondary school teacher education.

2.6 ALTERNATIVE EVALUATION RESEARCH APPROACHES

Given the above evidence that the methodology being used to evaluate laboratories in engineering
education is at best misaligned with — if not entirely unable to answer — the questions it is being
applied to, there is a need for consideration of other methodologies that the literature suggests will
be more appropriate.

Quantitative methodologies all fall into a descending hierarchy of what is able to be established in
terms of relationships between laboratory attributes and their resulting outcomes. True
experimental designs as described above being the only methodology able to answer questions such
as ‘given this laboratory attribute design choice, what will be the impact on student outcomes’.
Other quantitative methodologies exist, but all fall into the pre- or pseudo- experimental category as
described above, and cannot on their own answer the questions being asked.

Qualitative methodologies vary much more widely in terms of their ability to answer questions — as
they generally embed the inherent, stochastic uncertainties present in human studies. Rather than
enforce or contort activities to meet methodological criteria as in true or quasi-experimental
designs, they instead observe reality as it is, and report the necessary detail for that observation to
be interpreted by an informed reader.

2.6.1 Methodologies, methods, & instruments

When discussing qualitative and qualitative-inclusive methodologies, it becomes more important to
distinguish between ‘methodology’, ‘method’, and ‘instrument’. When discussing quantitative
designs, ‘methods’ can generally be summarised as ‘mathematical procedures’ — a rich and varied
set of tools, but all falling within that description. Thus, the distinction between methodology
(experimental design; true, quasi, pseudo, between subjects, RCT, etc.) and method (the type of data
being collected, and the mathematical procedures applied to that data) is a relatively simple one to
make. ‘Instrument’ is also an important element, referring to the mechanism used to obtain data, or
the specific observations that are then fed into the mathematical procedures. These can include
surveys or questionnaires, computer-recorded data such as web or interface interaction logs, or any
observation which might be converted to numeric data, such as tallying when certain behaviours
were observed by an instructor [48].
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2.6.2 Qualitative research

Qualitative research is differentiated from quantitative research by its analysis of non-numeric data
—or in some cases analysis of numeric data using non-mathematical tools. This includes
methodologies and methods looking at large bodies of text such as interview transcripts or
observation notes, and other sources of rich data such as written descriptions, document artifacts
like lab guides, etc. [48].

An important side note here is that a school of thought exists in some quantitative research
publications that qualitative research can be defined as ‘research which does not meet the
standards of rigour for qualitative, experimental research’ — essentially adding a category to the
hierarchy described above: true experimental, quasi-experimental, pre- or pseudo-experimental,
and then qualitative research. This is due to the nature of ‘qualitative observation’ which exists as a
term in the life or ‘hard’ sciences — where a ‘qualitative observation’ might be ‘the water got hotter’,
where a quantitative observation might be ‘the water increased in temperature by 17 degrees
Kelvin’.

While this is valid for use in the original context, it is by no means an accurate definition of
qualitative research as it is properly conducted, and it would be better to use a term such as
‘informal observation’ rather than ‘qualitative research’ in such cases. This is critical to ensure both
the appropriate level of respect for well-established and empirically validated methodologies in the
guantitative research disciplines, but also to identify that informal observations which do not meet
the appropriate standards of rigour necessary for qualitative research do not carry the same
empirical backing as those methodologies and should be considered independently on their own
merits.

Qualitative research includes an extensive range of methodologies, with some widely-used
categories being: [93]

e Ethnography/Autoethnography
e Grounded Theory

e Phenomenology

e Phenomenography

e Case study

e Action Research

Of these the most relevant to the questions being asked in this thesis was action research, and
formed the basis for investigation moving forward.

2.6.3 Qualitative Research Methods

Methods in qualitative research can involve the same instruments as in quantitative research, as
well as some more specific ones — questionnaires can include areas for participants to write free-
form text, observations can be written in prose rather than tallies or binary yes/no responses, or
interviews might be conducted involving full text transcripts; many other possibilities exist. The
specific methods that are then applied to the data thus collected cannot be so easily categorised as
in the case of quantitative methods [48].

Some methodologies call for a type of ‘quantitisation’ [94] turning qualitative data into discrete
guantitative data through mechanisms such as coding, or having an expert review quantitative data
and mapping rich and varied responses into specific elements that multiple responses might match.
After quantisation, quantitative mathematical procedures can then be applied.
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Other methodologies leave the data as qualitative data, but process and analyse it in other ways.
Thematic analysis follows similar coding practices but then applies sense-making to identify themes
present across multiple points of data [95]. Case study analysis, such as was informally used in the
vignette analysis above, review individual cases as holistic data points and discuss them as atomic
elements rather than converting and aggregating them prior to analysis. Ethnography,
phenomenology, and grounded theory each call for different types of rich description and analysis
[48]. In each case, the methods used will vary considerably based on the methodology selected, and
it may not be immediately obvious where the border between methodology and method lies.

2.6.4 Mixed and Multi method studies

Just as there is purely quantitative research, and there is purely qualitative research, there are of
course methodologies which call for a combination of the two. These methodologies are generally
composed of a quantitative methodology and a quantitative methodology, though options including
a qualitative methodology along with combined quantitative and qualitative methods also exist [96].
The terms ‘mixed/multi’ paired with ‘methods/methodology’ are not used consistently or entirely
accurately in the literature [97] — this thesis tends to use ‘mixed/multi methods’ as a catch-all as a
result, with any relevant specifics or distinctions left to be described in the discussion directly.

Perhaps the most significant deviation is due to the literal meanings of the constructed terms
themselves — a study which includes a purely quantitative correlational component followed up by
an RCT experimental design fits the literal definition of having used ‘multiple’ methods and thus
might be reported as having been a multi-method study, and this is valid for some contexts e.g. [98].
This thesis derives some working definitions from [99], summarised as:

e Triangulation defines a process by which combined perspectives on a phenomenon are used
to identify the common reality between them.

e Within-methods triangulation is any triangulation which uses either only quantitative
methods, or only qualitative methods (i.e. the above literal definition of multi-method is
rejected)

e  Multi-method studies, or between-methods triangulation, involve triangulation between at
least one quantitative and one qualitative method.

e Mixed method studies involve direct integration of at least one quantitative and one
qualitative method which occurs within the processes of at least one of those methods,
rather than triangulating between finalised outputs of both.

e The more detailed definitions of e.g. QUAN+qual etc. from [99] contribute to the more
abstracted archetypes discussed below, but the specifics of this taxonomy are not directly
considered.

The benefits that can be derived from mixed/multi-method studies when performed correctly are
drawn from the strengths of one method complementing the weaknesses in the other. This might be
correcting for an issue of validity, an issue of explanation or causal identification, or establishing a
complex narrative. Several versions of these lists exist, such as the almost algebraic version
mentioned above, to a varied prose description in [48, Pt. 1.1.2.2.3], to a typology analysis in [100]
which are synthesised below.

Validity issues that might occur in a single method study can be mitigated by the inclusion of some
other method. For example, a quantitative experimental design which encountered some
uncontrollable confounding variable might triangulate using a qualitative method to investigate the
likelihood and extent to which that confound might have influenced any results. A qualitative
method which experienced the potential for bias due to use of e.g. self-reported interview data
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might triangulate with externally observable quantitative data to investigate this potential bias. In
both cases research questions may be answered through the sum of the methods where they could
not be alone.

Explanation is a common motivator for studies beginning with quantitative experimental designs.
For illustration, consider a quantitative study which observed a significant difference in some
dependent variable given a treatment. Quantitative experimentation can establish that this causal
link exists, but it has no power to explain ‘how’ or ‘why’ this effect occurs. Qualitative methods may
be used to investigate the identified relationship to examine potential mechanisms that it may
operate through. Explanatory follow-up may also be used in other circumstances, such as
investigating why replication failed in some other context, or some other expected outcome was not
apparent in the quantitative analysis.

Establishing a complex narrative is a motivator that unlike the previous examples need not be
reactive to some output, but rather may be baked into the design of the study from its inception.
Investigating some phenomenon that is known to be rich, complex, and nuanced may call for
multiple perspectives and sources of data to be collated and analysed holistically rather than by
independent method outputs. For example, the relationship between political affiliations and some
economic or demographic changes may be examined through qualitative methods, and may be
examined through quantitative experimentation, but a full picture is unlikely to be obtained from
either method in isolation. Instead, multiple contributing data sources may be compiled, and the
phenomenon analysed across each of these together — without one solely being an input to some
other, but rather each informing the other.

2.6.5 Practical Inquiry Methodologies

Having introduced some qualitative methodologies and methods above, there is a distinction that
arises between the majority of qualitative methodologies, and action research. Most qualitative
research methodologies articulate a general process to be followed, and the methods that support
this. Ethnographies embed the researcher and have them observe and take notes, interview, and
construct the deeper narrative within the notes and analysis. Phenomenology takes observations,
interviews, and other rich data and analyses it for themes or structures within the participants’
subjective experiences. In most of these cases, the methodology calls for a structure of a question
being asked, or a topic of interest to be explored, a set of potentially applicable methods and
instruments to be applied to answering that question/exploring that topic, and those methods
involving procedures to analyse data to come to some discussion and/or conclusions [48].

Action research is an outlier in this set of methodologies in that while it still calls for a research
guestion or topic of interest, and then outlines a process to be followed when answering or
exploring, it does not have any specific declared methods or instruments that might be appropriate.
It operates closer to the epistemological level, compared to the methodological levels ethnography
and other qualitative methodologies operate at, but orthogonally opposed. Where epistemologies
define philosophical strictures to do with what counts as evidence, how that might be applied
towards the creation of knowledge, and how that knowledge might be interpreted, action research
instead looks at the concrete mechanics of how different phases of research ought to be conducted,
and what the constraints on the research should be — or more appropriately, where those
constraints should be drawn from.

This different level of abstraction at which action research operates also means that the methods it
employs can thus vary widely. It could feasibly be possible to design an action research project which
incorporated an entirely quantitative, black box true experimental design — unlikely to be a good
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design, but the nature of action research does not preclude it. So long as that experiment fit within
an iterative and contextualised investigation or intervention in some social situation or aspect of
inquiry, this would meet the general requirements of action research. More realistically, action
research will wherever relevant and appropriate include quantitative methods, in conjunction with
gualitative methods. Within the different steps of action research, nearly any other qualitative
methodology might be embedded — a phenomenological study might be used to explore participants
experiences of something, which then leads to some intervention, which then is further evaluated
using some survey or observation. Thus, action research might more appropriately be categorised as
a mixed or multi method methodology depending on the nature of the contributing methods.

There are several related methodologies which follow the same style as action research, with
specific structural differences. Various sources have attempted to deal with the conflation and
overlaps to do with the terms used for these — method, methodology, paradigm, style, design,
approach, etc. [101], [102]. The term this thesis will be following is largely ‘methodology’, though
the artifact this thesis will develop uses the term ‘Approach’ given that it includes more definition
and details than the more generic/abstract methodology from which it derives and implements. The
term this thesis uses for the collection of related methodologies to action research is ‘Practical
Inquiry’ methodologies — that term comes from the inherent ‘involves direct and embedded change
to the aspect of reality under study’ that is the common attribute of these methodologies, and has
previously been used in connection to action research specifically in the literature, but does not
appear to have yet been used in the collective sense — it is nevertheless an apt term for them and
aids in framing the discussion, in spite of or perhaps ironically in light of the use of practical inquiry
as a term for laboratory study. Some sources use ‘applied research’, but far more broadly, and not
accounting for contexts where other qualitative methods may involve direct application to changing
reality in situ [103].

2.6.5.1 Action Research

Action Research as alluded to previously is a process framework for research involving participant
collaboration and the live modification of authentic reality. Multiple definitions exist with significant
variance in scope and details, e.g.

e “Atype of applied research designed to find the most effective way to bring about a desired
social change or to solve a practical problem, usually in collaboration with those being
researched.” [104]

e “Action research is a form of collective, self-reflective inquiry that participants in social
situations undertake to improve: (1) the rationality and justice of their own social or
educational practices; (2) the participants’ understanding of these practices and the
situations in which they carry out these practices. Groups of participants can be teachers,
students, parents, workplace colleagues, social activists, or any other community members —
that is, any group with a shared concern and the motivation and will to address their shared
concern. The approach is action research only when it is collaborative and achieved through
the critically examined action of individual group members.” [105, p. 5] via [106] and

For the purposes of this thesis then, Action Research is the direct application of empirical
observation, analysis, and reflection — that is to say research methods — informing actions that are
taken towards achieving a defined change to meet a purpose or value. Rigour is achieved not
through statistical significance or the mandated application of qualitative coding and analysis
methods, but rather through its authentic connection with reality and lived experience of the
collaborators.
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Notably, in education in many cases the ‘group’ might be one single educator as the participant,
collaborating with themselves in the role of both educational designer, deliverer, and researcher.
This scales in breadth and arguably rigour to large groups pairing dedicated educational researchers
with participating educators also acting as collaborators.

To give an example of this approach, consider a university which accepts mature age students, which
has observed lower performance and affective responses from this cohort. In collaboration with
educators teaching classes including this cohort, concerted efforts are made to identify and correct
the causes of these issues. This is conducted by incorporating synthesis from the literature to
identify aspects of concern, investigating those aspects, selecting some for changes, and observing
the results of those changes. This observation might be ad hoc, follow some other qualitative
framework, or be quantitative. The observations are analysed, and the researchers/participants
reflect on these to form conclusions. This process may then iterate or reach conclusions to the
research questions posed. Outputs to this process vary from ‘mid-way’ learnings such as “an
effective way to observe X behaviour in the cohort was Y” to final conclusions such as “by applying
technique A to classes the cohort’s performance and experience was improved”. Practitioners in
other contexts may then make use of these outputs by either helping them to perform their own
changes through action research, or incorporating concluding recommendations directly.

Several specialisations or refinements to action research exist around particular topics focusing on
the empowerment of participants aspect of the methodology — social justice, decolonisation and
indigenous knowledges, etc [107]. These may largely be seen as compatible with action research as a
methodology, while incorporating more specific literature foundations, ontological and
epistemological perspectives, and specific scopes. Their presentation as methodologies in parallel
rather than being considered ways of approaching and performing action research speaks to the lack
of clarity in the literature around the hierarchy of ontology, epistemology, methodology, and
method.

There are commonalities between action research and the other methodologies examined as types
of practical inquiry methodologies. Action research in many respects acts as a default or entry point
for this discussion, being the earliest defined of these methodologies in the literature and having in
some ways inspired the development of the others. Breaking down the observed aspects of action
research above into common and differentiating yields:

Common

e Practical inquiry research involves the direct application of research methods to real, in situ
environments, which are not extracted into a laboratory setting, simulated, or otherwise
pulled out of the authentic context within which they exist.

e Practical inquiry research involves collaboration with local expertise within the context
under study.

e Practical inquiry research may call for iteration to progressively approach some target result
without ever mathematically provably reaching it.

Differentiating

e Compared to other forms of practical inquiry, action research focuses heavily on achieving
the changes to a specific context, reported within that context, rather than focusing on
extracting generalisable learnings

e The weight of evidence from external literature to practitioner expertise is weighted more
towards the latter in action research.
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e While not necessarily being part of the definition depending on the source used, action
research more heavily favours certain types of change purposes compared to other forms of
practical inquiry — social justice, participant empowerment and emancipation, etc.

2.6.5.2 Design Experiments

Design Experiments is an unfortunately termed practical inquiry methodology that is difficult to
separate from the quantitative term ‘design of experiments’, the overarching terminology for true,
pseudo, quasi-experimental designs, etc. It is nevertheless a well-established approach to research,
particularly in education, where it is used to answer questions around best practice, develop
theories for teaching and learning, and making predictions for other contexts [108].

As a result of the terminology issues, sometimes called “a Google Problem” [101, p. 28], several
competing terms have emerged in later years that largely map to the same style of research and will
be treated here collectively [92, p. 18], [101], [109, p. 4] :

e Design research (this and similar also conflicting with ‘research on/about design’)
e Design-based research

e Design studies

e Design research project

e Development(al) research

e Formative research/evaluation

e Design science research

e Engineering research (particularly problematic in this thesis’ context)

Notably the term ‘Educational Design Research’ is also strongly linked to this family of
methodologies, however the details based on specific traditions of researchers will be treated
separately below as this has stronger relevance to the work in this thesis.

The fundamental motivation for the development of these methodologies is to leverage the benefits
of a design process such as is found in engineering, manufacturing, usability, etc. for gaining an
understanding of inherently unknowable phenomena. Particularly in education where much of this
research has been developed, the issues with applying quantitative experimental designs examined
above led to seeking an alternative methodology which could mitigate or avoid those blocking
characteristics [101].

The core of a design experimental study is to take some complex system exhibiting some
combination of stochastic behaviours, imprecise measurements or proxies, and/or uncontrollable
confounds — i.e., a context not suitable for quantitative experimental designs such as education, and
apply a formal design process to it. This is arguably something that has already been done outside of
any research context as a normal practice for developing e.g. teaching and learning activities long
before its development into a research methodology. This alignment with what is to many a
common practice anyway is another motivator behind its development — the proposed difference
being the formal documentation, rigour, reporting, and generalisation techniques that support
taking internal, personal learnings about a context (the development of skill and expertise) and
make them accessible to the wider discipline as validated and published literature [101].

This defining characteristic of design experiments from [108] is:

“Design experiments are conducted to develop theories, not merely to empirically tune
‘what works.

nm
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The distinction from the design ‘work’ that must be employed to deliver education frames the
different design activities and provides a mechanism for identifying quality. These activities fit into
phases which are broadly [108]:

e Developing an initial design
e Conducting the experiment
e Carrying out a systematic retrospective analysis

Written as such, these have no significant difference to a quantitative experiment which is designed,
conducted, and analysed — the critical consequences emerge from established from design processes
and their design experiment framings [101], [108]:

e Theinitial design of the experiment is not and must not be fixed in the face of mid-run
evidence for change.

e Data collection includes the processes for the initial design and throughout the process —
analysis of data, the processes by which this occurs, the decisions that are made as a result,
are each themselves data.

e Theories regarding the ‘why’ behind hypothesised or actual results are an embedded and
investigated component of the process.

e Unanticipated results often cannot be left as motivators for future work, but rather must be
investigated as part of understanding the current design experiment itself.

e A common set of phrases from design which capture much of the above are:

o “Progressive elaboration” [110], that is a design is not fully known at any given point
and slowly emerges as it is used and investigated, and

o “Satisficing” [111], [112], that is there is an inability to acquire perfect knowledge of
any requirements or outcomes, nor is there achievable perfection in design, but
rather that design involves an increasingly refined movement towards an
increasingly clarified but never perfectly understood goal. Requirements can be
‘satisficed’ indicating that the design is ‘close enough’ within the ability of its quality
to be measured.

e The systematic retrospective analysis involves the direct movement of the observations and
conclusions local to the design itself to some wider context. Unlike quantitative conclusions
which are generalised via their mathematical foundations, generalised conclusions drawn
from a design experiment must explicitly deal with that migration of context away from the
experiment itself — considering what was dependent on what circumstances, what
inferences may be drawn and what evidence exists for these [101], [108].

One important element of design experiments is the nature of the data being collected. As
mentioned when describing Action Research as an outlier vs other qualitative methodologies,
practical inquiry methodologies including design experiments offer no mandated methods that
should be used for data selection, collection, or analysis. The aspects they define are variously the
framing that occurs (e.g. Action Research’s empowerment of participants), and critically the phases
that the research should follow. This can be seen in e.g. [108] which does not define the data to be
used at all, and contrasted with [92, p. 28], Table 1.2, which identifies various quantitative and
gualitative data. This presents a challenge when practicing these methodologies, as even the detail
presented in [92] does not indicate or propose analysis techniques — with the exception of the
guantitative methods which are stated as quasi-experimental designs, the other ‘methods’ as it
claims are actually sources of data, with the complete method not discussed. This is reinforced by a
presented quote:
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“Design research is not defined by its methods but by the goals of those who pursue it.”
[113] via [92]

Thus, as stated earlier practical inquiry methodologies can be super-methodologies containing what
could otherwise be entire research projects as sub-methodologies. A design experiments study
might embed some quantitative design, paired with a phenomenographic study, or a thematic
analysis.

Some key aspects of design experiments are distinct to the Educational Design Research tradition
examined below. The most critical is the nature of the context that a design experiment might exist
within. The nature of the context along a spectrum of ‘in the wild’ to ‘laboratory’ studies [69], [70] is
weighted far more strongly in favour of laboratory contexts in many design experiment styles than
EDR specifically or Action Research. Design experiments must still be examined within a largely
authentic context with real educator and student participants, but these contexts might be set up
solely for the purpose of the experiment for the purpose of theoretical understanding, rather than
being ‘live’ or ‘production’ reality as in the case for Action Research and EDR [101], [108], [109].

Generalisable theory being the explicit purpose of design experiments has the consequence of
design experiment research leaning more towards fundamental research without as impactful or
sustained a local change than Action Research and EDR. This is not an inherent aspect of design
experiments as a methodology, but rather an opportunity it allows which Action Research and the
specific tradition of EDR preclude; longitudinal studies where experimentation is conducted entirely
in situ is still present in some design experiments [92].

2.6.5.3  Educational design research

Similarly to above for design experiments, Educational Design Research is an overloaded
terminology that has competing definitions and is often used incorrectly or without connection to
the prior literature on EDR as a methodology. As a result, this thesis uses a more verifiable approach
of relying on practitioner traditions by way of direct literature citation.

The term ‘traditions’ is used in alignment with an earlier use in Creswell [114] vs [93], noting the
change in term from 1% edition to 3rd. Like much of this research space terminology is particularly
challenging, with tradition competing with approach, strategies of inquiry, variety, methods [93, p.
5]. I use the term ‘tradition’ to specifically call out that the source of truth | am using regarding a
given methodology is not a derivable and provable mathematical construct as in the design of
guantitative experiments, nor is it a term with a single dictionary definition matching its use in the
literature with clearly defined and standardised processes and scope, but rather it is a fluid entity,
that much like the research subjects it examines is itself being progressively elaborated, with best
practices that are being refined and discovered over time, as evidenced by the varied discussions on
terminology and practice in [92], [101], [108], [109].

The only feasible way of pinning down this fluidity into something concrete and communicable is to
identify the literature source which may be consulted to see e.g. how the methodology works,
where and how it identifies rigour, etc. This is communicated as “in the tradition of x”, where x is a
researcher or researchers and an anchoring citation provided. There is often significant overlap and
co-authoring between the specific practitioners, for example van den Akker overlaps with McKenney
overlaps with Reeves.

Several relevant authors of EDR practice were identified during the work on this thesis:

e van den Akker [109]
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e McKenney [92]

e Reeves [59]

e Bakker [101]

e Cobb [108]

e Gravemeijer [115]
e Cochrane [116]

e Sandoval [117]

Note that this is not remotely intended as a comprehensive list of practitioners or developers of EDR
— many seminal and prolific authors in the design research methodologies space which contribute
greatly to each of the above works such as Collins [118] are omitted, and many individual EDR
studies tend to draw from multiple sources. The intention is rather being to gain a broad sense of
the variation in this space to thus be capable of making informed decisions when creating specific
designs.

Educational Design Research in this thesis is founded on the tradition of van den Akker anchored by
[119] and particularly [109], with contributions from McKenney, Reeves, Bakker, Gravemeijer, and
Cobb, among others. This tradition has emerged primarily out of research practices in education
design and evaluation research in the Netherlands, specifically mathematics education, with strong
influences from research design experiments and related methodologies. The overall structure of
Educational Design Research matches the general statements made regarding Design Experiments —
with the same phases and focus on authentic practice. There are details to the construct framing of
EDR that differentiate it and provide much more detailed guidance and structure, however. One of
the stated goals of [109, p. 3] is to advance standards in EDR for improved quality, and so this
provides a foundation for understanding the practices required.

EDR as described in [109] involves:

e An authentic teaching and learning context within which the research will occur.

e Alocal instruction theory: an understanding or narrative around what is going to occur
through some specific teaching and learning activity(ies) teaching specific concepts, skills,
outcomes, etc., which is a cognitive process the learners undergo or experience.

e A domain-specific instruction theory: an overarching framework for a domain or discipline of
study (e.g. statistics) providing guidance on how students learn and understand the different
elements within that discipline. It is generalised out of local instruction theories within its
domain, and informs back into those local instruction theories. A domain-specific instruction
theory may not yet exist in any given EDR study and must emerge through the synthesis of
many studies contributing over many contexts.

e A ‘designed artifact’, which is progressively elaborated over the iterations of the study,
which is the vehicle through which the local instruction theory may be observed [108] via
[109, p. 107]. A designed artifact might be a teaching and learning activity plan, or a piece of
educational technology, or a specified curriculum, etc.

e Iterative phases designing, implementing, observing, and reflecting on the authentic context,
with the designed artifact and local instruction theory being progressively elaborated in
tandem.

There is some difference in terminology depending on the scale of the research being conducted.
This is most apparent in the ‘local instruction theory’ terminology, which applies to the design of
teaching and learning activities [109, p. 17], and may vary when applied to different scales such as
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an overall curriculum [109, p. 67], though a local and generalised element of study will always exist.
As this thesis is concerned with the design and evaluation of laboratories this scale is the most
appropriate. In related work e.g. [92] the local instruction theory may not be explicitly termed as
such, instead being referred to variously as e.g. research findings, theoretical contributions, etc.,
however this lacks the ability to distinguish between local, domain, and global findings. Local and
domain-specific instruction theories are terminologies in heavy use in mathematics education [109],
but are not inherently mathematical in nature.

The nature of the teaching and learning context depends on the specific goals of the research. In one
design in the source material [109, p. 17] the goal is the generation and validation of a new local
instruction theory, and that local instruction theory is itself an artifact to be iterated over. In another
design [109, p. 52] the goal is the improved development of educational technology, and the local
instruction theory is an indirect goal that informs how the edtech should be changed to yield better
outcomes.

~.
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thought thought thought thought thought
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Figure 3: Iterative cycles in Educational Design Research [109, p. 28]

The process of conducting EDR involves iterations following the same phases as described for design
experiments — as in Figure 3. An initial design of the artifact is developed, which involves
conjecturing what the local instruction theory might be — this is in parallel with Action Research
which similarly relies on the expertise of collaborating practitioners when creating designs. This
initial design is implemented, delivered, run, etc., and observations are made during and after.
Based on these observations, systematic reflection is made comparing the conjectured local
instruction theory against the observed reality. Note the distinction between systematic
retrospective reflection from the earlier discussion of design experiments and systematic reflection —
EDR explicitly endorses continuous and context-situated reflection rather than waiting until the end
of any given phase, shown in the diagram Figure 4 below with mini-cycles and macro-cycles. Some
EDR work expands this further with meso-cycles [120].

42

—
| —



The Design and Evaluation of Laboratories in Engineering Education

N
EMERGING LOCAL INSTRUCTIONAL THEORY >

: y

Long-term macrocycles Long-term macrocycles

Figure 4: Macrocycles of iteration in Educational Design Research [109, p. 29]

daily minicycles

As stated, practical inquiry does not mandate the use of any specific methods or sub-methodologies,
even between the qualitative and quantitative paradigms — EDR similarly does not further specify
this, placing process and framing constraints on the research design while being data identification,
collection, and analysis agnostic. While the contexts to which it is applied preclude the use of causal
guantitative experimental designs, correlation or descriptive quantitative designs may be
components in an EDR study, as well as individual qualitative instruments or methods, and entire
qualitative sub-methodologies. EDR often pairs appropriately with mixed/multi methodologies, as
triangulation using varied data sources and methods is often necessary in response to aspects
observed through the iterative process, as is the case in most exemplars in [109].

EDR is similarly agnostic regarding surrounding theories or frameworks. It specifies the process by
which research phases should be conducted, identifies the artifact and instruction theories to be
defined, but does not mandate any specific theoretical background to the research being
undertaken, variously described in [109] as conceptual frameworks or ontological innovations. These
theoretical backgrounds appear in EDR either as lenses through which the research data should be
interpreted, or alternatively as instances of a domain-specific instruction theory being developed.
EDR not specifying a lens of interpretation is a trait it shares with many qualitative methodologies,
such as phenomenology [121].

2.6.5.4 Systematic Review
A Systematic Review of Practical Inquiry Research in Laboratories in Engineering Education

The purpose to this review of available methodologies is to identify alternatives to those that are
commonly employed ineffectively to the design and evaluation of laboratories in engineering
education. While these common approaches are reviewed above and will be examined through
vignette case studies to follow, this was not a perfectly exhaustive review of all studies on
laboratories in the discipline. Including a paper that will be left to the vignettes section 2.3 below for
analysis, there are a handful of applications of at least EDR-adjacent methodologies to laboratories
in engineering education.

Unlike the above review, which was conducted primarily via identifying high-impact papers and
venues, citation chain snowballing, and requests to domain experts outside of engineering for
relevant work in their disciplines, canvassing examples of practical inquiry research on laboratories
was conducted through a formal systematic literature search. The following is an iteratively defined
search query that was applied to the Scopus and Web of Science databases targeting the default
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search fields - article title, abstract, and keywords for Scopus, all metadata fields for Web of Science,
notably excluding full body text in both:

“engineering education" AND ("laboratory" OR "laboratories") AND ("design research" OR "design-
based research" OR "design based research" OR "design studies" OR "design research project" OR
"development research" OR "developmental research" OR "formative research" OR "formative
evaluation"” OR "design science research")

This search query embeds the full list of terminology collated from sources describing design
experiments and related methodologies presented above. No date ranges or other filters were
applied to the searches, the search was maintained as an alert through end 2022. No venue quality
judgements were made in the filtering process beyond inclusion in the indicated databases. N = 45
papers were identified for analysis below.

A separate query was also run for EDR specifically:
“engineering education" AND ("laboratory" OR "laboratories") AND "educational design research"

Which initially yielded no results — a subsequently alerted document is the subject of a vignette
study in section 3.1.4. A series of more expansive queries were used omitting engineering education
and/or including practical education and inquiry in place of laboratory, with no further engineering
education literature found. Significant bodies of work in science and health education were returned
however, some of which is presented in the earlier sections on those disciplines.

Of the 45 papers returned for analysis:

e 5 were excluded on review of title and publishing venue as engineering discipline literature
not situated in an educational context.

e 23 were excluded on review of abstract as not relating to laboratories in engineering
education, or not involving any form of practical inquiry methodology.

o 2 were excluded as they were conference proceeding entries with no available proceedings.

e 15 were reviewed as full papers:

o 9 were excluded as not reporting a practical inquiry methodology in engineering
education — the papers may have been reporting steps within a practical inquiry
process, but no practical inquiry framework, iteration, or other context was provided
to indicate this.

o 6 papers were selected for analysis, where 2 were from the same author reporting
on the same project.

Table 1: Selected papers on practical inquiry in laboratories from systematic review

1 Insightful learning in the laboratory: Some experiences from 10 years of designing and
using conceptual labs [122]

2 What matters for learning in labs? - Experiences from designing for insightful learning in
labs based on a symbiosis of American and European thinking [123]

3 Designing hybrid physics labs: Combining simulation and experiment for teaching
computational thinking in first-year engineering [124]

4 Combining hands-on and virtual experiments for enhancing fluid mechanics teaching: A
design-based research study [125]

5 Development of an innovative learning environment for engineering education [126]

44

—
| —



The Design and Evaluation of Laboratories in Engineering Education

6 Remote laboratory system for technology-enhanced science learning: The design and
pilot implementation in undergraduate courses [127]

Papers 1 and 2 are both by Bernhard reporting on conceptual laboratories developed for teaching
undergraduate engineering physics [122], [123]. The use of design-based research in this project
leads to demonstrably enhanced outcomes, fully presents the theoretical and concrete contexts for
the study, and is communicated effectively; furthermore, the papers are published in reputable
venues and relatively highly read and cited. An interesting observation is that the author, while an
academic variably in or adjacent to engineering education, has a strong connection to science
education via physics, and it is perhaps not a coincidence that they demonstrate effective use of a
methodology uncommon in laboratories in engineering education.

The specific methodology employed is design-based research, however this process began as early
as 1994, and so is founded on the far earlier work by Brown [128] and the Design-Based Research
Collective [129], a now-defunct research group founded to develop and promote the then-nascent
design-based research methodology [101], [129]. The author is also known to have used the term
design science (from Collins [130]) in [131].

A significant deviation appears relevant to explaining the lack of significant adoption of similar
methodologies within the laboratories in engineering education context. The papers focus heavily on
the laboratories as artifacts and the evaluation work conducted on validating their effectiveness, and
do little to extract generalisable learnings that might be applied in other studies and other contexts.
There is however significant discussion of the design process, and it may be speculated that
researchers already more familiar with a design research process may have been better-situated to
make use of this as a research output as opposed to focusing on the end-of-study outputs equivalent
to more traditional engineering education research.

Paper 3, Fennell et al [124], is another engineering output with a strong influence from physics
education, similarly reporting on an engineering physics laboratory. As with the above, the study is
shown to have enhanced the laboratory artifact and effectively communicates the design, the
theoretical context, and the observations. The methodological traditions followed were Barab &
Squire [89] and Sandoval [117], both largely aligned with the Design-Based Research Collective [129].

Distinct from Papers 1 and 2, Fennell et al give significant attention to the generalisability of their
analysis, identifying lessons learned [124]:

e Gradually Remove Scaffolding as Students Progress
e Avoid Compound Questions with Multiple Concepts
e Show Learners How to Leave Meaningful Comments
e Facilitate Reflection Through Open-Ended Prompts

The lack of significant adoption in this case may be due to time, with this work being far more
recent. It may also have to do with venue, with the identified conference having been downgraded
due to reduced quality soon after publication [132].

Paper 4, Gutierrez et al [125] has used a foundation of truncating Kelly’s [133] statement:

“Design-based research can contribute to engineering education research because it also
draws on (1) a tradition of studies in mathematics and science education and (2) frameworks
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from diffusion of innovations and more recently (3) from educational data mining.” [133],
internal citations omitted.

As

“Design-based research can contribute to engineering education research because it also
draws on...from educational data mining.” [125, p. 1]

And applied an entirely quantitative approach without applying practical inquiry structures to the
study, leading to a separated design and research without the cycles of systematic reflection through
an iterative process that are critical to these methodologies. There is some influence of Sandoval’s
conjecture mapping [117], but again these are presented in isolation rather than included as part of
an iterative process. This shows an example of the nuance of design-based research that can be lost
due to vague or loose terminology, especially in less rigidly defined versions compared to the
previously described tradition of EDR.

Paper 5, Rumler et al [126], presents an in-progress study which switched to design-based research
in the tradition of Plomp [90], who notably uses the term educational design research and is largely
aligned with van den Akker, however this paper instead terms their methodology design-based
research. The paper presents some foundational work motivating the use of a design-based
methodology after a pure quantitative experimental design with surveying failed to answer the
necessary research questions. However, the design-based component is reported only in the
concept stage and has not yet been implemented in its teaching context. This is valid reporting for
iterative studies, as observed in [134], however in this instance no further reporting on this project
can be found in the literature.

Paper 6, Tho & Yeung [127], reports an educational technology-focused design-based research
study, largely following Reeves [59] though with their own modifications. The paper situates the
context of the study clearly, and in particular provides details on the inputs from prior work
informing the initial design. However, its reporting of the reflection processes has a distinct
separation of evidence and decision-making — the data and intermediate analysis is presented as it
normally would be in a quantitative paper, then the decisions made about the design through the
iterative process are presented separately, with only broad callback to the overall data. This
prevents an external practitioner from seeing the specific observations that led to specific decisions,
limiting the paper’s generalisability.

The above narrowly scoped review provides confidence that there is no significant research
community within engineering education publishing in a separate citation structure to the identified
structure drawn on by this thesis. The selected papers show a lack of research maturity in the field in
which quality work is not having the impact it appears to have in disciplines with a more established
practical inquiry research community such as science or nursing education, as well as fundamental
research design and/or reporting errors that are not being addressed.

It is near-certain that the above review is not exhaustive. The practical inquiry methodologies field
as a whole suffers heavily from the observed ‘Google problem’ [101] (originally termed a ‘Yahoo
problem’), in that terms with far more common meanings are used to indicate specific avenues of
inquiry, which in turn limit their ability to generate and grow a body of literature. Merely adding the
identified “engineering research” term grew 45 papers to over 600, and other variations such as
“practical inquiry” or “iterative process” were worse by several orders of magnitude. The limitation
of search fields also excludes studies which apply a design-based research methodology, but only
mention this in body text rather than a searchable field. Nevertheless, it has shown that there is
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some appearance of practical inquiry methodologies applied to laboratories in engineering
education —i.e. there is no inherent barrier to their use — yet without sparking the significant
adoption and growth of these techniques described in other fields.

2.7 FACTORS INHIBITING THE ADOPTION OF PRACTICAL INQUIRY METHODOLOGIES IN THE

DESIGN AND EVALUATION OF LABORATORIES IN ENGINEERING EDUCATION
The research environments described above show a stark contrast between the rich traditions of
complex problems misaligned with quantitative experimental designs being investigated and
enhanced through practical inquiry methodologies in educational domains such as mathematics,
nursing, and to some extent science — compared to the far more limited literature available in
engineering education. The reasons behind this difference are not readily apparent, given the
seemingly well-aligned reflection of engineering design practice to the processes of design-based
engineering and similar traditions, and the significant issues exhibited by more commonly used
guantitative methodologies.

Investigating the literature for characterisations and investigations of this difference has identified
proposed contextual drivers that may help to inform work with practical inquiry methodologies in
engineering education research moving forward. It should be noted that none of these are
specifically targeted towards laboratories, which leaves unanswered the question of laboratories in
science education —an area observed above to have greater adoption of practical inquiry
methodologies over engineering laboratories, but less so than science education overall.

Arguably the seminal work in this space is Borrego’s “Conceptual Difficulties Experienced by Trained
Engineers Learning Educational Research Methods” [65], referred as ‘Conceptual Difficulties’ and
Borrego et al’s “Quantitative, Qualitative, and Mixed Research Methods in Engineering Education”
[135], referred as ‘Research Methods in EE’. These papers investigate the journey into engineering
education research by engineering education practitioners, and the methodological state of research
in engineering education as it was in 2009.

Conceptual Difficulties [65] presents findings from a workshop which trained participants from
either engineering or social science backgrounds in engineering education research — with the focus
on difficulties experienced by those of an engineering background. These participants were
archetypically engineering educators — people trained in the practice and study of engineering, who
then became engineering academics expected to teach, as opposed to people trained in educating
who then had to learn engineering. This background is proposed as a context for particular ways of
thinking that were examined as part of the workshop observations.

The trigger for these differences is proposed as one of consensus — with engineering being a
discipline exhibiting high consensus of though compared to a discipline such as psychology [136] via
[65]. This also maps to the prevalence of different epistemologies, with positivism being heavily used
for engineering with high consensus, and interpretivism being prevalent in disciplines with low
consensus [137].

The observed conceptual difficulties from the workshop then included [65]:

e Transferability of results. This aspect is derived directly from the positivist paradigm of both
science and engineering, and the universal generalisability of natural phenomena.
Engineering academics have conceptual difficulties with appreciating the need for careful
management of context for external validity.
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e Theoretical frameworks. Participants experienced conceptual difficulties with the existence
of multiple perspectives or lenses to interpret and analyse observed phenomena.
Frameworks are given detailed treatment in a subsequent section 2.6.

e QOperationalisation and Measurement of Constructs. This conceptual difficulty is tied to data
collection methods and instruments, and participants’ gravitation towards familiar methods
of measurement and communication of results from engineering practice.

e Qualitative and Mixed-Methods Approaches. Again, tied to positivist tendencies, alternative
epistemologies and their associated methodologies, and particularly the ways in which
rigour can be derived in their application proved challenging.

e Interdisciplinary Collaboration. Participants were initially reluctant to view engineering
education as an interdisciplinary domain that should take inputs from other educational
domains, psychology, etc., as opposed to a subset or specialisation of engineering.

These conceptual difficulties are each in direct opposition to the effective implementation of
practical inquiry methodologies — a successful study of this kind will require a strong understanding
of the requirements for generalisability, will fundamentally rely on and be expected to contribute to
theoretical frameworks, use more than simple quantitative instruments for data collection, will likely
involve qualitative or mixed methods, and will benefit greatly from collaboration with other
disciplines.

Research Methods in EE [135] presents a review of papers in the Journal of Engineering Education
analysing the methods used. A significant portion of the paper describes the application of different
methodologies much as the earlier literature review does here and so will be omitted — critically for
this section however it then analyses the observed state that engineering education research was
predominantly quantitative studies conducted as classroom experiments with an eye towards
comparison between groups or longitudinally. The primary explanation presented from the
literature being that engineering educators following a positivist or post-positivist epistemology and
with greater training and experience generating and understanding quantitative data will gravitate
towards quantitative approaches.

Notably neither of these publications deal with practical inquiry methodologies, except as a
potential member of the qualitative or mixed-methods categories.

While these papers are indeed seminal towards the investigation of this space, they are increasingly
aged, and particularly situated within the US engineering educational research context which is
observably more insular than other areas of the world [138]. In support of this, Valentine [139]
shows similar origins of engineering education practitioners from a more recent and global
perspective, and Malmi et al [140] present a more recent methodological review of EJE, which
identifies a similar weight towards quantitative approaches and low adoption of mixed-method
studies. Again however, no explicit treatment of practical inquiry methodologies is given.

The adoption of practical inquiry methodologies is not completely unstudied. Kelly [133] presents an
examination of design-based research in engineering education research, identifying some example
DBR projects in educational technology applied to engineering, and alongside these examples
describing opportunities for adoption, or ways to deal with barriers. These opportunities are only
loosely related to design-based research, however, and are primarily concerned with the creation of
a DBR practitioner online social network with associated big data and statistical methods activities
rather than any practical inquiry methodologies.
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Minichiello and Caldwell [102] present a literature review on DBR in engineering education,
examining empirical studies which followed that broad approach. N = 24 sources were selected
within the range of 2005 to 2019, with 15 applied to or including tertiary engineering study rather
than k-12 — this broadly mapped to publishing venue also, with 11 published in engineering
education specific venues.

Similarly to the laboratory-scoped review performed above, this review encountered significant
limitations in the implementation of DBR in engineering education research [102]:

e Inconsistent reporting of key DBR elements — with studies variously failing to include
research questions, descriptions of iterations, contexts, and other aspects without which a
DBR study is of drastically reduced usefulness to an external reader, or in egregious cases
made entirely invalid.

e Inconsistent reporting of participant demographics / Limited research with and for
underrepresented groups — these are arguably contained within the first element, but is
extracted to provide a spotlight on the opportunities DBR presents for work on inclusion and
diversity that are not being undertaken.

Challenges to conducting DBR are also synthesised [102]:

e Managing the development of an interdisciplinary DBR team / Need for Expertise across
Multiple Educational Research Approaches and Methods

e Funding

e Disseminating DBR Results, similarly to [92]

A consideration which is drastically understudied in the literature is the differences between
engineering and science education. Earlier investigations of the literature on laboratories between
these two disciplines by the author in this thesis and earlier cited work suggests that science
education has a greater connection between tertiary and earlier (largely secondary and primary)
education when compared to engineering education. This suggestion may be confirmed through
literature on concerted efforts to increase the connection between tertiary and k-12 engineering as
it is so much less prevalent than science [5], [141], [142]. As yet however no literature has been
identified which examines the effects of this relationship in the other direction, i.e. the hypothesis
that due to this difference in k-12 penetration of topics, tertiary science education research is more
strongly influenced by k-12 education research practices (for example, mathematics education with
its strong EDR traditions) than engineering. It is further hypothesised that this is the reason for the
increased adoption of practical inquiry methodologies stated above, but as yet no investigation of
this has occurred. Certainly no inherent aspects of the disciplines themselves that differ between
engineering and science that would explain this observation are apparent.

2.8 FRAMEWORKS

A final component of background literature that is necessary to provide the foundation for the work
in this thesis are frameworks. Frameworks in this thesis is an umbrella term that captures the usual
formal term of ‘conceptual framework’, but has also been encountered as ‘theoretical framework’ or
even simply ‘model’ or ‘theory’. While these terms each have their own specific (unfortunately often
contended) definitions that may only be pinned down in specific scopes [143], differentiating
between them semantically is not critical to the work of this thesis and a local definition will be
applied.
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Frameworks are mechanisms for sense-making of complex interactions, attributes, relationships,
systems, etc. They provide a way to accelerate understanding when applied to multiple different
situations, by transferring structural understanding, and allowing the ‘reuse’ of this knowledge while
“filling in the blanks’ with the specific circumstances under study at any given time [144]. This thesis
places particular emphasis on frameworks which are represented graphically rather than merely
described textually, however this is a result of the eventual trajectory of the artifacts involved rather
than a limitation to the scope of what a framework might be.

This transfer of structural understanding may have several impacts on the sense-making process
[144]:

e Directing thought to elements a framework has identified as important, relevant, or even
merely existing, which may otherwise have been treated differently or missed entirely.

e Embedding concrete knowledge about some relationship or directionality between elements
that would otherwise have needed to be established independently.

e Providing a method of fast and effective communication between practitioners who are
both familiar with the framework being used.

Frameworks do come with risks — the ‘concrete knowledge’ described above is not accurate simply
because it is embedded in a framework, nor do the relationships described necessarily exist.
Frameworks are challengeable research findings in themselves that must be empirically established
and validated, and may be appropriately or inappropriately applied [144].

Frameworks are typically applied to research questions which may not be answered from a purely
positivist epistemology — more often following interpretivist, post-positivist, or other epistemologies
which embed the idea of multiple valid descriptions of reality. This (i.e. with what perspective)
combines with the extent to which a framework captures reality (i.e. how much) and the established
validity (i.e. how accurate) a given framework may possess to yield multiple competing frameworks
attempting to make sense of the same phenomena or circumstances. The relevant consequence of
this is that a given framework need not, and depending on the driving epistemology most likely
cannot, be a pure, perfect, and singular model of reality — there is no ground truth framework that is
being discovered, only communication tricks that are being developed to help one human
understand something, and then effectively convey this to another human.

As such, frameworks require more than simply being true representations of reality; they are not
end-result findings of fact that hold immediate value, they are indirect tools that must then be
applied to arrive at direct and actionable knowledge. Thus, developing a quality framework is about
developing something that is useful to the questions it intends to support answering. A framework
which is empirically validated as correct for some phenomenon, but which is confusing to use or to
understand outputs from, is a poor-quality framework irrespective of its empirical validity [144].

2.8.1 How frameworks are developed

Frameworks can be research outputs via several processes. They are often the direct output of
qualitative research methodologies such as grounded theory. Work is done to empirically observe
some phenomenon, system, etc., and a framework may be generated out of those observations,
with the research methodology providing mechanisms to establish the validity of that generation
[145].

Frameworks may also be generated at a distance from direct empirical observation, via literature
synthesis. This process being considered separately is perhaps an artifact of modern research culture
and practice, as the final framework generated from existing empirical literature is based on
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empirical data just as one in which both tasks were performed by a common research team, with the
difference being simply administrative. It is highlighted to ensure the inclusion of these synthesis
frameworks as empirically based.

Frameworks may also be developed through expert development — itself also a form of empirical
observation, but highlighted independently due to its extensive use in education, and the relevance
to the approach used in this thesis. In the following sections frameworks related to education are
presented and discussed in terms of the way they were developed, and from where they derive their
empirical validation.

2.8.1.1 Constructivism

Constructivism is a framework which describes the mechanisms by which knowledge and learning is
achieved by students. It was and continues to be developed as an ongoing synthesis founded on the
work of Piaget [146], and later Vygotsky [147] via Bruner, e.g. [148]], among many others working on
refining and expanding the theory, and continues to be influenced and inherited from by further
empirical research.

The essence of constructivism is that learners are not ‘given’ knowledge the way one might be
handed an object. Rather, they ‘construct’ knowledge and integrate it into their minds or worldview
through a process that can only occur within their own heads, and following their own context —
albeit one which may be influenced through external stimuli. This is in opposition to the behavioural
framework of Skinner [149] and is a widely used framework in pedagogy.

The development of constructivism began as the outcome of pedagogic research observation of
child learners - indeed the term pedagogy having its etymological roots in ‘child’ education, many
theories in this space have their origins in research on early childhood cognitive psychology, whereas
the term ‘andragogy’ referring to the study and practice of adult education is sometimes proposed
as a refinement for applications such as engineering education.

This outcome was Piaget’s ‘theory of cognitive development’ [150], a series of defined sequences of
cognitive maturation in children, up to a level where abstract concepts might be conceived. Notably
Piaget’s original theory is itself a framework that can be applied to supporting early childhood
development. This theory described the changes in individual learners as they matured, through the
construction of knowledge through play providing a foundation for future, more complex and/or
abstract thought.

The development of this initial theory involved observational studies on child learners, deriving a
theory for what was occurring, and validating that theory with new observations. While it did not
explicitly follow a grounded theory approach (having significantly pre-dated this approach), it might
be considered an early form of this method of deriving frameworks for understanding, following the
disciplines in cognitive psychology of the time.

Adding to this theory of cognitive development were the theories of Vygotsky [147] — originally in
Russian and contemporary with Piaget — later promoted more widely to an English-speaking
research community by other translating researchers including Bruner [148]. The most relevant of
these theories comprise ‘social constructivism’, which differs from Piaget’s theories in that it
examines the development of the knowledge itself, rather than the impact of the knowledge on the
learner. According to social constructivism, learners construct knowledge through their construction
and interaction with others socially and culturally. Knowledge is not isolated or independent to a
single learner, but rather is jointly constructed by multiple interacting people — albeit with a unique
and contextual ‘version’ being socially created in the minds of each individual.
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Coming out of the same child cognitive psychology context, Vygotsky’s theories were developed
through observation and reflection much as with Piaget. The work of Bruner and the many others
involved in interpreting and refining constructivism variously involved pure literature synthesis (e.g.
translating Vygotsky’s work in his native Russian language and incorporating them into Western
research), as well as empirical validation, such as applying these theories to new, concrete contexts
[151].

Constructivism in the modern era continues to see widespread use, particularly through derivative
frameworks that apply it to more tightly defined scopes, such as constructive alignment [152] which
will be detailed as part of this thesis” artifact creation. Unlike the other two frameworks presented
here it is not inherently a visual framework, instead being a textual description of the way learners
develop knowledge and understanding. It represents an exemplar of ‘observationally derived’
frameworks that are drawn directly from immediate empirical observation and reflection.

2.8.1.2 Bloom’s Taxonomy

Bloom’s taxonomy - Figure 5 - has become well established as a staple of educational theory and
practice. It describes a taxonomy for learning objectives, fitting them into categories within a
domain and hierarchy. Contrary to what may be assumed, however, it was not developed by Bloom
following methods such as Piaget’s and Vygotsky’s above, but was rather the combined output of a
committee of education experts.

Bloom's Taxonomy

Produce new or original work
e Design, assemble, construct, conjecture, develop, formulate, author, investigate

Justify a stand or decision
eva I uate appraise, argue, defend, judge, select, support, value, critique, weigh

Draw connections among ideas
differentiate, organize, relate, compare, contrast, distinguish, examine,

a n a lyze experiment, question, test

Use information in new situations
execute, implement, solve, use, demonstrate, interpret, operate,
schedule, sketch

Explain ideas or concepts
classify, describe, discuss, explain, identify, locate, recognize,
u n d e rSta n d report, select, translate

Recall facts and basic concepis
define, duplicate, list, memorize, repeat, state

Vanderbilt University Center for Teaching

Figure 5: Bloom's Taxonomy, Cognitive Domain [153]

Bloom’s taxonomy defines three domains: Cognitive, Affective, and Psychomotor. Learning
objectives in the cognitive domain involve thought, knowledge, understanding. Affective objectives
involve emotional responses, attitudes. Psychomotor objectives involve physical activity, skills,
coordination.

Within each domain are different levels, in the above example in Figure 5 the Cognitive domain has 6
levels from remember to create. Note that several different versions of the taxonomy exist, the
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above image is from the 2001 revised version [154]. The levels represent categories of learning
objectives, with each (atomic and well-constructed) learning objective matching a specific level of a
specific domain. For example, a learning objective might be stated as “By the end of this lesson,
students will be able to recall the dates of key transitions in Australian statehood history”. This
learning objective refers to facts that students should ‘remember’, and thus aligns to the remember
level in the cognitive domain.

Pairing learning objectives with their appropriate level is achieved through the use of particular verb
keywords which become categorised into different levels. ‘Recall’ in the previous example pairs with
the ‘remember’ level. ‘Explain’ as a keyword would likely map to the ‘understand’ level. This is only a
loose mapping however, with different constructions of learning objectives leading to different
levels, particularly where multiple verbs are used. For example, “Explain the significance of
insulation in household construction using the theory of k- and r- values”. In this case ‘using’ can be
replaced with ‘applying’, and thus this learning objective actually suits the ‘apply’ level.

The primary utility of Bloom’s Taxonomy in the first instance has been to establish learning
objectives along the hierarchy expressed by the levels they represent. In doing so, a pattern of
deeper, more impactful learning can be expressed, following a learning journey up through the
different levels as increased mastery in a topic is gained. Being able to map learning objectives in this
way allows educators to make judgements on relative foundation-intermediate-advanced degrees of
instruction, interrogate the appropriateness of a given level of learning objective to a given situation,
and communicate the different degrees of mastery attained by students who meet different learning
objectives.

Bloom’s taxonomy in use can be divided across a broad spectrum of depth and expertise. It is
common to see ‘use’ of Bloom’s taxonomy that might be stated as simply “write learning objectives
using a verb and teach those things”. Moving deeper, being able to recall the different levels of the
cognitive domain as English verbs rather than drawing any deeper on the literature on each.
Continuing to deepen as the affective and psychomotor domains are included, and rich
understanding and leveraging of the contents of each level of mastery are applied [154], [155],
[156]. In this way the usefulness of a framework in slowly changing behaviours and practices is
highlighted — unlike a mathematical algorithm following quantitative methods in which a slight
deviation might see wildly different and incorrect results, doing ‘a little bit’ of a framework and
slowly learning more and doing more with it can be an effective strategy.

While the idea of a hierarchy such that Bloom’s presents has been challenged in the literature [157],
[158], this reflects the perspectives aspect of frameworks described previously, and Bloom’s
Taxonomy and its revisions remain heavily used and studied educational frameworks. It represents
an exemplar of ‘expert development’ frameworks that are derived through the iterative discussion
and reflection of domain matter experts. Several competing and/or complementary frameworks to
Bloom exist in the form of taxonomies such as SOLO [159], or Fink’s [160].

2.8.1.3 Kolb’s Learning Cycle

Kolb’s Learning Cycle describes a mechanism for learning to occur within an established, experienced
person — that is to say it generally applies to adult learning, or at least a cognitively mature
adolescent, rather than being derived from child cognitive psychology as in Piaget and Vygotsky
[161]. This framework is a sub-framework which contributes to the wider framework of Kolb’s
Experiential Learning Theory. Kolb’s Experiential Learning Theory includes Kolb’s Learning Styles
Inventory, which unlike the Learning Cycle has seen significant challenges in the later years and is
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widely considered a teaching myth rather than something supported by the bulk of empirical
observation [162], [163]. Kolb’s Learning Cycle, however still sees significant use and study.

Active q Concrete

expermentotion 7 uperience
P g Ying (doing or having

out what was :
an experience)

learned)

Abstract Reflective
conceptualization ‘(’ztieer\:l’;tl?:
(concluding or learning i ogn 1

from the experience) ’:,_\-({?., — g

"\ experience)

(s

Figure 6: Kolb's Learning Cycle [164]

Kolb’s Learning Cycle - Figure 6 - presents an individual undergoing some concrete experience in the
real world. This could be anything from being told something by a teacher, to observing some
scientific experiment, to hearing a piece of music. This experience is ‘digested’ through reflective
observation, during which conflicts or gaps may be encountered when making connections between
the experience and the individual’s existing knowledge and worldview. Conceptualising those
cognitive dissonances into some sort of eventual outcome, or perhaps lingering uncertainty, leads to
active experimentation or investigation to test out new ideas or resolve uncertainty [161].

Kolb’s Learning Cycle was developed as a synthesis of extant literature, some of which had
previously been written by Kolb and his collaborators, studying adult learners in business
environments. This is a good example of a perspective influencing the scope and nature of a
framework — Kolb’s Learning Cycles explicitly excludes the visceral behavioural responses that
formed the basis of far earlier learning theories such as Pavlov’s Conditioning [165] or Skinner’s
Behaviourism [149]. By focusing on white collar worker research subjects learning complex and
abstract knowledge and skills, complex and abstract knowledge and skills are thus embedded into
the framework itself.

Deliberately excluding the wider Experiential Learning Theory and Learning Styles Inventory, Kolb’s
Learning Cycle has been subject to significant empirical validation. Both from Kolb’s original work
and follow-up studies [161], [166], as well as validation by other practitioners [167]. It represents an
exemplar of ‘literature synthesis’ framewaorks that are derived through the combination of extant
literature describing a phenomenon, albeit one subsequently validated through empirical
observations.
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2.8.1.4 Constructive Alignment

The final framework to be introduced into this discussion is Biggs’ Constructive Alignment [152],
Figure 7. This framework is a remarkably successful way to support academics designing teaching
and learning structures from large scale degrees/courses down through individual assessments and
specific activities, in a way that leverages constructivism theories to maximise the effectiveness of
the teaching and learning effort.

Learning
outcomes

Teaching and (‘
Learning activities -

'Y
r) Assessment

Figure 7: Constructive Alignment [168] via [169]

CA presents a view of the educational process that as an educator, one is designing a ‘flow’ that
one’s students are intended to flow through, from participating in some teaching and learning
activity, being assessed on the learning achievement from that activity, and through this process
being validated as achieving the ‘Intended Learning Outcomes’ or objectives [152]. This presents the
classic triple element diagram depicted in Figure 7.

Pinning down the full details of a framework that has seen as widespread adoption, use, variation,
and differing purposes as CA is difficult. For a given general purpose there are different elements
which comprise CA. CA has been used as a design and implementation tool for teaching and learning
activities, but also as a lens for conducting research into education, e.g. [170], and in addition as an
input to refined, adapted, complemented, and otherwise derived alternative frameworks [169]. A
key distinction lies in the depth of knowledge that must be included about the foundational inputs to
CA, that is theories such as constructivism, while another is the depth of knowledge about the
domain of application, that is the goals, contexts, etc. which are present in the discipline of teaching
to which the framework is being applied.

A brief outline of the framework is presented below, with the acknowledgement that there is
significant omitted detail within many of the stated elements — derived from [152]:

e Teaching students should be done for some purpose, target, or a vision of what the student
will be capable of after successfully learning what is being taught.

o The nature of this is a key point of variance for CA in practice, with competencies,
attributes, skills, and other terms being used to define and characterise these
outcomes, while remaining within the overall CA framework. Bloom’s Taxonomy,
SOLO, and similar are often used [152].

o These Intended Learning Outcomes (ILOs) define the ‘value’ proposition of teaching,
i.e. they define success or failure of the learning. If a student achieves the ILOs, then
the learning was successful, and vice versa.
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o ILOs must have an active component — that is, they must describe the student
‘doing’ something in order to be valid. This is drawn from the constructivism and
social constructivism theories and maps closely to the verbs used in Bloom's
Taxonomy and similar frameworks. For example, “At the end of this class the
student should have learned about 1920s architecture” is not a valid ILO, whereas
“At the end of this class the student should be able to characterise 1920s
architecture using classic examples” might be.

e The achievement of ILOs must be demonstrated using Assessment Tasks (ATs).

o These ATs are only valid to the extent their achievement is a valid proxy for
demonstrating the ILOs. For example, an exam which might be passed simply via
rote memorisation of textbook statements cannot be evidence of achievement of an
ILO at the “Apply” cognitive level in Bloom’s.

o Being a valid proxy for achievement is the ‘alighment’ between ATs and ILOs, with a
fully aligned design assessing mastery of all ILOs.

o An extension to this applies to assessments requiring mastery of other skills or
knowledge not part of the ILOs, and the treatment of assumed or pre-requisite
learning, however this is not covered in the initial CA framework and has different
implementations in practice.

e Learning occurs as a result of teaching and learning activities (TLAs). Note ‘as a result of’ and
not necessarily ‘in’, with self-reflection and self-regulated learning triggered by TLAs also
being captured.

o TLAs should prepare students to succeed at the tasks they will be expected to
perform in the ATs.

o Alignment between TLAs and ATs thus requires that no task may be assessed prior
to the student undertaking TLA(s) which provide them the opportunity to develop
the mastery sufficient to perform them.

e Aform of transitive property applies here — if ATs are well-aligned to ILOs, and TLAs are well-
aligned to ATs, then TLAs are well-aligned to ATs and thus alignment has been achieved.

The above defines the framework itself, and what attributes a valid, aligned design of some teaching
and learning component must possess. From this, several applications of the framework can be
derived in practice. When designing a new component of teaching and learning, it is necessary to ‘go
backwards’. Rather than designing things in chronological order of their performance, one should
start from the purpose of the teaching and learning, state ILOs, design ATs which will demonstrate
mastery of these, and finally design TLAs which will develop those masteries.

When critiquing a design to seek improvements, one should follow this backwards process to detect
misalignments flowing from ILO to AT to TLA. Some extensions to this further seek alignment
between ILOs and the authentic purpose of a particular context, i.e. curriculum alignment matching
degree components within a wider stream, to global alignment e.g. ‘are we teaching engineers the
correct skills for their future lives’. Alignment is not the only component of CA however, and
ensuring constructive, active engagement in the ILOs, ATs, and TLAs is also a necessary part of this
process.

There is more detailed evidence available in the literature on the specific mechanisms for generating
the CA framework than the older frameworks described above. The initial ‘trigger’ for the
development of the overall theory was an experimental portfolio-based assessment used in an
educational psychology class. The introduction of a portfolio submission with compiled examples of
learning generated by the student contrasted with traditional exam and essay-based assessment to
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shift the nature of what was being learned from (paraphrased) ‘hear the positions and opinions of
the teacher and repeat them in the appropriate format’ with no tangible impact to the students’
practices and worldview, to ‘reflect on impacts to our own practices from what was being learned’
which led to refinement and integration of new knowledge into that practice [171] via [152].

This trigger, identified as a form of objectives or outcomes-based assessment, was generalised from
the specific experiment to be a framework for overall teaching and learning. This generalisation was
largely a combination of literature synthesis and expert development on the part of the authors of
the papers and books related to CA, e.g. [152]. However, it also included significant empirical
development, as the framework was refined for usability, approachability, communicability, and
continues through this iterative adaptation and refinement, e.g. [152].

CA, similarly to Bloom’s Taxonomy, is often used at different points along a spectrum of
understanding and expertise. The most prominent artifact of the framework is of course the triple
element diagram with the circular arrows — coupled with the English definitions of the words
‘constructive’ and ‘alignment’ this can form a basic understanding of what CA involves. An
understanding of the psychological theories of constructivism, or an understanding of the different
processes for validating that alignment has been maintained through different design and
implementation processes is not a barrier to beginning with CA, which allows novices to gradually
upskill their use of the framework over time [172].

An important caveat to CA is that is a framework for understanding and providing guidance on
decisions, and is not a dogma to follow uncritically. This can lead to problematic adoption by
managerial or policy-setting elements of education systems which has perception ‘blow back’ on the
CA framework as a whole, yet is utterly unsupported by the framework and source materials
themselves. This is perhaps a risk to frameworks which provide that element of minimally expert
adoption [172], [173].

This framework represents an exemplar of a framework built on top of other frameworks, packaging
largely existing but more abstract knowledge or frameworks (e.g. constructivism) into a more
concrete and actionable form that does not require such a deep and nuanced understanding of the
source disciplines such as cognitive psychology which underpin them. Interestingly this is a
framework which has to outward appearances at least been developed independently, with Biggs’
constructive alignment coming out of a largely Australasian and Asian context, with Wiggins &
McTighe’s Backwards Design [174] being an almost perfect duplicate with similar foundational
frameworks largely out of a North American context.
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3 CRITICAL REVIEW

3.1 VIGNETTES

The mismatch between the nature of laboratories as teaching and learning activities and the
application of evaluation designs that are not appropriate fits for the constraints they present is a
limitation to the internal and external validity of such designs. This limitation however is not simply a
reduction in the validity of the conclusions, to be resolved using meta-analysis methods and other
aggregations to identify the signal in the noise. This limitation not only leaves the evaluation
research that is published with invalid conclusions, but has 2 other significant impacts:

e The constraints leave the laboratory activities under study artificially hampered, meaning
that there is a further mismatch between the laboratory that is being studied, and the
laboratory that would have existed had it not been studied.

e The publishing habits associated with the methodologies do not lend themselves to the
natural interpretation required for integration in new contexts, or literature surveying.

To explore these effects, this section explores 4 research studies as vignettes to highlight the ways in
which they occur and their impact. These vignettes all fall into a pattern of being focused on non-
traditional laboratories — rather than a deliberate choice for this thesis, this is reflective of the
pattern observed in Feisel & Rosa that continues to characterise laboratory research, that one of the
key triggers to conducting such evaluations is the introduction of new ways of doing things, rather
than evaluating established practice. 3 are studies following established methodologies and
representative of the misaligned approach under discussion, and the final is an alternative approach
which follows a different methodology to the established quantitative one.

3.1.1 Vignette 1: Comparative Study

J. E. Corter, S. K. Esche, C. Chassapis, J. Ma, and J. V Nickerson, “Process and learning
outcomes from remotely-operated, simulated, and hands-on student laboratories,”
Comput. Educ., vol. 57, no. 3, pp. 2054-2067, 2011.

The first vignette is a follow-up to one of the key papers used as the foundation for this work, the
identified impacts being one of the drivers for the initial exploration of alternative approaches. This
paper is the most relevant in a series of publications by the same group developing both remote
laboratories and the associated model in [37]. It is highly influential in the research space, ranking
among the top papers by citations on laboratory evaluation.

It should be clearly stated here that this analysis will be quite critical of the study design and
interpretation, for this and for subsequent vignettes. This should be tempered with an
acknowledgement that this was unchallenged as best practice research design at the time of
publication (and arguably today, hence the motivation for this thesis) — whether due to habit,
existing knowledge, or publishing venue methodological preferences/requirements, criticism is
reserved solely for the methodologies and not the researchers making the best use of the tools
available.

In this research the design was a 3-way comparison between a traditional hands-on, proximal
laboratory, and equivalent implementations via simulation and via remote operation. These 3
versions were assigned to different lab instructors with discrete sections of students — students also
varied as to whether they performed the ‘data collection’ portion of the laboratory activity alone, or
in groups (the overall laboratory activity was done in groups regardless).
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There were 2 key outcomes under study — learning outcomes, and student satisfaction. Learning
outcomes were measured through comparing student prior GPA, compared against a post-
laboratory knowledge test, using a between-subjects ANOVA approach. This knowledge test also
gathered data about processes during the laboratory activity, such as time taken and group work
behaviours. Student satisfaction was measured using a single post-laboratory survey. All reported
empirical data was quantitative.

This study must be interpreted as being pseudo-experimental in nature — there is no control group.
At best if one considers the ‘traditional’ laboratory to be a non-intervention with remote and
simulation being interventions to be compared against, the study would at best be quasi-
experimental as there is no true random assignment (students do not get randomly placed in
laboratory timetable slots, and the effect of different instructors for different groups is not random).

There are several observations to be made about the study design and findings. The first is the
identification of a process anomaly via the knowledge test — software installation required by the
simulation version left a distinct spike in time required to setup, partly due to requiring installation
from CD-ROM in-class, which left the remaining time for subsequent required tasks reduced. This
was due in large part to the artificial constraint in the nature of the laboratory activity between
modes — a 2-hour runtime requirement was fixed for all modes, the initial instruction time was kept
the same, and the requirements for collecting data were kept the same.

The next is various observations regarding interesting and/or unexpected results from groupwork
process results in the knowledge test. A sizeable minority of students instructed to work individually
in the hands-on mode responded that they worked together. This was interpreted as:

“Psychologically, this suggests that students in the hands-on sections were more likely to
judge that they were “working together”, even when they were individually collecting
readings with different parameter settings. Of course, this may have arisen because in the
hands-on condition, all group members must set up and share one apparatus, and tend to
remain co-present during data collection even under individual data collection instructions,
while in the computer-mediated formats three separate computers were usually available.”
[175]

This is an interesting line of inquiry, but was not able to be pursued under the study conditions a)
due to only discovering it in the post-test phase, and b) needing to maintain experimental conditions
and not modify the laboratories under test partway through the study. It should be noted that there
is no reported empirical evidence in the study for the interpretation given — this is an example of the
inherently qualitative interpretation of quantitative results required when dealing with such
contextual, stochastic, and complex entities as teaching and learning activities. The lack of local
empirical evidence for the interpretation of quantitative results is an inherent feature of the purely
(pseudo) experimental design being used.

An alternative and (given the data reported in the study alone) equally supported speculation might
include that students did not follow the instructions they were given to the letter, or that students
misinterpreted the definition of ‘data collection’ in the question being asked and conflated it with
other activities where they were expected to work together. Without more detailed (and preferably
contemporary) observations these are impossible to differentiate. This is somewhat supported by a
comment elsewhere in the paper:

“apparently because lab team members tended to gather around one lab equipment setup
and watch each other collect data, even in the individual condition” [175]
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In a similar question, students working on the group collection hands-on mode were far more likely
to all participate in the collection rather than designate one group member, with the interpretation
being:

“It may be that in the hands-on format, interacting with the lab apparatus was seen as
especially beneficial educationally, or especially enjoyable, thus lab team members were
careful to share this role. These differences in behavior among the lab format conditions
should be taken into account in interpreting the superior learning outcome for the group
hands-on format.” [175]

Another line of inquiry that appears critical to understanding what is occurring during the laboratory
activities, but which is not investigated as part of the experimental design. One alternative
interpretation is that the hands-on laboratory version lent itself to requiring multiple hands doing
simultaneous work, or that students recording dictation from someone operating equipment saw
that as doing data collection (whether or not the study designers would agree).

The primary results of the paper centre around statistical analyses of learning outcomes and student
satisfaction. Both measures are compared between groups (group and individual cross hands-on,
simulated, and remotely-operated). In the case of learning outcomes, group hands-on and individual
remote were found to achieve higher results, with hands-on in general being better than remote,
which was better than simulation. These are arrived at using the comparisons of means and ANOVA
methods named earlier. These conclusions are however deeply flawed, with the root cause of this
flaw being approached by the paper itself in the comment:

“Thus, it is not completely clear whether the advantage for this condition [hands on over
remote and simulated] is due to educational superiority or to simple familiarity, which could
have enabled the students to concentrate more on the concepts and procedures of the lab
and less on understanding work-process instructions and negotiating social roles.” [175]

Again we see an interesting qualitative speculation that lacks further investigation and is
unsupported by qualitative methods, however beyond this there is the issue of the mathematics
being used to establish this ‘superiority’ relies on conditions that the study design and collected data
(being pseudo-experimental) does not meet.

Even if this were the case, the constraints around the laboratory design — like-for-like emulation
rather than taking into account different modes’ different affordances, and holding the laboratories
constant in the face of observed activities, mean that if they were mathematically valid, they would
be giving insight into laboratory designs that would never exist outside the study constraints that
generated them.

Consider some relevant and fundamental inherent affordance arguments in favour of remote and
simulated laboratories (note these conform to the conflated archetype definitions in use in this

paper):

e Remote laboratories
o Can be accessed anywhere an internet connection exists, not just the classroom.
o Can be accessed outside of class times without requiring set-up, tear-down, human
operator safety concerns, etc.
o Candisplay computer-mediated data in new pedagogically inspired formats.
e Simulated laboratories
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o Can do everything a remote laboratory can do, with the added bonus of not being
constrained to reality when conducting experiments.

These affordances were artificially eliminated when conducting this study — thus reframing the
guestion from a comparison of “remotely-operated, simulated, and hands-on student laboratories”
to a comparison of the hands-on design contorted into remotely-operated and simulated forms.

Further to this, and circled around by the previous ‘familiarity’ excerpt, is the issue of design
maturity. While the remote laboratory has been reported on in previous publications (the model
[37] paper contains a pilot study for this paper), this was still a very immature laboratory design
being contrasted with a mature traditional laboratory. Ignoring familiarity by the students, the
knowledge of how the laboratory should best be designed and run by the instructors lies firmly in
the traditional mode. This is most exemplified by the increased set-up time for the simulated
laboratory (which would be unlikely to occur in a modern simulation, CD-ROM installation having
been supplanted by far more convenient methods).

Critically, this study already identifies several of the points raised. In particular the single lab format
issue and simulation installation time were indeed recognised as limitations, as well as the contorted
affordances. A key statement here is:

“But if a study were designed to take advantage of all the natural affordances of each medium, it
would be difficult to ascribe causality to the medium itself, as opposed to differences in how each
medium could be applied or how it tends to be used by students” [175]

It is the position of this thesis that the affordances of a medium ARE the medium itself, and trying to
separate the medium from what that medium allows is nonsensical. If one compares a horse to a car
by requiring the car to be fuelled with precisely the same hay as the horse, one cannot be said to be
validly comparing the two regardless of the adherence to protocols.

Nonetheless, several of these limitations are identified and stated (though not all, particularly the
pseudo-experimental nature and lack of mathematical validity). As appropriate as this is,
representative of best practices in research, this recognition is insufficient to bring the best possible
value to a reader, because there is insufficient data collection and reporting for a reader to
appropriately incorporate the findings into some alternative context. The interesting lines of inquiry
mentioned earlier are representative of this issue — there is no rich context, no follow-up data
collection, no tweaks to investigate causation or to dive into what processes are occurring. In the
pursuit of validity, which was mathematically impossible under the study design conditions, this
valuable knowledge has been left on the table, so to speak.

3.1.2 Vignette 2: Literature Aggregation

J. R. Brinson, “Learning outcome achievement in non-traditional (virtual and remote)
versus traditional (hands-on) laboratories: A review of the empirical research,” Comput.
Educ., vol. 87, pp. 218-237, Sep. 2015.

One lens by which to view research on laboratory evaluation involves directionality - research
presented in order to support future evaluations, and research which collects knowledge from
existing evaluations to derive some aggregate or abstract knowledge. While all research will have
aspects of both, in the context of this thesis the previous vignette sits primarily in the 'before’ stage,
and this vignette looks at a paper at the 'after' stage. This correlates strongly with the aspects of
laboratories which these papers are interested in - Corter et al [175] (and the Nickerson et al [37]
paper which it) looks most strongly at the 'input' side of laboratories, and the work presented is
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aimed at supporting future studies (with the proposed framework). The partner paper which is
seminal to the work of this thesis is Brinson [21] which looks most strongly at the outputs of
evaluative and particularly comparative studies of laboratories, and while it provides insights for
future studies, focuses most heavily on collating the findings of many existing studies.

Brinson [21] is a synthesis paper looking at:

"empirical studies that focus on directly comparing learning outcome achievement using
traditional lab (TL; hands-on) and non-traditional lab (NTL; virtual and remote) participants
as experimental groups" [21].

Leaving aside the conflation of categories that per Nickerson et al [37] are not the atomic categories
they are described as [46], this comparison serves as an excellent 'surveying of the land' regarding
the types of studies being performed, but is hampered greatly by the nature of the available data.
This paper exemplifies one of the core motivations for this thesis - current research practices,
particularly around publication and what is reported, does not support the meta-analyses that are
necessary to gain knowledge between contexts. This manifests itself in Brinson [21], weakening the
methods available to be used, and in large part preventing such meta-analyses from being valid from
the outset.

Brinson looks at the learning outcomes measured in contributing studies, categorised into a KIPPAS
framework: Knowledge & understanding, Inquiry skills, Practical skills, student Perception, instructor
Perception, Analytical skills, and Social & scientific communication. This is done by coding
contributing studies as measuring these learning outcomes, or not. It also identifies the channels
used to collect data - Lab Reports/Written Assignments, Quiz/Exam, Survey/Questionnaire,
Interview/Observation, Lab Practical, or generic Grade. Finally, it codes each study as finding 'higher
outcome achievement' for the traditional laboratory, the non-traditional laboratory, equal
achievement or no significant difference, and differing achievements between the 2 types.

The most obvious and critical issue with the synthesis is the superficial aggregation between studies
of highly varied contexts. To reduce it to its most absurd conclusion, if a particular type of non-
traditional laboratory was greatly beneficial in teaching a chemical engineering phenomenon in
some context, but woeful in teaching some electrical engineering phenomenon, or chemical
engineering in a different context, this would appear as '50%' in the analysis, but would entirely lack
the nuance of under what contexts the lab design choice was beneficial or not. The idea that the
discussion of non-traditional laboratories compared with traditional laboratories can arrive at a
single yes or no answer across multiple contexts stretches credibility.

As problematic as the aggregation of comparative findings is, the paper is nonetheless incredibly
useful for its aggregations of what actually occurs in research on laboratories. Aside from the simple
literature collation, identifying the methods in use - and in particular the reliance on existing
assessments as evaluative tools, supplemented by affective surveying, highlights the limitations in
the practice of evaluating laboratories.

Brinson [176] is a follow-up to the original review, which does not add new papers to the review, but
digs further into the nature of the original body of work, identifying further aspects. These aspects
draw very close to identifying the issues presented in this thesis, but come to an alternative
conclusion. In particular the variability of context is highlighted, though only at the macro scale: k-12
vs tertiary education, engineering vs natural sciences, US vs international. The recommendations are
primarily to increase the depth and breadth of quantitative experimental design studies on
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laboratories. This alternative conclusion was the focus of investigation in the earlier described Truss
study [39].

Were the contributing studies to have reported more to do with their contexts, and in particular to
provide more details in their findings than resulting numbers that cannot be questioned deeper after
the fact, meta-analyses such as these would be far more empowered to come to actionable
conclusions for specific contexts. Questions such as “under these circumstances, which we observed
by these methods, yielded these outcomes”, can only be useful to a practitioner if there is sufficient
disclosure about each of these 3 main components for the practitioner to identify or convert them
between contexts.

3.1.3 Vignette 3: Value in Quantitative
D. Basu and V. K. Lohani, “Learning and engagement with an online laboratory for
environmental monitoring education,” Eur. J. Eng. Educ., 2023.

The previous paper vignettes establish the nature of evaluation of laboratories in engineering
education — either being a review in the case of Brinson [21], [176], or being derived from one in the
case of Corter et al (Ma [20]). Laboratories are largely examined through quantitative experimental
designs, with significant issues around complex and confounding contexts, bringing about the lack of
internal validity and generalisability discussed previously. Basu & Lohani [177] is a more recent
publication (published in February 2023), and is included to establish that these practices and study
designs are ongoing in the field, and is present in top publication venues such as the European
Journal of Engineering Education (EJEE).

Basu & Lohani [177] does not include the description of laboratory implementations normally seen
in papers of this nature, due to this being established in prior publications on this same
implementation, i.e. [178]. This has left significant scope in the paper to spend time establishing the
basis for the study, and going into depth regarding the design and methodology.

The study is particularly well-founded in the literature, bringing in perspectives from more general
education and cognitive psychology to identify the areas for investigation, as well as to provide
insights and anticipated results as predicted by this literature prior to conducting the study. The
theoretical framework used was the situated perspective of learning, as described in e.g. [179]. It
also incorporates theory on student engagement, drawing from the fields of broader education
research as well as Human-Computer Interaction (HCI). An important side observation is that this
foundational theory was not derived from quantitative experimental methods, following the
practices more commonly followed in the disciplines in which they were established, such as
ethnography and case studies.

The study also correctly establishes the nature of the design it conducts — identifying it as a pseudo-
experimental design as per [48]. This design lacks a control group, and does not have true random
sampling — while there was a randomness element in the study in Basu & Lohani [177], it was taken
from a non-random student pool, being the class the study was conducted within. As discussed
previously, this design is almost certainly the design used in any true-to-life quantitative
experimental design for laboratory evaluation, though it is uncommon in the extreme for
publications to recognise this limitation and discuss it. The most relevant characteristics of a pseudo-
experimental design are a lack of causality (only correlations may be identified), and a lack of
generalisability.

Student engagement with the system was collected from various computer-mediated sources, and
situated in conjunction with a pre-survey on demographics and an HCI-derived post-survey on
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perceptions. While some qualitative written survey responses were collected, these were coded into
guantitative data for analysis rather than being analysed using any established qualitative
methodology. The analysis employs several quantitative statistical approaches, establishing
relationships through statistical analysis and arriving at variations of means with p-values. These
variations are highlighted as the findings of the study, with the p-values being used to support
findings as statistically significant. The findings are split into discussions on learning outcome
achievement, engagement with the system, and the relationship between these.

The learning outcome achievement discussion states

“a detailed analysis of the content questions indicated a significant improvement in
students’ performances from the before to after the OWLS-based intervention. Although
general water quality concepts were covered in the course, this improvement in students’
performance could only be attributed to the OWLS-based task as the content questions
were tied to the five LOs.” [177]

This correctly identifies that students scored better on the aspects the laboratory taught, but does
not examine the quality of the laboratory itself — whether it was an improvement vs teaching via
some simpler alternative.

The discussion on engagement centres around

“As there was no control group, we cannot provide inference about the effectiveness of the
OWLS in terms of engagement” [177],

This is a correct observation given the pseudo-experimental design, and one which speaks to the
need for alternative methodologies for evaluating laboratories. Some correlation discussion is
present, but in essence the related research questions cannot be answered. Further, there is no
established generalisability for the correlations identified.

The final discussion point looking at the relationship between learning outcome achievement and
engagement is thus hampered by the limitations in the contributing halves — given the nature of the
study any conclusions can only be correlative rather than causative, and cannot establish external
validity. Notably however, these findings do speak to the specific nature of the laboratory being
investigated — the HCl surveys identified aesthetic requirements the system was not meeting, and
highlighted areas of interest that correlate to larger effect sizes in outcomes. This speaks to a core
idea in this thesis, that while quantitative methodologies cannot be effectively used to answer the
sorts of research questions the literature is currently applying them to, quantitative methods have a
valuable place in a broader approach.

3.1.4 Vignette 4: Design Research
S. Verstege, J.-P. Vincken, and J. Diederen, “Blueprint to design virtual experiment
environments,” Comput. Educ. Open, vol. 2, p. 100039, Dec. 2021.

This paper presents a challenge in constructing the narrative of this thesis — it is part of the
background informing the thesis overall, but also skips ahead to the core of the selected
methodology (particularly having been published midway through the data collection phase in Dec
2021). Within the context of the thesis, it may be characterised as recognising the same issues with
current practice in research on laboratories in engineering education, identifying the same broad
solution, but not applying it fully, nor for the same reasons as this thesis.
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The paper describes the application of educational design research (EDR) to the design of simulated
laboratories (termed Virtual Experiment Environments or VEEs). As discussed, this approach to
research involves the iterative investigation of an artifact, generating 2 categories of findings —a
‘local instruction theory’, which captures the iterative improvements to the artifact generated by the
research, and design guidelines, which represent the generalisation of the local knowledge which
may be interpreted by others, and incorporated into other contexts where it is deemed appropriate.

One of the speculations made by the author of this thesis when investigating why educational design
research was not commonly employed to resolve the issues with laboratory research in engineering
education was “educational design research is difficult to apply well, and requires understanding
that is outside the current practice of engineering education research”. This paper appears to
validate this speculation, as the implementation of educational design research being used is
incomplete, and in particular includes structural issues — whether misinterpretation, misreporting, or
misalignment — that limit the effectiveness of the study.

It should be noted however that the nature of educational design research is resilient enough, and
so closely aligned with the practice of engineering as a discipline (in contrast to the practice of
engineering education research), that even with these issues being present, the value of the paperin
informing the design of laboratories is significant. Unlike a study which compiles down to one or a
set of quantitative values, limitations, or errors in which can completely negate their validity in other
contexts, the rich description inherent in EDR means that these limitations can be navigated around
by an informed reader, and the partial knowledge interpreted in meaningful ways.

The study presented by this paper examines design requirements and contributing design principles
for the development of VEEs, as generated alongside the design of 4 VEEs themselves. These VEEs
are then assessed against the design requirements and principles to evaluate them, which in turn is
used as evidence for both the validity of the design requirements and principles, and the quality of
the VEEs so developed. This process is structured with an EDR approach including analysis and
exploration, design and construction, and summative evaluation.

The first issue in the study is the unclear identification of the artifact under study, and the local
instruction theory. The development origin of EDR as it is appreciated in this thesis is via Van Den
Akker [109], and an approximate model is used by Verstege et al [180] via Bakker [101] who heavily
leverages Van Den Akker and others in the Netherlands tradition of EDR in their work. This grew out
of mathematics education, and is able to very precisely articulate what the local instruction theory
is, and what the artifact was. By a purist interpretation, the artifact in this paper would be the VEE or
VEEs, and the local instruction theory would be the cognitive processes students would undergo
during these teaching and learning activities.

In this paper however, the local instruction theory, while not explicitly termed as such, is instead the
design requirements and principles. The artifact however is reported in a way that is conflated —
being simultaneously the VEEs under development, but critically also the design requirements and
principles. This conflation manifests as a perceived error in the study design for the paper, and has
led to the iterations described in the study (critical for the effective application of EDR) being
misaligned.

There are 2 possible well-formed study designs that could be drawn from this paper. In one, being
the purist approach described earlier, the artifact would be the VEEs, and the local instruction theory
would be the students’ cognitive processes that occur within them. Under this approach, the
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iterations would need to be changes to the VEEs, with the VEEs being evaluated and those
evaluations being fed back into the design.

The other approach, which appears more closely aligned with the stated aims of the paper, would be
to have the VEEs be the artifacts under study, and the iteration be progressive elaboration of the
design requirements and principles. It is possible this is in fact what was done, but the manner in
which it was reported did not identify the cycles of iteration that took place, the findings at each
step in these iterations which motivated changes, and thus the evidence for validity of the design
requirements and principles themselves. Instead, what was reported was the post hoc application of
the design requirements and principles to the same VEEs which generated them, to evaluate
whether the VEEs met these.

The net effect of this on the paper, irrespective of whether the error was one of study design or
study reporting, is that the local instruction theory (being the design requirements and principles), is
unevidenced. There is significant evidence presented in the subsequent portion of the paper
investigating whether the VEEs developed met the requirements and principles, but no empirical
evidence that the requirements and principles are justified is reported, besides the description that
they were iteratively developed.

This misalignment of evidence also manifests in the evaluation of the VEEs themselves — seemingly
falling out of the EDR approach, the VEEs are evaluated in the post hoc application mentioned
previously in the same style of pre- or pseudo-experimental, quantitative methodology described in
previous papers. This goes directly against the essence of EDR, which mandates an iterative
approach which recognises the inherent challenges in experimental approaches to educational
design and evaluation.

The limitations section of the paper highlights the impact of this ‘big bang’ style after-the-fact
evaluation. The inability to quantify certain aspects of interest, or in cases the ability to measure
them at all — which may have more appropriately been assessed by local, qualitative, small-scale
evaluation which was then fed back into an iterative process — means that a large portion of the final
conclusions were not properly supported by empirical data. Rather than a discussion of the validity
of the local instruction theory, being the design requirements and principles, and the likelihood of
them being applicable in other contexts, this is instead left to final conclusions rather than treated
with any significant depth. The essence of this impact is captured within the final discussion
paragraph:

“In the evaluation we have shown that the VEEs were successful, as they satisfied the design
requirements. However, we have not yet proven that our general output classes (i.e., design
requirements, design principles, design architecture) will function in other levels and other
fields of education.” [180]

This flipping of subject-object (VEE and design requirements/principles/architecture) is the
conflation that is the core misapplication of EDR in this paper.

While these issues are significant, and are held in support of the efforts in this thesis to create a
more approachable way to embed EDR in laboratory design and evaluation, the nature of EDR is
such that value may still be drawn from this paper. Unlike a quantitative study, the bulk of the value
in EDR research lies in the process and discussion that occurs in the various stages prior to any final
summative evaluation. In particular, this paper gives the source external motivation for the design
requirements and principles — sadly lacking the local, empirical motivations for refining them as
should be disclosed in EDR studies, but nevertheless providing a high-quality base of relevant
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research backing the inclusion of each in future work. Identifying which of those design
requirements and principles can be successfully investigated through more straightforward
guantitative surveying and which cannot is similarly a valuable contribution that may be
incorporated into future work.

3.1.5 Vignette Conclusions

There are a multitude of papers that arguably should be given a similar deep dive treatment in this
thesis — and indeed a significant portion of the exploratory design phase for the artifacts this thesis
developed was doing exactly that. For reasons of appropriate length and scope however they are
omitted in favour of these most critical representatives. The core findings that these yield are
articulated here as inputs to the design process for the artifacts under study:

e (Quantitative research in educational evaluation, particularly for laboratories in engineering
education, are largely if not inherently restricted to pre- or pseudo-experimental designs.

e Pre- or pseudo-experimental designs are unable to appropriately answer the questions
posed by evaluative practice and research on laboratories in engineering education.

e Overcoming limitations in study designs through aggregation and meta-analysis is not
possible with the reporting generally made available in current research practices on these
laboratories.

e (Quantitative methods have a place in answering evaluative questions on these laboratories,
but must be situated within a more effective and comprehensive overall approach.

e Educational design research has the potential to be this overall approach, but risks exist in its
effective application, particularly as it is not yet well-established in the engineering
education research discipline.

e Post hoc data collection alone is insufficient when attempting to conduct EDR, or when
answering the overall questions research typically poses when studying these laboratories.

3.2 RESEARCH CONTORTION REVISITED

The observation of research contortion as it applies to laboratories has some key consequences for
research design, both in that context of laboratory design and evaluation, but which also apply to
any comparative evaluations in engineering (and likely wider) education research and practice.

3.2.1 Definition

Research contortion is here defined as:

The manipulation of objects under study in comparative evaluation, which has the effect of
modifying them to align with requirements of a comparative evaluation methodology, which do
not apply to the intended applied context or use case of those objects.

Objects under study could be laboratories as observed in this critical review, but could conceivably
be any other artifact, design, element, etc. in education research which is sought to be compared
with some alternative.

Vignette 1: Comparative Study above provides an excellent illustration of one form of research
contortion in comparative research, related to affordances. The laboratories being compared as part
of that study, to which the conclusions were then applied to the different modalities of these, were
forced into ‘parity’ with one another, to enable the comparative methodology being used. Achieving
this parity required the blocking of the affordances of the remote and simulated versions of the
laboratory would have been able to provide were they to be used outside of this research context —
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affordances which usually appear in the preamble of studies like this one —and even including this
one. To wit:

“For students, new technologies can be convenient, eliminating the need to physically
attend a class.” [175]

In the introduction for Vignette 1, the study design of which required physical attendance in class to
use laboratories involving those new technologies.

It is important to call out here that the authors of this paper explicitly recognise this limitation with
their study design, identifying the limitation to affordances which limit the generalisability of their
findings. Vignette 1 was used in the critical review in part due to it being identified as the highest
quality comparative experimental study on laboratories in engineering education in terms of
reporting rigour. This paper is a rare example of this limitation being reported and engaged with,
however, and it does not receive consideration in the aggregated literature review papers which
informed the earlier literature review, e.g. [1], [15].

3.2.2  lllustrations

This affordances contortion can be further illustrated with a thought experiment considering
different comparative study designs in a similar form to vignette 1. Consider a study comparing
laboratory versions. Version A is a hands-on archetype laboratory where students add acids to
beakers containing different metal objects and observe corrosion effects over an hour. Version B is
the same experiment, but conducted using a robotically controlled dispensing and camera
observation setup controlled over the internet. Version C is a simulation in which the predicted
appearance of the metal objects is displayed if given the acid and duration as an input.

The comparative study is attempting to follow a randomised controlled trial (limits to the ability to
maintain a control group notwithstanding). As the independent variable has been identified as ‘lab
modality’, and the dependent variable is ‘student learning outcomes’, all other variables must be
controlled lest they invalidate the findings. Thus, the location and time students undertake the
laboratory, teacher and peer presence in the room, and all other potential nuisance or confounding
variables must be controlled to achieve parity between versions, so that the requirements inherent
to the statistical methods of quantitative research are upheld. So students complete all laboratories
in a laboratory room, during scheduled class time, together.

It should be clear that this is not a true comparison of versions A, B, and C. The requirements
inherent to A have been artificially applied to B and C, when there would otherwise be no reason
inherent to those designs which required them. As will be described later throughout this thesis,
laboratories can be described as the sum total of their characteristics — and thus this study is not
comparing versions A, B, and C — it is comparing version A with ‘B contorted to A’s requirements’
and ‘C contorted to A’s requirements’, and there is no evidence at all from this study to ‘translate’
these findings to the comparison between the original versions.

As a side note, it may well be that ‘B contorted to A’s requirements’ is a better version of the
laboratory than ‘B’ — research contortion does not claim that the objects under study are being
made worse. Rather, it is the observation that the objects under study are being made different, and
this difference prevents conclusions from applying to the original, non-contorted version.

Affordances are not the only way that laboratories and other objects under study may be contorted.
Seeking a control group, or random assignment, or other requirements inherent to chosen
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methodologies also contort these objects under study into different objects under study. Another
hypothetical comparison study illustrates this.

Two versions of a laboratory are being compared as part of an RCT — one in which students work
individually, and one in which students work in groups of 3. Everything else about the laboratories is
the same, and no interface or equipment affordances are being suppressed. However, to ensure
random assignment of students, the laboratories are run by randomly splitting each class in 2, and
having these 2 halves given different instructions (individual or group). The first 10 minutes of the
class involves assigning these groups, and ensuring the students move to the individual or group
halves of the room. To ensure everything is controlled, the same lab demonstrator gives instructions
and guidance to both halves, and their time is divided equally between each side. The group version
in this hypothetical study does much better than the individual version — but this is actually due to
the demonstrator only having to correct errors in experimental setup once per group in the group
version, while they need to correct errors individually in the individual version, and this time
disparity causes poorer learning outcomes in the individual cohort.

Adding research controls contorts the laboratories under study into identifiably different
laboratories, and the research conclusions can be applied only to those contorted versions, not the
real context versions which might be implemented due to the comparison results. Another potential
research control contortion might involve changing timetabling of classes to ensure random
assignment in an AB-BA study design — such as having some students completing laboratory A in
mode X and laboratory B in mode Y and some the opposite, where this meant students were
assigned to specific class times to match their mode assignment rather than allowing them to select
preferred class slots and times as would normally be the case. Many other changes may be
motivated to control different confounds and suit the requirements of true or quasi-experimental
designs.

3.2.3 Claim to novelty and similar work

Research Contortion is not an entirely unique idea in the wider field of research design. In HCI the
terms ‘in the wild’ and ‘laboratory studies’ [181] target the confound and nuisance controls
elements in particular, by identifying this control as a limitation of laboratory studies. Moving to ‘in
the wild’ studies and giving up the ‘clean white room’ laboratory-style investigation avoids this
contortion, at the cost of bringing in uncontrollable contextual influences. The novelty of Research
Contortion is in its application to a context that has yet to consider this as a concern.

There is another similar concept in research design, the Hawthorne Effect, or Observer Effect [182].
This effect can be summarised as the observation of research participants changes their behaviour
and thus their observed outcomes. The Hawthorne Effect is embedded in the Research Contortion
concept in that it is one of the (but not the only) ways in which an object under study might be
contorted.

Research Contortion is to a best effort of term and synonym search not a concept which has been
considered in evaluation research in engineering education, and it is the application to this scope
and comparative research in this discipline in particular that novelty of this concept is claimed. No
use of this term or any related concepts have been identified in any other educational field, though a
claim to novelty in this broader concept is not as well supported by the earlier literature review
which focused heavily on engineering and science education literature as a foundation.
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3.24 Impact

Identifying limitations to research does not require the broader recognition of research contortion
as a concept, as seen in Vignette 1 which does just this. The impact of having this term defined is to
specifically call out these limitations in research design — both to promote this recognition which is
absent in much of the literature even if it is able to be independently identified, and to promote the
investigation and adoption of alternative, contortion-avoiding or -mitigating approaches to research,
which is a major theme to this thesis work overall.

Research Contortion is a significant impediment to effective evaluation research, particularly
comparative research. The establishment of this concept as a concern allows for a better-targeted
effort to address these limitations to improve research quality and the internal and external validity
of research in engineering education. This remains an underlying design consideration throughout
the subsequent work described in this thesis.
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4 METHODOLOGY

This thesis undertook to explore the broad scope of the question “How may laboratories in
engineering education be effectively designed to meet the purposes their stakeholders require, and
evaluated against these purposes?”. This exploration generated a candidate artifact intended as a
potential answer to this question — the Purpose-First Approach and accompanying PIPOV framework
— and thus settled on the specific research sub-questions of

1. How do the research methodologies used in evaluative research on laboratories in
engineering education support or inhibit answering the questions this research poses?
2. What methodological alternative provides the appropriate characteristics to resolve the

identified issues with experimental approaches in the design and evaluation of
laboratories in engineering education?

3. Can Educational Design Research be successfully applied to the design and evaluation of
laboratories in engineering education?
4, How can practitioners be supported in their application of Educational Design Research

to the design and evaluation of laboratories in engineering education?

4.1. Do the Purpose-First Approach and PIPOV Framework support practitioners in their
application of Educational Design Research to the design and evaluation of laboratories
in engineering education?

Answering these research questions were jointly inspired by and required the use of a particular
methodology — which indeed was chosen as part of the process of articulating the specific research
guestions, given the inherent links between methodologies and the types of questions they are able
to answer. While there were several potential methodologies considered for use in this thesis where
the project would have looked markedly different, the overall type of methodology that was best
suited was quickly identified as being the practical inquiry family of methodologies described
previously.

4.1 PRACTICAL INQUIRY & EDUCATIONAL DESIGN RESEARCH

The nature of laboratory design and evaluation inherently requires a design process. Not all design
must be research, but in order to be effective design should include external inputs to support
conjecture, validated by testing in practice. The fundamental conclusion from reviewing existing
practice in research is that these research outputs were ineffective at supporting this ideation based
on external inputs stage of design. It is possible that purely qualitative methods might resolve these
issues, but the review also observed:

e Practitioners have background issues that inhibit the adoption of these methods.
e In particular issues of generalisability and transferability are a challenge.

Qualitative methods tend to require significant understanding of backing theoretical frameworks
and following a rigorous process where the derivations of that rigour are likely outside the normal
training of an engineering practitioner. A failure to properly account for this is likely to lead to
equally flawed and ineffective research. The potential value of quantitative methods applied not as
controlled, attempts at true experimental designs, but as inputs to a triangulation process involving
multiple sources of information was also established.

Further to this, the processes employed by engineering educators already map to iterative,
sequential design, reflection, and refinement — design being a distinguishing characteristic of

71

—
| —



Methodology

engineering [183]. Aligning with these practices is thus a potential avenue for change from existing
practices while staying within familiar territory. As such, the most appropriate methodology is likely
to be found within these traditions.

The practical inquiry family of methodologies includes several candidates that may have been
applied to this thesis:

e Action Research
e Design Experiments
e Educational Design Research

Of these, Educational Design Research emerged as the most appropriate in order to properly tackle
the wide variance in contexts between laboratories and those developing and evaluating them, and
to ensure authenticity — for both points seeking maximum generalisability. A project undertaking
Action Research would have necessarily focused more narrowly on a given laboratory to achieve
specific goals. This would have more rigorously sought improved outcomes for a specific case, but
would not have as fully explored the generalisability of the interventions developed. Depending on
the specific traditions and contextual theories applied, a project undertaking Design Experiments
would have focused more on the earlier stages of candidate development, exploring multiple
untested designs rather than a single design through multiple contexts and multiple iterative
revisions.

Educational Design Research (EDR) as the previously identified tradition within the design-based
research etc. family of methodologies is more commonly applied to specific teaching and learning
activities and their wider curricula. Indeed, EDR forms a core component not only of the overall
approach to answering this thesis’ research questions, but is also a feature of the generated artifact
itself. EDR has some key features that support the intentions of this research:

e The development of an artifact, which is intended to deliver particular learning outcomes.

e Iterative design, evaluation, and redesign phases, which take in observations of the artifact
in authentic contexts, and feed this back to resolve observed issues and improve the artifact
to better achieve the learning outcomes.

e The development of a “local instruction theory,” that posits how the activity occurs in
practice, and how this leads to students achieving the intended learning outcomes.

e The articulation of this local instruction theory for the purpose of generalisability, through
the disclosure of context.

This methodology is sufficient in itself to be applied to laboratories in engineering education directly,
with significant confidence based on its success in other educational disciplines that it would be
effective. However, the observations of current research practice when evaluating laboratories
indicate that there are barriers to its adoption that must be addressed in order for it to achieve
significant penetration and thus have the desired impact.

e Many if not most practitioners of laboratory evaluations in engineering education come
from engineering discipline backgrounds, rather than engineering education.

e There are significant scope, time, and design limitations on the evaluation of laboratories in
engineering education.

e Performing educational design research well requires a good understanding of the
methodology and its constituent methods.
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e There is no ‘minimum viable research approach’ currently explored in the literature such as
has been observed for e.g. Bloom’s Taxonomy or Constructive Alignment.

As a result, some artifact was considered likely to be necessary in order to ameliorate or at least
mitigate the impacts of these barriers, to promote the adoption of EDR for the purposes of
laboratory design and evaluation. As stated in [109]:

“Design research is not done to test theories, even though its results can sometimes suggest
weaknesses in theory. Rather, design research discovers ways to build systems based on
theories and determine the effectiveness of these systems in practice.” [109, p. 11] — where
system is interpreted to include artifacts being designed.

Educational Design Research is well established in the literature, particularly in mathematics
education — however it is primarily intended for the specific application to teaching and learning
activities. The significant parallels between the evaluation of a teaching and learning activity
intended for students, and what is essentially a teaching and learning activity for practitioners,
means that this is likely to be transferrable in this altered context. Thus, the original EDR
methodology underwent a slight conversion to apply to the development of the Purpose-First
Approach and accompanying PIPOV framework.

Under this conversion, rather than intended learning outcomes as would be the case in a teaching
and learning activity, the desired outcomes are instead the practical outputs of the research
guestions posed — namely the effective design and evaluation of laboratories by practitioners. It is
important to reiterate here that EDR is a synergistic research methodology — it combines both
practical outcomes and scientific, or rather, it obtains the latter by way of targeting the former. The
artifact under development, normally a teaching and learning activity and supporting material, is
instead the Purpose-First Approach itself, with the accompanying PIPOV framework.

4.2 EDR AND MEeTA-EDR IN THIS THESIS

The concurrent use of EDR at 2 levels of abstraction in this thesis has the potential to cause
significant confusion. A converted form of EDR is the primary methodology by which this thesis’
research was conducted. EDR is also the recommended methodology for evaluating laboratories in
engineering education, and is embedded in and espoused by the Purpose-First and accompanying
PIPOV framework artifact this thesis has developed. The following outlines the application in these
two levels to make this distinction clearer, with the details of each to follow as the design is
explored:

Table 2: Meta and Direct application of Educational Design Research in this thesis

Meta Direct

The research methodology for this thesis The research methodology embedded in
the Purpose-First Approach

Applied by the researcher with practitioners as Applied by practitioners with students as
collaborative research subjects. research subjects.

Artifact: The Purpose-First Approach and Artifact: The laboratory being
accompanying PIPOV framework designed/under evaluation
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Local instruction theory -> Local evaluation theory:
how the Purpose-First Approach and accompanying
PIPOV framework are used by practitioners, and what
types of insights it can yield

Local instruction theory: what students
learn in the laboratory and how they learn
it.

Generalisation: applying the local evaluation theory
in new contexts, designing and evaluating
laboratories using the generated artifacts, using the
reported insights and surrounding context to
determine the appropriateness in the new contexts

Generalisation: applying the local
instruction theory in new contexts,
designing laboratories to match previously
designed laboratories if and to the extent to
which the reported context indicates a
likelihood of replication. Developing a
domain-specific instruction theory for
laboratories in engineering education.

4.3 EDR DESIGN GOALS

As previously mentioned, the design was intended to resolve identified barriers to the simple
application of EDR by practitioners seeking to design or evaluate their laboratories. These four
identified issues are co-mingled, and can be expressed in a more unified way as:

Designing and evaluating laboratories using EDR is highly likely to be effective, however it
requires skills outside the experience and background of many practitioners. Evaluation is
often done under considerable time pressures, with this often leading it to be ‘tacked on’
after the fact, which is incompatible with EDR. The lack of an easier approach to EDR also

represents a hurdle to overcome.

The success of Educational Design Research may be characterised as its ability to generate practical,
functional artifacts that have been iterated upon to slowly move in the aggregate towards the best
practicable version, coupled with its ability to communicate the findings from the generation of such
artifacts in a way that can be readily consumed and incorporated by practitioners in other contexts,
with both increased chances of comparable benefits being obtained, and the ability to observe in

place and intervene should the contexts not align as expected.

These successes hinge on several characteristics of what EDR involves and produces:

e EDR acknowledges the inherent uncertainties in educational contexts, and follows the
paradigm of satisficing — obtaining reliable data that shows trends within a specific context,
and using those observed trends to ‘aim’ the design at the correct target, moving the

outcomes closer to that target over time/iterations.

e EDR acknowledges that holding a teaching and learning activity design firm in the face of
new data is entirely inauthentic, and would invalidate the results (if an educator notices
something going poorly in a class, they will almost certainly react to this). Teaching and
learning activities can and should change in the moment to incorporate new data as and

when it is observed.

e EDR acknowledges that no two moments, classes, educators, institutions, etc., in education

can ever be exactly alike, and that in order to generalise findings from one single context to
another, expert qualitative interpretation must occur:
o Corollary to the above, EDR recognises that this qualitative interpretation must be
supported by the reporting of research findings if it is to be given the highest chance
of success.
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o Further to this, and in combination with the reactions to observed data, EDR
requires an articulation of the internals of a teaching and learning activity, not
merely a design and a set of outcomes with the activity itself a black box. This allows
a practitioner to incorporate findings from another context, and observe the
alignment with their own context, without needing to wait until final outcomes to
determine the accuracy of the application in their own context.

Each of these characteristics requires the practitioner of EDR to have a good understanding of the
nature and practices of EDR, which as observed above represents a barrier to adoption of this
methodology in the design and evaluation of laboratories in engineering education. An artifact
developed in order to promote the adoption of EDR for the design and evaluation of laboratories in
engineering education therefore needs to retain and support those characteristics, without requiring
the in-depth knowledge of EDR in order to achieve this.

These therefore are the ‘goals’ which are the target of the meta EDR applied as the research
methodology for this thesis. The artifact shall target them as desirable outcomes, and insights into
how the artifact behaves in real contexts (with generalisability to other contexts) are thus the
scientific counterparts to these practical outcomes.

In order to validly incorporate the benefits of EDR into laboratory design and evaluation:

e The artifact should lend itself to iterative development, incorporating a general target(s),
observations to be made as to its immediate effectiveness in light of those targets, and
iterative migration towards them.

e The artifact should acknowledge and support mid-run reactions to observations rather than
locking in a quantitative experimental design.

e The artifact should support the qualitative interpretation by readers of design and
evaluation research using it, through rich reporting of context and process.

In order to ameliorate or mitigate the identified barriers to EDR adoption:

e The artifact should be approachable and usable by those from an engineering education
discipline rather than specifically engineering education research.

e The artifact should support use where time and scope available may be limited, including
where these limits arise out of a lack of experience or exposure to specific methods on the
part of the practitioner.

This second set of requirements is necessary for the realistic expectation of real impacts of the
artifact, a necessary component of EDR as opposed to more theoretical research.

The last point requires deeper explanation, as it perhaps goes against more traditional views that
quality research must derive from a proper understanding of the methodology and methods
employed, must be well designed, and well executed. This is of course true in the sense that the
quality of research can only improve if these are followed, however it is not realistic nor of any real
benefit to answer the problem of designing and evaluating laboratories with “the available time for
overloaded practitioners must increase, and practitioners whose careers are anchored (and
continue) in quantitative engineering disciplines must upskill into sophisticated engineering
education research techniques”.
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4.4 PERIPHERAL ENGAGEMENT

It is relatively commonplace for practitioners conducting research to leverage methodologies and
frameworks of which they either a) do not have the time or did not make the necessary prior
preparations to conduct effectively, or b) do not fully understand [184]. This is crippling when it
comes to quantitative experimental research designs, as the mathematical conclusions reached rely
on assumptions about the data and how it was collected, and cannot be relied upon if these
requirements are not met.

One of the perhaps most important characteristics of both Bloom’s Taxonomy and Constructive
Alignment, however, is that a small scale, minimally informed attempt at integrating these artifacts
into design or research is may still yield some benefit. For Bloom'’s, this might involve applying the
cognitive domain without understanding of the affective and psychomotor domains, if not a further
subset of the cognitive domain itself. For Constructive Alignment, the understanding may often be of
a single diagram, and an understanding that teaching and learning activities, and assessment, should
be aligned with learning outcomes.

This benefit from small forays into these frameworks requires what this thesis terms peripheral
engagement with the “minimum viable methodology” — the smallest amount of knowledge about a
framework or practice that still yield benefits. The minimum viable methodology of a given
framework or similar is the extent to which that framework must be understood in order to provide
benefits, and most critically to avoid damaging outcomes.

In this area qualitative approaches have an inherent advantage over quantitative, by virtue of their
outcomes not being considered absolute. Consider a quantitative experiment that was designed or
executed poorly due to poor understanding of the techniques required, or due to limited time
available. As observed in the earlier literature review, conclusions based on statistical significance
that contain errors cannot be relied upon, and because the design treats the laboratory as a black
box, no further quantitative inferences can be made.

Compare the least expert qualitative design — something educators do regularly when they use no
experimental design at all, and simply observe the effects of an intervention anecdotally. The rigour
involved and the overall validity of such research is negligible, however over a long time period the
overall effect is to ‘drift’ towards higher quality. This can be observed as the difference in quality
between an educator with many years of experience and one with few.

The exact nature of the minimum viable methodology for a new framework or similar is inherently
unknowable at the outset — the question of what is the minimum required for valid research can be
speculated, but what is far less clear is what pieces of the methodology will be adopted most readily,
and which ignored. As such, acknowledging and supporting the existence of this peripheral
engagement, and designing such that the minimum viable methodology aligns with the concepts and
components most readily adopted by practitioners must be a design goal for the artifact this thesis
develops.
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5 PHASES

With the selection of Educational Design Research as the methodology for this thesis, and the design
goals for the artifact to be generated determined, this thesis work then undertook the iterative
process for creating and refining the local instruction theory (local evaluation theory in this case),
and the artifact for delivering it. EDR follows a multi-phase iterative process as in Figure 8, where
each step in the process combines progress in both the practical artifact, as well as the theoretical
understanding of the local instruction theory.

Implementation and Spread
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Figure 8: Characterised phases in Educational Design Research [134]

This thesis broadly follows these three phases, with the progressive elaboration and refinement of
the Purpose-First Approach and accompanying PIPOV framework being the practical artifact, and the
local evaluation theory being the observations of how these ideas and frameworks manifest in
practice, as in Figure 9.

Project Inception
[ Design & Literature Synthesis J

‘ Collaborative Study

Validation: New
Expert Reviews Laboratory Design

Validation: Existing
Laboratory
Modification

—

Figure 9: Phases of Educational Design Research conducted in this thesis

Accompanying and intertwined with the concrete development of the artifact was the research work
progressively answering components of the overall problem statement for this thesis work. Below
each of these phases are introduced in these pairs, with the research sub-questions, concrete
development work of the artifacts, and the outcomes of these phases. The requirements for each
phase to have successfully contributed to the overall iterative process are also specified. The details
and internal methods of each phase are left to the following chapters which address them
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individually — here only the motivations and outcomes for each are included to provide the overall
structure of the work as a whole.

5.1.1 Project Inception

This step, while technically outside of the EDR process itself, was nevertheless critical in its
identification of the artifact goals described above. This process was motivated by the results of the
researcher’s prior work on laboratory evaluation [39] . This step primarily involved literature
surveying outside the existing scope of engineering education, to identify approaches that may
already exist to solve the identified issues with laboratory design and evaluation. The Critical Review
component of this thesis was a part of this step.

The first research question being specifically investigated in this step was “How do the research
methodologies used in evaluative research on laboratories in engineering education support or
inhibit answering the questions this research poses?”. The outcome from the overall literature
review and Critical Review for this question has been described in the previous chapter, but for
consistency this was that approaches which seek to isolate laboratories for their context, whether
experimentally or using snapshot style qualitative investigations, inhibit the design and evaluation of
laboratories in engineering education. Quantitative experimental designs lead to contortion, and the
failure to meet inherent requirements in statistical methods damages the validity of the results.
Qualitative methods may answer fundamental questions, but do not holistically answer design and
evaluation questions.

The second research question for this step was: “What methodological alternative provides the
appropriate characteristics to resolve the identified issues with experimental approaches in the
design and evaluation of laboratories in engineering education?”. Practical inquiry, and EDR in
particular, addresses these limitations through the iterative triangulation using contributions from
both qualitative and quantitative methods.

5.1.2 Collaboration Study
Purpose: to gain further insights through a deep dive into the application of the artifact in a real
context with authentic motivations.

Occurring both in parallel with the informal consultation step as well as continuing afterwards, the
researcher was involved in the design process for a new laboratory. This design process involved
regular consultation among the design team, with a particular focus on potential methods for
evaluation. This codesign process followed the Purpose-First Approach explicitly, with the researcher
participating in the articulation of the laboratory purposes, identification of intended inputs,
processes, and outcomes, and the eventual observations of these in context.

The relevant outputs of this step for this thesis were primarily theoretical in nature — that is to say
the design of the artifact did not require further revision, but the understanding gained regarding
the local evaluation theory was substantial.

The research question under study in this step was “Can Educational Design Research be successfully
applied to the design and evaluation of laboratories in engineering education?”. In this case ‘success’
has several meanings, within the laboratory project itself, and the research project for this thesis.
Success for the laboratory project can be summed up as “meeting the requirements each
stakeholder has in the laboratory” — in this case this turned out to be largely the case, with some
limitations identified through the implementation which led to future improvements, particularly
regarding the user interface.
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Success in the context of the research project has two distinct scopes. There is the question of
whether EDR was validated as applicable to the design and evaluation of laboratories in engineering
education. Following proof by example, this study shows that the expected applicability of the
process and effectiveness at answering the design and evaluation requirements of the laboratory
stakeholders was achieved. It does not globally prove that in all possible cases this would be the
outcome, but it validates that the expectations proposed by the existing literature in other
disciplines held true for this example in engineering education.

There is also the question of whether the answers to the questions to this point sum to an answer to
the overall research for this thesis. In this case the answer is no — but the phase did successfully
provide sufficient information and insight to yield the next research question to motivate the next
phase. This insight was that while EDR was successful as predicted by the literature analysis, it
required a practitioner versed in EDR as an approach (the author) to be directly involved in the
implementation of this approach, which is unlikely to sustain real methodological change in the
discipline and thus does not fully answer the overall thesis question, “How may laboratories in
engineering education be effectively designed to meet the purposes their stakeholders require, and
evaluated against these purposes?”. And so the next phase investigated methods for detaching or
replacing this requirement while retaining the benefits EDR provides.

5.1.3 Synthesis
Purpose: to develop the initial artifact through research synthesis.

The explorative development of an EDR artifact typically involves the integration of multiple
participant stakeholders and perspectives. This thesis broke this phase into two components — the
first being a synthesis of existing research in engineering education — this step — and a stakeholder
integration step involving consultation and feedback.

This research synthesis step involved literature surveying within the discipline of engineering
education to identify existing knowledge regarding the design and evaluation of laboratories in
engineering education, chief among these being the previously identified [37] and [21], synthesising
these into a holistic understanding, identifying gaps, and seeking to fill those gaps with further
synthesis involving research from other disciplines. The external disciplines involved were
substantial in number — science education (particularly laboratories), higher education research
more generally, pedagogic theory, system and process design, HCI research methodologies,
mathematics education, and nursing simulation providing the most material.

This synthesis generated the first versions of the Purpose-First Approach and PIPOV artifacts, as the
primary inputs to the next steps — the visual component of which is Figure 10.

The research question this phase was focused on was “How can practitioners be supported in their
application of Educational Design Research to the design and evaluation of laboratories in
engineering education?”. Frameworks embedding design principles having been identified in the
literature as effective, this informed the development of the Purpose-First Approach, and the
accompanying PIPOV Framework. This question would be the last question to be answered by the
thesis, but doing so required candidate answers to be designed and tested as a second level into
these sub research questions. Success in this case was focused on whether these candidate answers
were able to promote the EDS practices previously seen to be successful in the collaborative study,
without requiring this collaboration.
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Figure 10: The initial version of the PIPOV Framework visualisation

5.1.4 Expert Reviews
Purpose: to explore the compatibility of the generated artifact with practitioners, and identify
unresolved gaps or issues with the initial synthesis.

With the initial design ready for review, the exploration phase then integrated a series of
consultations with practitioners, culminating in a workshop detailing the intended use of the
Purpose-First Approach and accompanying PIPOV framework. This consultation followed a semi-
structured interview format, wherein the existing evaluation techniques used by the practitioner
were discussed, then the Purpose-First Approach and accompanying PIPOV framework introduced,
with observations sought from the practitioner regarding their reactions to this artifact.

The workshop integrated this initial elicitation of existing methods used, followed by hypothetical
case studies aligned with the different components of the PIPOV framework, with participants asked
to consider this application in their own contexts and provide feedback. This consultation, workshop,
and consideration of the obtained feedback led primarily to the redesign of the PIPOV framework:

This phase was necessary in moving from the prior research question “How can practitioners be
supported in their application of Educational Design Research to the design and evaluation of
laboratories in engineering education?” into the candidate answer question “Do the Purpose-First
Approach and PIPOV Framework support practitioners in their application of Educational Design
Research to the design and evaluation of laboratories in engineering education?” — however this
step is rather a design process and does not provide research conclusions in isolation.

The learnings gained from this step can be summarised as “what elements and communication are
needed to achieve the required performance of these artifacts”. EDR does identify this as a learning
and a research output — the artifact under study embeds the learnings which create it, even if this is
in service to research questions rather than answering them explicitly. That is the case for this step,
which does not answer any articulated research questions, but yet embeds research learnings from
this iterative review and redesign process. It yielded a final visual component, displayed in Figure 11.
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Figure 11: The final version of the PIPOV Framework Visualisation

5.1.5 Validation Studies
Purpose: to investigate the extent to which the current artifact design meets the design goals, and to
reinforce the local evaluation theory identified in the previous steps.

These studies each target the two broadest divisions between specific stages of the design and
evaluation process for laboratories in engineering education, to answer the question “Do the
Purpose-First Approach and PIPOV Framework support practitioners in their application of
Educational Design Research to the design and evaluation of laboratories in engineering
education?”. This has similar types of ‘success’ as the collaboration study — success for the
laboratories themselves being defined by the requirements of each stakeholder. This laboratory
success is the overall goal in terms of ‘impact’ for this thesis work, but is not the research goal —it is
unlikely to be the end result, but a real-world impact where engineering education practitioners
were fully informed as to how to design and evaluate their laboratories to achieve success but chose
not to would be a failure of the real-world impact of this thesis, but would still contain research
success and contribution. The research success for this sub-question as it was investigated in the two
validation studies is in essence ‘did the practitioner academics using the Purpose-First Approach and
PIPOV Framework apply EDR techniques to their laboratories without the author needing to either
do this application themselves, or train the practitioners in EDR directly”. In both cases this was
observed — practitioners in each laboratory applied EDR techniques, specifically identification of
purpose, identification of non-experimental white-box evaluative opportunities, and validating their
intended observations of process and outcomes back into an iterative loop.

5.1.5.1 New Laboratory Designs
Purpose: to examine the integration of the artifact in a new context with other practitioners

The Purpose-First Approach and accompanying PIPOV framework have been integrated into a
substantial new laboratory design project. This design project remains ongoing, but has yielded
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initial outcomes through group interview and consultation research activities. The key outputs of
this step have been the elaboration of a potential “minimum viable methodology” as a subset of the
Purpose-First Approach, as well as further insights into the communication of the details of the
PIPOV framework.

5.1.5.2 Existing Laboratory Modification
Purpose: to examine the integration of the artifact for the purpose of modification, rather than new
laboratory designs as in previous/concurrent research activity

The Purpose-First Approach and accompanying PIPOV framework have also been integrated into a
laboratory conversion project. As with the other evaluation project this remains ongoing, but as
before has yielded initial outcomes through group interview and consultation. The key outputs of
this step have been refinement of the local evaluation theory for the markedly different context of
redesign rather than initial development, as well as identifying a need for expansion of the input
component of the PIPOV framework.
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PART 2: EMPIRICAL STUDIES

6 COLLABORATION STUDY

Both this section and the later synthesis portion of this thesis are asking the overall research
guestion “How may laboratories in engineering education be effectively designed to meet the
purposes their stakeholders require, and evaluated against these purposes?” — involving deciding on
educational design research as part of this answer, and refining this into an artifact with sub-
guestions “How can practitioners be supported in their application of Educational Design Research
to the design and evaluation of laboratories in engineering education?” and “Do the Purpose-First
Approach and PIPOV Framework support practitioners in their application of Educational Design
Research to the design and evaluation of laboratories in engineering education?”. The empirical
work of the expert reviews and workshops served to provide evidence that the Purpose-First
Approach and PIPOV Framework were effective at promoting the use of educational design research
in practitioners untrained in that methodology.

Overlapping with this work was a long-term collaboration study, involving the joint design and
evaluation of a laboratory in engineering education by the author, one of the author’s thesis
supervisors, and researchers in engineering education laboratories out of the University of
Edinburgh School of Engineering. In the context of this thesis this collaboration study was in part to
develop the artifacts, but also to provide further evidence for the core research question that was
previously stated as another sub-question:

“Can Educational Design Research be successfully applied to the design and evaluation of
laboratories in engineering education?”

This question has extensive support from the literature across a wide range of contributing
disciplines as explored in the earlier literature review and synthesis, however empirical evidence for
this was also sought as part of this collaboration study. If the expert reviews and workshops can be
characterised as investigating ‘how’ to communicate with practitioners to support an enhanced
design and evaluation practice, this collaboration study can be characterised as investigating ‘what’
to communicate, with both questions supported through the literature synthesis.

The technical development of the laboratory in question is not being claimed as a research
contribution by this thesis nor the Practable infrastructure, having been conducted by other
members of the collaboration to the author, albeit with consultation and feedback with the author.
The meta-investigation regarding the design and evaluation approach used however is the work of
the author drawing on data collected during the collaboration. The author designed the qualitative
analysis for the published work and performed this coding using a consensus model with the first
author, and iteratively contributed to the design and analysis of the quantitative component.

6.1 LOGISTICAL CONTEXT OF THE COLLABORATION

The cross-institution, international team of researchers which developed to work on this project
arose out of a common interest in research topics and a shared research background. The
collaboration was multi-faceted, with the structure of the people working on the development of
this laboratory being:
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e Ateaching academic at the University of Edinburgh with a need for a new laboratory

e University of Edinburgh teaching technicians —a more officially recognised and celebrated
role in the UK when contrasted to laboratory technicians in the author’s Australian context,
e.g. [185], [186]

e The research collaborators at the University of Edinburgh, comprising a senior research
partner with extensive experience developing remote laboratories, and a junior researcher
who joined the collaboration mid-way.

e The research collaborators at the University of Sydney, similarly comprising a senior research
partner with equally extensive remote laboratory experience (the author’s thesis supervisor)
and a junior researcher (the author)

The central points of contact for the project were the research collaborators at the University of
Edinburgh, who liaised with the teaching academic to develop the laboratory requirements, the
teaching technicians to physically build the bespoke laboratory equipment, and connected with the
University of Sydney research collaborators to discuss the design and evaluation research, as well as
overarching development work expanding outside the individual laboratory.

The nature of the collaboration was significantly impacted by the COVID-19 pandemic. Initial
connections were made based on a shared research interest discussed below in early 2019, with the
author visiting the University of Edinburgh to discuss research collaborations and potential longer-
term exchange at the end of 2019. After the onset of COVID-19 preventing international travel, the
collaboration shifted to purely online via email and regular video conferencing through 2020-2022.

6.2 DATA COLLECTION

The collaboration was a deeply-embedded longitudinal study with the author involved in the
ideation, planning, and implementation processes throughout the design and evaluation of the
laboratory over multiple years (approximately 3, but ongoing) — albeit without physical presence.
Data collection through this time included emails, design and discussion meetings held over video
conferences, notes/journals taken by the author during these meetings, and artifacts generated by
the collaboration such as laboratory web interfaces and evaluation survey instruments. In addition
to this, a ‘capstone’ set of direct semi-structured interviews was conducted by the author with the
Edinburgh researchers at a defined point in the ongoing process (the conclusion of the first semester
of use of the laboratory and publication of the first research output).

6.3 THEORETICAL CONTEXT OF THE RESEARCH STUDY

The initial research trigger for collaboration between the researchers in Sydney and Edinburgh was
around the topic of trust and/or veracity with laboratories. All 4 collaborating researchers have
previous experience in non-traditional laboratories, and the question of trust, or framed differently
veracity, in remote and simulated laboratories has been at the core of the argument for and against
them since their inception.

Nickerson et al [37] strongly indicate this via their “laboratory frame” and students’ perception of
whether a laboratory is real, remote, or simulated. Lindsay et al’s “Establishment reality vs.
maintenance reality” [187] and related work [38] explicitly calls this out as necessary for there to be
appropriate impact to learning by the laboratory activity. Consider Kolb’s learning cycle described in
the earlier section 2.8.1.3 - in order for a learner to conceptualise what they are experiencing and
have that reflection change their knowledge or worldview, they must trust that what they are
experiencing is ‘correct’ rather than dismiss it as in error, or fantasy.
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Beyond this level of trust was a consideration that more than simply being believed as accurate, in
order to learn from laboratories students must have a visceral response to the activity. This is often
presented in various forms as the argument behind studying natural phenomena via laboratories
rather than through theory, lecture, etc. — e.g. internal references 21-25 in [6]. This visceral response
may thus provide the impact for the clash between existing knowledge and expectations with some
difference in observed reality that precipitates learning. This necessary immersion and belief in the
laboratory was termed veracity to contrast it with trust.

An important observation is that the collaborating researchers were all involved with non-traditional
laboratories well before the onset of the COVID-19 pandemic. The laboratory developed as part of
this research was a remote laboratory accessed via the internet, however this was always planned
from before the pandemic. Remote laboratories were the primary topic of the author’s visit in 2019.
Thus, considerations of trust or veracity were consistently at the forefront of the design motivation,
rather than being characterised as ‘emergency online teaching’ focusing on putting out fires and
ensuring the minimum requirements are robust against disruption [188].

6.4 THE LABORATORY AND TEACHING CONTEXT

The more abstract research theme described above was later associated with a laboratory which the
Edinburgh researchers were commissioned to develop in support of teaching colleagues at their
institution. This laboratory was already in place as a proximal laboratory used in the class with
physical equipment students interacted with directly. The motivation for change was due to
robustness and scalability issues with the existing equipment — the proximal laboratory equipment
involved bespoke modifications to a commercially available laboratory that had been in use for
several years, and class sizes were increasing to a point this was difficult to support.

The laboratory was in a control systems class, jointly undertaken by undergraduate mechanical and
electrical engineering students in the third year of their degree. The original design used Quanser
Qube equipment similar to [189], in the spinning disk configuration which had been modified with
custom equipment to increase the available configuration options and complexity of the available
experiments.

The new laboratory being commissioned was required to inherit a significant portion of the context
the previous laboratory was situated within — serving the same educational purposes in the class,
following largely the same experiment guides. While this did not take advantage of any inherent
affordances of remote laboratory designs for the design of the equipment, the increased access to
the equipment via the internet rather than requiring proximity to equipment in a laboratory room
was not constrained to the proximal laboratory circumstances and the study was able to seek the
most effective designs in this respect. Further to this, the interface in which students accessed the
laboratory was not constrained to the interface used for the physical equipment, and was similarly
an available space for design exploration.

To illustrate this, the only change in the stated design and outcomes for the class the laboratory was
integrated with was a single line, from

“The course also has a hands-on laboratory (3 hours in total split into 2 sessions) which
allows the students to get practical experience in working with a dynamic system and
designing a simple controller.”

To
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“The course also has an interactive lab component which allows the students to get practical
experience in working with a dynamic system and designing a simple controller.”

With the sessions similarly removed from the class schedule as access to the remote laboratories
was not tied to a physical session in a timetable.

6.5 PIPOV ANALYSIS

A significant portion of the collaboration study was conducted with the author providing a context of
educational design research as it exists in the literature and a nascent version of the Purpose-First
Approach, not the PIPOV framework — as this work preceded much of the development of that
framework. As they were developed in tandem however, the design will be communicated through
this framework — leveraging the clarity this framework brings to communicating laboratories and
providing a full example of a laboratory described through this framework.

6.5.1 Stakeholders
The stakeholders in the laboratory comprise the listed collaboration members — educators, local
researchers, Sydney researchers, teaching technicians. It also includes:

e The institution of the University of Edinburgh and associated structures i.e. the School of
Engineering.

e The Scottish government — accrediting the class containing the laboratory as SCQF Level 9 3™
Year Undergraduate [190], in alighment with the UK Engineering Council as an accrediting
body equivalent to ABET or Engineers Australia, and through them industry taking on
graduates as employees.

e The students undertaking the laboratory.

6.5.2 Purpose

Through these stakeholders the purposes of the laboratory were identifies. The
government/accreditation bodies/industry, and much of the educator and institution purposes were
captured in the service the laboratory was intended to provide against the stated Learning
Outcomes of the class [191], numbers assigned for reference purposes:

1. Understand how transducers work and interface with a control system and appreciate the
theoretical and practical limitations in any measurement;

2. Derive the transfer function of a linear (or linearised) dynamic system;

Understand the concept of feedback in control systems;

4. Analyse the behaviour of a linear SISO system in both time and frequency domains and
assess its stability;

5. Design appropriate controllers for simple control systems to meet performance
specifications;

w

For each of these learning outcomes the laboratory served as practical reinforcement of knowledge
and skills taught in theory-based instruction throughout the class. The methods of e.g. designing
appropriate controllers were taught through traditional lecture, tutorial, and self-guided work, with
the laboratory being used as a practical testing ground to validate and reinforce these skills, rather
than the laboratory being a stand-alone vehicle for teaching some new concepts.

These purposes above were all fully captured in the pre-existing face-to-face version of the
laboratory which the remote laboratory replaced. The purposes motivating the design of this new
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laboratory were drawn from the educator, institution, technicians, and designers (the research
collaborators as distinct from the academic directly teaching the class).

The educator, institution, and technicians recognised the increased pressures on the existing
laboratory design in the face of increased student numbers and aging equipment:

e |norder to support class sizes, already too high for the current equipment numbers and
expected to increase, more laboratory equipment, space, and teaching time was necessary
in order to continue with the existing design.

e The educator understandably wanted to continue using the laboratory style which was
considered to be working successfully rather than redesign a new smaller scoped laboratory
or remove it entirely.

e The technicians as well as the educator and designers involved with the existing equipment
were aware of its limitations and the high cost and effort required to scale.

e The institution presented the purpose of more effectively managing limited real estate and
student timetabling as resources — laboratory classes taking significant room which was
under increasing capacity pressures, and the increase in student numbers making
timetabling around clashes to see students physically in those rooms challenging.

The designers were in alignment with these purposes, but also had their own purposes for the
laboratory that influenced the design:

o Acknowledging the affordances of remote laboratories, leveraging innovations in the user
interface to more effectively deliver the original learning outcomes.

e Recognising the institutional purposes behind space and time limitations motivating this
remote laboratory, and understanding these constraints being pervasive throughout the
industry rather than being institution-specific, providing a platform to promote and support
these remote laboratories more effectively.

6.5.3 Designed Inputs

The majority of inputs to the laboratory were not under the control of the design. The class would be
staying the same, the material covered and the material the laboratory would need to support
would be the same, the broad nature of the equipment, available degrees of freedom, method of
interaction, etc. would be the same, and the institutional context would be the same. The overall
context would change drastically, with the 2020-2022 timeline obviously being one of incredible flux
in education, but similarly not at all under the designers’ control.

The primary inputs of significant meaning in terms of design were the interface the students had on
the equipment, and the corresponding change in student access to the laboratory dependent on the
choice to adopt a remote laboratory, moving from 3 scheduled hours to 24/7 availability.

6.5.4 Designed Processes

The physical processes of the laboratory were modified from the hands-on interaction to web-
enabled, however the overall experimentation process of reaching equilibrium though designing
control inputs remained constant. Exploratory behaviour, groupwork, etc., were not included in the
design of the laboratory or evaluation.

The cognitive processes were an open speculation that formed a significant part of the investigation.
These were included implicitly in the previous design, with the laboratory intended to ‘reinforce
learning’ and similar statements, without much explicit treatment of how this would occur. One
critical reflection of this however was the appreciation of students moving their control decisions
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from pen and paper theory to real equipment, and how improper assumptions made on paper
(including assumptions such as no measurement error which are valid assumptions on paper but not
in reality) would yield unexpected results on real equipment. These unexpected results would then
lead to reflection, investigation, and thus learning.

The open speculation regarding these cognitive processes with the remote version were tied into the
trust and veracity trigger to the initial collaboration — if students need to see their mistakes on real
equipment and believe them in order to learn from them, what happens if they don’t trust the
remote version the same way they do the version they can physically touch? Leveraging prior work
on remote laboratories e.g. [175] it was expected that the remote laboratory had the potential to be
effective, but as this thesis observes the lack of generalisability/transferability means this remained
an open question prior to the initial run of the laboratory.

6.5.5 Designed Outcomes

The bulk of the intended outcomes were drawn from the learning outcomes described under
purpose earlier. However, examining the outcomes from a logistical perspective was also necessary
in order to serve the non-cognitive purposes also identified. The expectation was that the laboratory
would be developed for a cheaper cost than the Quanser Qube with modifications, that it would
take a lower real estate footprint, that students would ‘spread out’ their access beyond the earlier 3-
hour window, and that students would respond positively to the remote laboratory paradigm in
support of further adoption of these in the future.

6.5.6 Designed vs Actual

There was less potential for variance from the design inputs due to the inherently loose nature of
the laboratory design, with less rigid structure around group interaction, timings, etc., and a
significant portion of the inputs unspecified or unmeasurable. Some aspects of the inputs were
capable of being measured, but were not — due to there being no identified reason why they might
have varied and no observed effects to suggest that they had. For example, the class demographics
were assumed to have remained unchanged based on the teaching academic who had also run the
class previously not raising this as a concern. Some aspects of the inputs were known to have
changed but were not investigated during the run of this laboratory as they were not the focus of
the evaluation — for example, students performing all their work in the class remotely due to COVID-
19, rather than just the laboratory. Some aspects that were previously assumed (e.g. individual
work) were able to be somewhat observed by way of the interface (e.g. individual logins)

Designed processes were the specific focus of this laboratory as influenced by the Ul and remote
paradigm input changes — these were investigated in detail and will be discussed later. Designed
outcomes were tied to the designed processes and will be included in this discussion.

6.5.7 Validation
Validation will be broken down into components matching the specific relationship lines in the
PIPOV Framework

6.5.7.1 Validation of Designed Inputs -> Designed Processes

This initial validation step was conducted via a combination of informal observations regarding the
existing laboratory and literature synthesis informing the design of the new implementation. While
formally unexamined, the existing design was considered to be working by the educator teaching the
class. Based on the informal methods of observation regarding a class ‘working’ common to many
educators — submitted student assessment contents and performance, consultations with students,
observations within the classroom, regular institutional feedback surveying — the design of the
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laboratory was not identified as an issue from a perspective of learning outcomes, notwithstanding
the identification of logistical issues motivating the change.

The design of the new laboratory was informed by the literature, particularly through existing work
on remote laboratories and their interfaces both by the collaborators and by others publishing in the
field. Key elements of the interface motivated by this literature were the combination of live camera
view of the equipment to establish the reality of the equipment, and the extracted controls and data
capture elements presented separately.

6.5.7.2 Validation of Designed Processes -> Designed Outcomes

Validating that the designed cognitive processes would achieve the designed outcomes was similarly
embedded in the previous laboratory, with the anticipation that if students trusted in the veracity of
the laboratory that it would similarly result in positive learning outcomes.

Validating that the logistical outcomes would be achieved was based on feasibility analyses of the
intended laboratory. This was done via a pilot physical design process and continued testing through
the run of the laboratory.

6.5.7.3 Validation of Designed Outcomes against the Purpose

Validation of designed outcomes against the purpose was largely through collaborative reflection by
the different members of the research team. Identifying the learning outcomes for the class,
reviewing back through the design of the laboratory and in particular the design of the interface and
any possible innovations that might be applied in support of this, and reviewing the physical traits of
the equipment and web infrastructure and attempting to understand the implications for scalability.

6.5.7.4 Validation of the Actual laboratory against the Purpose

This step of validation was largely unmeasured at the time of the capstone interviews conducted to
“finish’ this ongoing project for inclusion in this thesis. Rather than conducting summative evaluation
at the end of the run of the laboratory, the evaluation process this project undertook was mid-point
evaluation, focusing heavily on the movement from input to cognitive processes, considering this as
a useful proxy to serving the intended purposes via the designed outcomes. By ensuring that the
intended processes are occurring, subsequent phases of the iterative design process could be better
informed for answering this question.

Consider the order of validation beginning with a traditional summative evaluation. In the event that
the outcomes were validated to have been achieved and the purposes being served, a conclusion
heavily prevalent in the literature using other methodologies is that this supports the use of the
stated design elements — that is, the inputs. But this is not really what has been shown, as the inputs
and in particular the processes they foster occurring have not been validated as occurring at all. The
equivalent occurs in the event of the outcome not being served, only in this case the aspects of the
design that need changing are not apparent, as the variation in designed and actual processes is
unknown. This type of study is not invalid, but requires subsequent triangulation in order to arrive at
actionable design knowledge.

Instead, by validating that the designed processes are in fact occurring, an evaluation can have
confidence regarding the causes of any observed differences in outcomes. Follow-up studies are still
needed once the designed processes are in fact occurring and have been validated as occurring, but
there can be added confidence that this follow-up will be confirmed due to the literature that should
be used to establish what the designed processes should be.
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6.6 THE LABORATORY DESIGN & IMPLEMENTATION

6.6.1 The Practable Infrastructure

The remote laboratory which was developed required the parallel development of a management
infrastructure to connect students to the laboratory and manage this access, shown in Figure 12 and
Figure 13. This mirrors infrastructure previously worked on by the author such as Sahara [40], but
with significantly more support for modern technology and better support for the laboratory
requirements. Existing remote laboratory infrastructure has suffered from a model of grant-funded
and research student-driven development — leading to spikes in development of this system or that
which ‘fizzle’ after key personnel graduate, retire, change institutions, grants end, etc. [192]. By the
time of development of this collaborative project there was no available infrastructure to meet the
logistical needs of the wider remote laboratory initiative required — existing out of date and limited
platforms may have resolved the immediate learning outcome requirements of the single laboratory
and class, but not the ongoing call for remote laboratory development in support of the identified
real estate and timetabling purposes.

As such, a federated remote laboratory infrastructure was developed using an agile process which
yielded an early functional prototype in time for the first delivery of the laboratory. The ongoing
development details of this infrastructure may be found at https://practable.io/ and
https://github.com/practable.

6.6.2 The Remote Laboratory

Remote laboratories are conceptually distinct to traditional laboratories in that their development is
inherently separated between the ‘equipment’ and the ‘interface’. As noted in [46] this distinction
similarly exists in traditional laboratories, but can often and easily be ignored. The equipment for
this laboratory exists as a shoebox laboratory, and there is an associated web interface for
controlling this.

6.6.2.1 Physical Equipment

The physical equipment was an independently designed parallel to the existing laboratory
equipment stored in what may be called a ‘shoebox laboratory’, an enclosure for a piece of
laboratory equipment which is modular and takes up the minimum possible footprint to promote
scalability.
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Figure 12: Spinning disk control experiment [193]
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Figure 13: Practable shoebox laboratories [193]

There are multiple copies of the same laboratory equipment which combine to form ‘the laboratory’,
similar to purchasing multiple kits for a traditional laboratory. Before producing these copies, the
equipment went through a pilot design process to ensure it met the requirements of the laboratory.
This process was largely a study in the practice of engineering itself rather than being specific to
education, but highlighted the value of including skilled technicians in the laboratory development
process. The quality of the final laboratory was enhanced through this pilot process identifying likely
modes and causes of failure, and ensuring that the non-cognitive purposes of low cost and high
reliability for scaling was achieved.
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The nature of the shoebox format led to the laboratories being highly mobile. This proved to be of
significant benefit during the heaviest impacts of COVID-19, with some of the laboratories able to be
located in personal homes during lockdown while the design process was underway. The locations
the laboratories are now stored in represents the possibility of unintended purposes such as
students potentially visiting the laboratories to increase their veracity.

Observed issues with the laboratory through the design process that had the potential to impact
their effectiveness were failure rates, fungibility, and the risk of uncaught error. The laboratories
were generally reliable, but were produced from largely consumer-grade parts and easily fabricated
modifications to avoid the lock-in experienced with the earlier hands-on equipment. This meant that
tolerances needed to be increased to avoid the equipment failing, as the remote nature of the
equipment meant that these failures could not be as easily corrected on the spot.

Fungibility of the different laboratories was also identified as a concern, with students potentially
expecting that they could develop some control inputs at one time with one version of the
laboratory, come back to another version in another session, and continue with the work on the new
equipment unchanged. Slight variations in the weight, distribution, friction, alignment etc. of the
specific components meant this was not the case. It was observed that this was likely to be a
beneficial observations for students to make in regards to the ‘messy’ nature of real world
measurements, and so rather than try (certainly futilely) to make the different versions behave
precisely the same, or to automatically compensate for variation in the controlling software, it would
instead be better to call out to the students that the equipment was not in fact fungible, through the
use of numeric signs prominently displayed in the camera view on each of the laboratories. In this
way the risk of misconceptions by the students was leveraged into a design which was anticipated to
yield learning benefits in support of the laboratory’s purpose.

A remaining risk regarding errors in the laboratory equipment was identified through the design
process — if a laboratory had an error, but was still mostly able to function, e.g. a sensor reading was
out, this would damage the data being collected. This is of course a risk of any laboratory, and is less
likely for a remote laboratory where students are not responsible for setup and teardown of the
equipment. It is however speculated that the ‘benefit of the doubt’ might cause different
interactions with the equipment remotely than proximally. For example, when obtaining an
unexpected measurement with proximal equipment the students may assume they assembled
something incorrectly and ask for help correcting it, which would lead to identifying the error. There
are different and often unrealistic expectations of software [194], which leads to the potential
outcome of students being more likely to assume that the issue lies with their inputs and
understanding rather than the equipment — and losing trust in the interface once this was proven
incorrect. To mitigate for this a combination of the system regularly checking for programmatically
identifiable errors (such as a broken video feed), coupled with communication support to the
students regarding e.g. what to expect from the first task using the equipment.
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6.6.2.2 Web Interface
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Figure 14: Remote laboratory web interface [192]

The remote laboratory was made available through the Practable infrastructure via the internet. The
specific user interface was informed by pre-existing work on remote laboratories as mentioned
above in validation section 7.1.5.2.6, following a pattern of separate internal Ul elements featuring a
video feed, raw data inputs and outputs, and a focused visualisation, as in Figure 14. These elements
can also be seen in the prior Truss laboratory work in [39]. The Ul was designed as a baseline,
following current practice with the intention of undertaking specific evaluations on the Ul to inform
subsequent designs.

Users were generally expected to interact with the equipment via a PC or similar large format screen
device rather than a small format such as a mobile phone, and interaction while not entirely
precluding touch input was designed for mouse and keyboard input. This was in part motivated by
the standard used for remote labs previously which was similar, by the ease of quick
implementation, and by the large number of potential other materials used — the class learning
management system with associated learning materials, textbooks, other websites, etc. that would
promote the use of a large screen device regardless. This was not explicitly called out to the students
in evaluations, but was investigated as part of the Ul overall.

6.7 EVALUATION

The laboratory was evaluated via a combination of formal and informal processes, according to the
nature of the attribute under study and the level of focus being applied to it. The logistical aspects of
the laboratory were able to be observed directly without requiring research effort — costs to
produce, real estate requirements, Practable infrastructure requirements, relieving time pressures
due to increased access. These were observed to meet the requirements set out by the purpose of
the laboratory and so these aspects of the laboratory purpose were considered achieved.

The learning outcomes of the laboratory were not evaluated invasively — the class assessments
involved were undertaken as normal throughout the class by the educator, and the remote version
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of the laboratory was not observed to have caused any significant changes to student performance
in these assessments. This is not considered to be evidence confirming that this purpose has been
met, but rather that this purpose is maintaining its current status quo and is unlikely to have been
significantly damaged by the design changes.

The aspects of most significant interest when developing this laboratory, motivated by the observed
inherent differences between proximal and remote laboratories, was the students’ trust in the
veracity of the laboratory, and the influence of the user interface on this. As a result, these aspects
were evaluated directly with a dedicated survey instrument. This survey instrument, reproduced as
Appendix G included questions seeking both quantitative and qualitative data.

Ethical review of this study design was obtained via the University of Edinburgh’s Research Ethics &
Integrity assessment process by the University of Edinburgh researchers who retained access to and
control of raw student data.

The quantitative questions were drawn from the User Experience Questionnaire UEQ [195], a pre-
validated instrument measuring usability, as well as bespoke survey questions targeting the veracity
considerations the study was investigating, as well as direct comparison between students’
perceptions of remote and proximal laboratories.

The qualitative questions were paired with the quantitative questions to invite deeper reflection and
explanation of earlier responses.

Of the N = 250 students enrolled in the class and sent the survey, N = 24 responses were received,
with N = 21 being internally valid and used in analysis. This response rate again reflects the
challenges in invasive evaluation techniques that require participant engagement and limits
confidence in the eventual conclusions. Triangulating with the educator reflections on student
learning and the iterative nature of the overall process however means a lack of confidence in a
single snapshot of data may be mitigated.

The detailed observations of the evaluation are presented in [192]. The relevant conclusions in light
of the articulated purposes of the laboratory from the quantitative data were that the UEQ results
were generally positive, however with a noticeably reduced score for dependability — which
correlated with specific statements in the qualitative data regarding bugs and other observed issues
in the system. The moment of laboratory outcomes not matching expectations as a trigger for
learning was part of the bespoke quantitative questions, and indicated a very wide range of opinions
with significant misconceptions identified — flagging this as an element requiring greater support in
later designs. Student perceptions on proximal and remote laboratories after engaging with the
remote laboratory were not conclusive.

The qualitative responses were coded against the different scopes of issues that may exist in a
laboratory system, noting that these are issues as perceived by the students and may not necessarily
be flaws — conceptually something that annoys a student may be necessary for learning:

e Technical issue — a bug or error in the software or hardware that was not intended to occur
by the designers.

e Design issue — an observed issue in the way the laboratory equipment or interface functions,
which while not necessarily explicitly chosen by the designers was not a bug.

e Teaching issue — an observed issue with how the laboratory was integrated into the class.
The laboratory guide and what they were asked to do, the surrounding teaching context,
etc.
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These categories showed significant links to the quantitative data, with students discussing technical
issues responding more negatively to other aspects of the survey, in keeping with [194] as previously
speculated. Collecting these statements into the listed scoped themes also allowed for identifying
common areas with stated recommendations that students described differently. The layout of
components and ability to manage screen real estate was a common root cause to some stated
observations by students, and within-interface guidance was also identified as a likely positive
change.

The low response rate to the survey and in particular the high bounce rate with participants opening
but not completing the survey indicated the survey was too long, which was itself an observation to
be integrated into the design. Leveraging the ideas in [76] a design motivation was identified to
combine passive observation through interface interaction data with local micro-evaluation
qguestions within the interface.

6.8 DEVELOPING ENGAGEMENT WITH EDUCATIONAL DESIGN RESEARCH

This collaboration provided a vehicle for the investigation of Educational Design Research in
authentic practice. As part of the author’s contribution to the laboratory design and discussions, the
process followed was guided by the Purpose-First Approach, and Educational Design Research as a
specific methodology — though notably not using the PIPOV framework until the capstone interviews
given this did not yet exist.

For the majority of the collaboration, promoting the EDR methodology was more about preventing
changed behaviours rather than changing them. The design practices the collaboration team
employed already fit many EDR practices without requiring significant change or upskilling. This may
be summarised as

e Taking a literature informed view of design, seeking precedents, evaluations, comparative
studies for potential design decisions and incorporating those into designs for a teaching and
learning activity.

e Iteratively developing and reflecting on observations when undertaking the design.

e Incorporating observed evidence into new versions of the design each iteration.

As has been highlighted in the literature review and the expert review sessions, the EDR process is
one that engineering practitioners are already very familiar with, and appear to follow almost as the
default. Only perceptions of what research ‘should’ be that preclude EDR practices appear to drive
researchers away from these.

There is more to EDR than simply a design process, however, and this difference is where significant
gaps were identified between the informal design process used by the educators and the
requirements of EDR. Explicitly identifying the cognitive and physical processes occurring during the
laboratory to craft a local instruction theory rather than treating the activity itself as a black box was
recognised as a flaw in the ‘default’ engineering educator skill- and mindset. Appreciating the
difference between the intended design and the design in practice (designed and actual in PIPOV)
was similarly not automatic.

An observation should be made here regarding the collaboration participants. Both the Edinburgh
and Sydney participants were led by engineering educators with decades of experience in
engineering education, laboratory design, remote laboratories specifically, and most importantly
with extensive backgrounds in engineering education research rather than simply engineering
education practice. This may have implications to the observed ‘default’ practice in that the
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participants were representing best practice, rather than common practice. The junior researcher in
Edinburgh was similarly aligned however, so there is no inherent requirement for this level of
experience.

The most significant consequence of the difference between EDR with formal identification of local
instruction theories and ‘unpacking’ of black-boxed activities lies in the ability to disseminate the
findings of the design process as a design study. The reflective practice applied to the design was
able to identify issues through the early ideation process and incorporate scholarly literature to
motivate design choices, but the lens of this process was inwards, not outwards. Thus, a significant
portion of the author’s development of an EDR process to the direction of the collaborative work
was raising these as design elements to discuss, embedding where and how these would be
examined empirically, and identifying ways in which they can be reported.

Reporting the laboratory design process and findings was the most significant point of dissent
between the established practice of the involved collaborating designers and the practices required
by EDR. Several design decisions which came about as a result of the collaborative discussion,
reflection on observations made during the design process, and were informed by the literature,
were not initially considered as learnings to be included in a research paper.

Discussions around what could be included as a research output began from a space typified by
summative evaluation rather than contemporary observation. The general structure of designing
and developing the laboratory, deploying it in a teaching context, and then the research on the
laboratory would begin. This is obviously the more common approach in current laboratory design
and evaluation practice as described in the earlier literature review, but a shift in perspective and
assumptions was required to engage with EDR as a methodology.

Within the collaborative team this shift did not prove to be a significant challenge. There was a need
for evidence behind the methodology to make the argument for its adoption convincing — this
evidence being sourced from the same EDR literature reviewed for this thesis. Once the ability of the
EDR methodology to establish rigour was made clear this process became the overarching
methodology for the project. The elements within PIPOV described for this laboratory above were
generated through this methodology with guidance from the author rather than through any direct
discussion of the PIPOV Framework itself.

As observed in [92, p. 255] there are significant challenges when reporting educational design
research, and few publishing venues in the education discipline, let alone engineering education,
commonly publish literature following a design narrative style. Due to the nature of the venues for
publishing (work in the main paper cited here was presented first during the Practical Engineering
Education Conference 2021 [196]), the initial laboratory design paper was presented capturing that
specific iteration of the project rather than the design process. This does not limit the potential
effectiveness of the paper itself, but does limit the adoption of Educational Design Research as a
methodology due to significantly reduced visibility.

6.9 COLLABORATOR INTERVIEWS

The collaboration study had been running for nearly 3 years, beginning with topic discussions around
trust and veracity and the development of the Practable infrastructure, leading into the design and
implementation of the remote laboratory, the design of the research evaluation survey, the
laboratory running through a semester of teaching and finally the analysis of the first results and
publication of the initial paper. While the nature of the EDR project was iterative and the laboratory
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work would ongoing, it became clear that the learnings regarding the practice of EDR was reaching
saturation, and so a ‘signing-off’ on the project within the scope of this thesis was needed.

This was implemented as a combination of author reflections on the written notes/journals and
generated artifacts from the laboratory of which the above analysis is the output, as well as a pair of
dedicated semi-structured video conference interviews with the University of Edinburgh
participants. These interviews were a tonal shift in the nature of the discussions that were regularly
happening from ‘let’s talk about our remote labs project’ to explicitly taking the researchers through
the Purpose-First Approach — which they were already familiar with through use in the remote
laboratory study, and the PIPOV Framework — which they were aware of but was not a component
of the remote laboratory study and had not been discussed in depth.

These interviews generally followed the same protocol as with the expert reviews, though as may be
expected the familiarity between the interviewer and interviewee led to some questions being
skipped (e.g. details of how the laboratory worked), and a deeper dive into particular aspects of
mutual interest (e.g. Ul design and evaluation in computer-mediated laboratories).

These interviews/discussions resulted in the following insights that were not already encountered
during the collaboration:

e The lack of direct student contact for research into their cognitive processes (observations,
focus groups etc.) was a significant gap, which was not pursued at the time due to COVID
restrictions.

e The lack of evaluation prior to the implementation of the remote laboratory was also a gap,
causing the lack of a baseline to compare to and thus limiting the understanding of the
current implementation.

e Discovering that the students felt like they were ‘in control’ of the laboratory, even though it
was computer-mediated and remote and prior research had speculated that this was a
limitation of remote laboratories, raised interesting questions about what else might be
established for a specific laboratory in its own context rather than trying to generalise too
much from the literature.

e Leveraging the interaction data in ways explored in [192] (i.e. classification learning
analytics), is a paradigm-defining advantage for remote laboratories that requires further
exploration.

e The collaborative nature of the study, including the split between the educator, teaching
technicians, and laboratory designers/researchers in Edinburgh as well as the split between
the researchers in Edinburgh and Sydney, led to significant parts of the PIPOV Framework
being developed without the framework being used as a motivator, e.g. having the educator
explicitly articulate their purpose for the laboratory.

6.10 DiscussION

The collaboration study provided confidence that the selection of Educational Design Research as
the answer to the question of designing and evaluating laboratories in engineering education was
appropriate. The alighnment between the practices involved and the standard practices of the
practitioners meant that issues of contortion of the design to the research rather than the design to
the best outcomes identified in the literature were not a concern. The study overall has had a strong
influence on the design of the PIPOV Framework, and provides empirical evidence for the structural
decisions it incorporates.
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A key observation made during the collaboration and reinforced as part of the capstone interviews
was the impact of simply being a collaboration to begin with. As observed above, this meant that
aspects of the laboratory such as the purpose and especially the stakeholders were inherently made
explicit as a necessary part of designing the laboratory at all. The motivation for a new laboratory
could not begin without identification of the necessary stakeholders. The designers couldn’t design
anything without the educator articulating the purpose.

One of the identified purposes behind the use of frameworks was to aid in communication. By
proving a common structure or language with which to discuss a complex topic, ideas can be
conveyed between people with a shared understanding of that framework more easily and
effectively. Collaboration between people requiring the population of a framework’s elements even
when that framework was not being applied strongly suggests that a shared understanding of that
framework would make similar communication easier and more effective. Consider the lack of
explicit purpose hindering the usability of research on laboratories in engineering education
described in the literature review and especially in the vignettes. If collaboration of the sort used in
this study were used, those purposes would have to have been made explicit, and so improve the
research — or, alternatively, if the PIPOV Framework was applied and did the same.

Another key finding was the nature of the laboratory research. One interpretation of Educational
Design Research resolving the issues encountered in the telescoping bias study might be that it must
have some way to indeed measure all of those confounding variables, just not quantitatively. This is
not the case — the way EDR resolves the encountered issues is by not needing to measure them at
all. This is not to say that the aspects contained in those variables are not important, even critical for
certain questions, but what EDR allows is for focus to be applied to the specific aspects of the
laboratory which are of concern. What can be observed should be reported, what is under study
should be observed, but what is not observed due to some constraint does not mean that there can
be no design work. There will always be attributes of interest in any laboratory design that are
simply impossible to observe, as a direct consequence of the telescoping bias and factorial sample
size discussions — but an EDR project can continue to progress without needing to wait for their
value to be known.

Take for example the students’ cognitive processes during the collaboration study laboratory. These
were not studied directly, but rather a baseline or general diagnostic was used in the form of the
academic performance of the students, and the informal observations by the academic. So long as
these diagnostics give researchers no reason to believe that an issue is occurring out of view, and so
long as this is reported as a diagnostic rather than certain knowledge, the study remains valid. This
occurs with an indefinite number of variables in any study in education: so long as there is no reason
to believe that the colour of the whiteboard marker used influenced student learning, for example,
there is no need to track the colours of whiteboard markers used.

An argument against this might be “what if we discover that there might have been an influence
later?”. This is absolutely a reasonable argument pertaining to validity for summative, ‘one-shot’
methodologies which take a snapshot and generalise or transfer these outcomes to other contexts.
But it does not apply to iterative, contextualised, satisficing methodologies like EDR. Consider the
elephant in the room for the collaboration study laboratory, COVID-19.

It could easily be reasoned that this invalidates the findings for any laboratory not being conducted
through the COVID-19 pandemic. Participants, educators, researchers were undergoing all sorts of
new stresses and circumstances. The outcomes e.g. regarding laboratory preference between

proximal and remote may easily have been influenced by students desperately wanting to get back
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to campus, or just as desperately wanting to stay away from crowds. The findings are therefore not
generalisable because there was no control group of students undertaking the laboratory in some
COVID-19-free context.

Except that those outcomes in EDR are outcomes for the laboratory under study, and must be fed
back into that laboratory in order to improve that laboratory. They are always invalid for any
laboratory that is not that laboratory, at that time, under that context. What is generalisable are the
design processes leading to those design decisions, what was observed to trigger a belief that a
given cognitive process was occurring, how some attribute of interest was measured and how its
value changed under different circumstances. These findings are equally as transferrable as they are
able to be contextualised when reading the findings and the explained context, and they are what is
useful for informing the design and evaluation of other laboratories. Educational Design Research is
about holistic reporting of what is known when practicing design, not exhaustive data collection.
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7 ARTIFACT DEVELOPMENT

7.1 THE PURPOSE-FIRST APPROACH & PIPOV FRAMEWORK

7.1.1 Context

There is fundamentally a chicken-and-egg issue with the narrative of this thesis. Rather than a
traditional experimental design involving literature review, study design and execution, then
analysis, the Educational Design Research-based meta-methodology for this thesis involved these 3
tasks occurring in parallel throughout, following iterative micro- and macro-cycles of design,
execution, and reflection, with inputs to these cycles including literature synthesis and empirical
studies. The artifacts in use through this process were fluid, with as many versions as there were
cycles. As a result, what is presented here is the final design that was generated by the end of the
empirical studies described in the subsequent chapters. It encapsulates and takes advantage of the
learnings that will be described.

The thesis work that provided design contributions to these artifacts were:

e Literature synthesis- including the empirical truss laboratory study conducted prior to this
thesis.

e Expert Reviews & Workshops

e (Collaboration Study

e Validation Studies

7.1.2  Critical Synthesis Sources

There are several levels of adoption of contributing material which has influenced the creation of
these artifacts. Several sources have had a major individual impact and can be readily identified in
the final artifacts/

e The first of these was the recognition of a need for contextualised research on laboratories
to provide an anchor for analysis, as a part of [39]. This is the origin of the term “purpose-
first”, though at this early stage this phrase held quite a more limited meaning.

e Also originally encountered in [39] but applied very differently was the combination of
research by Nickerson et al [37] and Brinson [21].

e The Input-Process-Output from systems theory [197] was also critical in connecting this
research.

e The artifacts are opinionated about and embed the cognitive psychology and educational
theories of Piaget and Vygotsky among others via Biggs’ Constructive Alignment [171].

e The final and likely most significant impact on the design was Educational Design Research
as a research process or methodology [109] — not just as applied as the methodology for
investigating the artifacts, but embedded in their intended use.

The artifacts further incorporate knowledge from the literature and empirical work. This has largely
been incremental in nature rather than structural, informing the manner of presentation, the
contents of different elements, and how practitioners might best be supported in their use.
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7.1.3 Design Discussion

7.1.3.1 Purpose, Assessment, Evaluation

The fundamental claim behind the Purpose-First Approach is that the processes of design require
evaluation, and the process of evaluation requires some way to assign value. As previously explored,
design is a process that involves iteration around feedback — incorporating feedback into how
something is planned or constructed in order to make it better. This process of acquiring and
incorporating feedback is an application of the process called ‘evaluation’. A designer must
somehow assess the current state of a design, find problems with it or opportunities to improve it,
and take action to address these.

Evaluation is a sometimes loosely defined term which is used in many different contexts and with
many different specific interpretations [198]. In education, it can often be conflated with
‘assessment’ given the English definitions of these words, which the author encountered extensively
through conducting the earlier literature review. For example, from the Cambridge English
Dictionary:

e Evaluation: the process of judging or calculating the quality, importance, amount, or value of
something [199].
e Assessment: [200]
o the act of judging or deciding the amount, value, quality, or importance of
something, or the judgment or decision that is made.
o the process of testing, and making a judgment about, someone's knowledge, ability,
skills, etc., or the judgment that is made.

This thesis takes the definition of ‘assessment’ from Biggs’ Assessment Tasks, to mean tasks given to
students in order to identify their level of mastery of learning outcomes, provide grades, control
whether a degree may be awarded, etc. ‘Evaluation’ is thus considered only in the context of
‘evaluation of a teaching and learning activity’, and is defined from the dictionary version above ‘the
process of judging or calculating the quality, importance, amount, or value of a teaching and learning
activity’.

Based on this definition of evaluation, it is clear that there can be no evaluation if there is no context
for the judgement or calculation. There is no way to judge or calculate quality without a way of
identifying what quality is, no way to judge or calculate value without some lens by which to
interpret some outcome as having value or not. Thus, there can be no evaluation without this
context being present.

It has been commonly observed in the earlier literature review and earlier work, however, that much
laboratory research is conducted without a stated purpose — and yet appear to evaluate the
laboratories under study, to assign value. The reason for this is that there is an implicit purpose
behind evaluation whether one is articulated or not. If something is stated as being valuable and this
position is argued with evidence, there is a path backwards from that statement and evidence to
identify what it is that is being claimed as value. In the case of a laboratory evaluated through the
use of an affective survey, the students’ affective response to the laboratory (liked it, did not like it)
is implicitly being upheld as the ‘purpose’ of the laboratory, whether the evaluator would agree with
that being the purpose or not. There may be arguments to be made regarding some flow-on purpose
where the students’ affective response leading to improved learning, but where this is not stated
and evidenced it is not appropriate to assume.
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This was largely the position which was arrived at in [39] regarding the reporting of laboratory
evaluations, from a perspective of sense-making of those reports by external readers deciding
whether their own laboratory was intended for a similar purpose. There are further-reaching
consequences, however, which lead to the Purpose-First Approach.

7.1.3.2 Design as a Process; Satisficing

The literature exploration that began as part of this thesis work involved an investigation of
ontologies, epistemologies, methodologies, and methods. This work was initially focused on
developing a methodology for the thesis as a research project, and Educational Design Research was
selected from practical inquiry methodologies out of that process.

After this selection it quickly became apparent that Educational Design Research was relevant to the
design and evaluation of laboratories itself, and this led to the expansion of the original idea of
purpose-first from a statement regarding research reporting to a recommended process and
theoretical framework. Design is iterative, involving that iterative cycling with feedback and
reflective evaluation stated earlier. Evaluation research on laboratories encountered as part of the
literature review, however, was overwhelmingly not. Summative evaluation of a single snapshot of a
laboratory using contextless affective responses, or associated student assessment scores as
evidence dominates the research landscape, while the empirical work has made it clear that this is
not the way laboratories are actually designed in practice.

Further to this, the type of evidence being required was also mismatched. Literature on laboratories
were attempting and universally failing to provide externally valid experimental designs proving
causation and effect size of design decisions on laboratory outcomes. As an example, if this
approach was working as intended it would be possible to state ‘if you need to students to master
learning objective x, then you need to use laboratory design y which has been proven to yield this
result’ — with certainty that this would then be what you as an educator observed in your own
context.

As this is not the case, with laboratory research findings of no statistical significance, or without
controlling for confounds, or with unestablished external validity, designers of laboratories do not
have this knowledge bank of facts like the designers of a bridge choosing a type of steel would. Thus,
given that laboratories are nevertheless being designed and implemented in engineering education,
it must be the case that laboratory design does not follow the quantitative experimental process
that is being embodied in the evaluation research. There is a fundamental and crippling difference
between the way laboratories are designed, and the way they are evaluated — when these processes
should be inseparably linked.

In order for design and evaluation of laboratories to be effective, it is claimed that embedding an
effective design process into the evaluation process is required. This embedded design process is
part of the Purpose-First Approach.

7.1.3.3  Frameworks as Vehicles

Educational Design Research is not the creation of the author. Neither have they been the first to
recognise that purpose is important in design, or that iteration is necessary as part of a design
process. Most of these are practices that engineering practitioners are intimately familiar with as a
part of being a good engineer. For some reason, this has not led to these practices being the default
for laboratory design and evaluation publications in engineering education literature.

It is hypothesised as part of this thesis work that there are no inherent limitations to this adoption
by engineering education practitioners, and that it is a drastic improvement over current practice,
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but rather that the barriers are related to barriers to adoption seen in other studies of new ‘things’
being adopted — perhaps the most heavily researched being new technology. The Technology
Acceptance Model [201] is an early example of several proposed models for the adoption of new
technologies, e.g. VCR players. Design features yield potential adopters’ perceptions of the
usefulness and ease of use, which leads to their attitude towards use, and subsequent adoption.

These concerns translate readily to a model of adoption of EDR and similar iterative processes —
engineering educators have been observed through the literature review to be trained in positivist
epistemologies, used to quantitative methods and quantitative certainty in their discipline, and are
used to seeing quantitative methods in the existing literature on laboratories. This leads them to
employ these same techniques in improper contexts, because they are either unaware of more
appropriate alternatives, or do not perceive them as being easy to use, or effective.

This gap has led to the development of the PIPOV Framework as a way for engineering educators to
be exposed to Educational Design Research as a process for laboratory design and evaluation
without requiring the years of literature review and synthesis that the author undertook on this. The
framework is intended to allow practitioners to apply EDR techniques without needing to be familiar
with the specific details and requirements of EDR, the cognitive psychology which underpins it, or
the contributing frameworks that it contains.

7.1.3.4 Frameworks as Lenses; Frameworks as Communication Media

The recognition that there needed to be some artifact to support practitioners in applying the
Purpose-First Approach for evaluation provided an opportunity to support the other 2 aspects of
that task as well — design, and reporting.

In [39] the author used two contributing components to the framework — Nickerson et al [37] and
Brinson [21] — for the purposes of evaluation of a laboratory and attempting to capture the sum
total of contributing inputs for given outcomes. However, this set of potential inputs had the
potential to contribute to the design process as well. By providing a way to compile and make sense
of the different available design decisions in a laboratory, these decisions could be supported
through associated material — particularly the experiences of others applying the same framework.

On the reporting side, by leveraging a framework the shared understanding discussed in the
literature review section 2.6 would allow for more effective communication about the laboratories
being studied. This would improve the process of design and evaluation by taking the current, less
effective literature on laboratories and enabling a reader to recontextualise them using their own
classes and purposes. It would also mean that literature synthesis as observed in the vignettes would
be far better supported and so more generalised knowledge could be derived by the collective
efforts of the wider discipline.

7.1.3.5 Two Hard Things
“There are only two hard things in Computer Science: cache invalidation and naming things.”
-- Phil Karlton via [202]

The development of the Purpose-First Approach began with its name being readily provided by the
conclusions from which it was derived — it communicates exactly what it needs to, is provocative in
what it demands from a practitioner, and as later found in the empirical studies it ‘just makes sense’
to engineering educators.
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The name for the proposed framework was not as simple. While this decision was potentially less
impactful than the other influences on the design, in keeping with EDR practices as it was a design
decision it is included in the discussion.

The primary motivation for considering the name was to avoid the ‘Google Problem’ that plagues
practical inquiry methodologies. It is nearly impossible to seek out material on design experiments,
design-based research, educational design research, etc., unless you are already familiar with the
traditions of researchers involved, can follow their citation chains backwards and forwards in
research history, and know the different publishing venues that are associated with these. Attempts
at systematic literature reviews are significantly hindered, communicating one’s work in the space is
less effective, and misinterpretation of what is being practiced due to mismatches in that shared
understanding can occur. Having developed a decades-long background in research and out of that
process having multitudes of potential names associated with it, it is unlikely at this point to be
corrected to some single, distinguishable term [203].

Thus, the term ‘purpose-first approach’ was first examined in different search tools to determine its
suitability — Google, Bing, Google Scholar, Scopus, Web of Science. The term ‘purpose-first’ exists in
other contexts with an aligned meaning, however Purpose-First Approach with or without
association with laboratories yields no results.

With this as a benchmark, the acronym PIPOV was generated out of the synthesis of Nickerson et al
[37], Brinson [21] and IPO from systems analysis [197], which also created the initial visualisation
(section 7.2.2.3.1). Benchmarking this term yielded a rare spelling of a Russian surname, and an
outdated and no longer in use ray-tracing software package [204], and so this was selected moving
forward.

7.1.4 The Purpose-First Approach
The Purpose-First Approach to Laboratory Design and Evaluation in Engineering Education can be
expressed as a series of defining statements:

e laboratory quality and effectiveness is defined by a laboratory’s ability to meet the purposes
to which it is applied.

e Effective laboratory design requires iteration.

e Iteration involves phases of ideation, planning, execution, observation, and reflection.

e Ideation involves the acknowledgement of some trigger for what is occurring. There is some
reason behind a new or changed laboratory project that motivates it.

e Planning involves the development of a design that is intended to meet the needs of or
revealed by the previously observed motivation — the laboratory’s purpose(s).

e Execution involves running the laboratory in an authentic context.

e Observation runs in parallel with and subsequent to execution. Both it and the Reflection
phases are done in the context of the laboratory purpose(s) which define value.

e Observations are considered as part of the laboratory design process rather than added on
separately, and must not require the laboratory to be controlled or otherwise modified
solely to meet data analysis requirements. Avoiding modification from data collection
requirements would also be nice, but is not always possible.

e Reflection takes the findings from those observations, feeds them back into the ideation and
planning phases and begins the process again.

e Reporting the results of a laboratory design includes all iterations and all phases of the
design, not just the observations and reflections of a single run.
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e Perfect knowledge or a perfect design are fundamentally unattainable — the results of the
process will be an iteratively improved laboratory, not a perfect one.

While the above defines the approach, it is likely not an approachable definition, and so a more
digestible description/prose discussion useful when describing the approach to practitioners has
been:

The Purpose-First Approach says that when you are designing and evaluating a laboratory,
you need to start with the purpose the laboratory is being used for. Why is the laboratory
there? They take time, and money, and effort to run, so what is it doing? Do students learn
more? Are they happier about doing it and more willing to spend time doing boring
calculations? And once you’ve got a reason to use a laboratory, what sort of laboratory can
you use? Do you need to try and get 1000 students through a lab at a minimum cost and
time, or are you trying to meet some sort of accreditation requirements — what constraints
are there?

Once you know what the laboratory is for — or possibly what you think the laboratory is for,
you need to design it. You can go and have a look in the literature, or your own experience
with labs, or some vendor selling pre-built kits, but unfortunately you probably aren’t going
to find the perfect answers talking about your class with your students there. You'll need to
think about what is best, and a lot of the time take an educated guess. Remember to write
down what you decided and why, because you might need to change things later.

Once you have a lab designed and built, you need to run it. You can pilot it if the class sizes
or risks involved are high, but you need to get it in front of real students doing real work to
really understand it. Watch what the students are doing, use some research
methods/instruments like a survey, an interview, an in-person observation, etc., to see if
your guesses were correct, and most importantly whether there is evidence that the
purpose(s) you said the lab was for, are actually being met. Are they actually learning that
topic? Are they happy with the lab like they needed to be? If you see something you can
improve at this stage you can, you don’t need to wait for the end of an iteration.

So now the students have gone through the lab, you have some observations recorded, and
you know a little bit more about what is going on. Now you can have another look at the
purpose(s) and your design. Were any of your assumptions wrong? Were there purposes or
constraints you hadn’t thought of? Make any changes you need to make, head off and read
any supporting literature you might need, and get ready to do it all again.

Eventually you will want to tell people about your lab design and what you’ve found. You
need to be able to tell them what the purpose(s) of the laboratory were, what the design
was, why the decisions in that design were made, what changes were made, and why you
made those changes. The ‘why’s come from the literature, your expert analysis, and your
observations.

There is also a single line, ‘if you remember nothing else, remember this’:

Designing, refining, evaluating, and reporting on laboratories in engineering education must
all explicitly derive from the purpose(s) to which that laboratory will be applied.

7.1.4.1 Purpose-First as a Theoretical Framework & Methodology
The Purpose-First Approach follows the ontological and epistemological paradigm of post-positivism.
This paradigm is approximately a combination of positivism (largely associated with pure
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guantitative experimentation) and interpretivism (largely associated with qualitative research), and
holds that there is simultaneously an objective truth that may be investigated and knowledge may
be gained, but that there are inherent limitations to any understanding of that truth and so
subjective interpretation is an inevitable part of any claim to knowledge [205]. It is most closely
associated with mixed methods research.

The Purpose-First Approach is an opinionated approach. It embeds this post-positivism in its
fundamental nature, and mandates certain research behaviours. For example, it explicitly rejects the
attempted use of purely quantitative experimental designs such as RCTs. This does not mean it
rejects the use of quantitative data collection or analysis, but it holds that this collection should not
impose constraints on the teaching and learning activity which are not part of the design, such as
needing random assignment, control groups, etc. The analysis of this quantitative data does not give
perfect knowledge of an objective truth, but rather yields a subjective and incomplete perspective
on that truth based on the context of the laboratory within which it was observed — and generalising
that perspective requires recontextualisation for any new context.

Another definitions and semantics issue exists with constructivism — this exists partly in competition
with post-positivism as a lens on the establishment of social knowledge, related to interpretivism.
The Purpose-First Approach embeds constructivism via Constructive Alignment, but does so as a
pedagogical theory rather than a research philosophy.

The Purpose-First Approach is also opinionated in terms of methodology, but runs into the
previously observed issue surrounding the difference in nature regarding e.g. Action Research and
Ethnography, which are both ‘methodologies’ but which exist at entirely different levels in the
research philosophy and execution hierarchy. The ‘process’ level which contains practical inquiry
processes such as Action Research is mandated by the Purpose-First Approach, explicitly embedding
Educational Design Research into its application. The level of methodology containing ethnography,
phenomenology, etc. is left agnostic, and should be selected based on the requirements set out by
the laboratory’s purpose(s) — similarly the approach is agnostic to specific methods and instruments.

As a result of this structure, there is significant scope for alternative theoretical frameworks to be
applied in parallel with a Purpose-First Approach research study. So long as the process is inviolate
and there is no contortion to the laboratory that is unrelated to the purpose, some other ontology,
epistemology, and methodology can be intersected as ‘the way the laboratory is observed’, with
these observations out of this self-contained research study being fed into the EDR process. Thus, if
it was determined that students’ experience of some phenomena in the laboratory was of interest, a
phenomenographic interview study could be run with the students in the laboratory to inform the
later iterations — though it is anticipated that the methods of observation selected would more
commonly be informal.

Of course, research studies conducted entirely outside the laboratory context can be incorporated
by way of literature, even experimental designs. They cannot be assumed, however — if incorporated
into a design their effect should be a part of the observation and reflection process.

7.1.5 The PIPOV Framework

A study may have existed where the Purpose-First Approach, in isolation and without supporting
artifacts, may have been introduced to practitioners directly, and how they made use of this
approach studied. This thesis did not take that approach, largely due to the observation that there
were established methodologies in other disciplines in education research that already leveraged
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this, resolving the issues this thesis is exploring, and yet these were (and remain) exceptionally rare
in laboratory research in engineering education.

A different study may have existed where these approaches could be introduced as they are in these
other disciplines — exactly as the author has encountered them, with the body of knowledge from
research publications and supporting explanatory or competency development material. This thesis
did not take this approach either, based on the observation that the natures of these traditions are
already incredibly well-established in engineering as a discipline — to the point where one might
make the claim that these design approaches have originally been derived from engineering
themselves. In addition to the permeation of constructive alignment into the engineering education
academic psyche it is concluded that engineering education practitioners in the aggregate already
know about design, and already know about the critical nature of purposes when considering
education (at least those purposes limited to intended learning outcomes).

The above material for the Purpose-First Approach is dense, abstract, philosophical, and only the tip
of the iceberg in terms of digging into the mechanics of Educational Design Research and the post-
positivist ontology and epistemology described in the associated literature. It is plausible that this
approach is valid and would be of benefit to the practice of laboratory design and evaluation, but it
is less plausible that practitioners would adopt it based on the description and sources. To aid in
adoption, the PIPOV Framework was developed, serving as a framework for understanding and
communication, and a vehicle for peripheral or casual engagement — allowing practitioners to
‘dabble’ with the concepts in order to see some benefit, before diving into the details of the
Approach.

7.1.5.1 The Visual Framework

. Stakeholders ~
“t=---..—1  Educator : E Institution : i Industry : : Accreditors : ' Students : - -
—
Purpose T
: Validation ' Validation i Validation
\ 4 I ¥ ‘ A 4 J
Designed Inputs -~ --»{ Designed Processes [ - - -» Designed Outcomes
Validation
Y
Actual Inputs » Actual Processes » Actual Outcomes

Figure 15: The final version of the PIPOV Framework Visualisation
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The Purpose-First Approach and the associated source literature and epistemology were identified in
the early stages of this thesis work — the definitions and prose description underwent some
refinement, primarily being delivered verbally through conversation rather than defined in writing.
The PIPOV Framework on the other hand saw significant revision and refinement over the empirical
studies run in support of this development. The details of this design process are documented
through the empirical studies chapters and particularly section 7.2.2.3, but the final version for this
thesis is presented as Figure 15.

The PIPOV Framework describes the elements to consider when designing and/or evaluating a
laboratory in engineering education. It presents an iterative view of the design, showing how these
elements interact with each other, both in terms of how they ‘do’ interact, and how they ‘should’
interact. The nuance of the framework does have meaning, particularly the types of lines used — this
is intended to trigger points of curiosity, and motivate practitioners to dig deeper once a surface
level understanding of the framework has been established.

7.1.5.2  Supporting Material

Along with developing the visualisation for the framework, supporting material was developed to fill
in the different elements with the different attributes that may be varied in a laboratory design,
descriptions of what different relationships mean in detail, and validation techniques for specific
points of interest. This supporting material was eventually discarded and not used directly when
presenting the framework to practitioners, however this was in the context of the participants being
able to directly have a conversation with the author about the framework and obtain the same
information. The supporting material would instead be required for adoption of the framework
without the author’s direct involvement, much like the supporting material provided for frameworks
as Bloom’s Taxonomy, supported by [156], or Constructive Alignment, supported by [152].

This supporting material does not present an exhaustive taxonomy. It is informed by literature which
purports to present an all-encompassing view of this aspect or that, but it is the experience of the
author that these are limited in perspective and usually tied to an aspect of interest of the work
being done — for example the differences between hands-on, remote, and simulated laboratories in
[37]. The design space for laboratories (and as will later be shown what laboratories are at all) is
sufficiently broad and complex that a complete list of all the ways they might vary is impossible.
Nevertheless, what is already known to vary is a good reference point from which to think about
new designs.

7.1.5.2.1 Purpose

The purpose of the laboratory is the anchor of the design and evaluation. The purpose is the core to
the answer of ‘is this laboratory good/working’ — if and only if the purpose of the laboratory is being
fulfilled, the laboratory is good/working. Improving the laboratory necessarily means meeting the
purpose more fully. The purpose(s) of a laboratory include the constraints on that laboratory —
space, time, cost, effort etc. are intertwined with the desired impacts from the laboratory and
similarly motivate the design, and specify whether it is working or not and to what extent.

The best way this thesis work has found to extract and discuss purposes has been to reframe these
as “motivations for change”. A laboratory purpose is something that, were the practitioner to
observe evidence that it was not being achieved, would motivate a change in the design of that
laboratory. If students were performing poorly on an assessment the laboratory should have been
supporting them in, this is something that would motivate some design change. If the laboratory
budget blew out, this is similarly something that would motivate some design change.
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There are several categories of laboratory purposes that have been identified in the work of this
thesis, though this is likely to be an incomplete list:

e Stated learning objectives: Likely due to the increasing adoption of Constructive Alignment,
these are the ‘default’ purposes of a laboratory often stated in handbooks and linked to
accreditation frameworks. Bloom’s Taxonomy, SOLO, etc. are examples of these.

e Other student learning: There are often purposes held similarly to the above which are not
stated as these broader learning objectives, such as students learning how to use specific
pieces of equipment that other aspects of teaching might later rely on, knowledge of spaces,
etc. Often these are more difficult to pin down outcomes that cannot easily be assessed for
marks.

e Student affective outcomes: This includes changes in the students not typically captured as
‘learning’ — whether they enjoyed the laboratory or not, whether they were motivated or
engaged and how that carries through into other work of a class or beyond, etc.

e Project-style constraints: These are things like time to develop and run, cost, available effort,
real estate required, maintaining safety, student timetabling issues etc. which combine to
place a hold on what is possible in a laboratory. If a purpose was to teach some outcome,
one-on-one mentoring for each student might be the ‘best’ way to achieve this, but might
not be viable — these purposes capture these.

e External or ephemeral outcomes: This is a loose category including outcomes such as the
institution wanting an image as a ‘practical’ university with pictures of laboratory use on its
website, or wanting to be able to show industry visitors a group of students in a laboratory
room rather than a lecture theatre.

7.1.5.2.2 Stakeholders

The stakeholders in a laboratory are the sources of the laboratory’s purpose. In essence, they are
those people or organisations who are impacted by the purposes being met or not. Identifying the
laboratory stakeholders is important in capturing all of the laboratory’s purposes.

The visualised list of stakeholders includes:

e The educator
e The institution

e Industry
e Accreditors
e Students

There are other groups that may have an interest, such as government, overall society, etc. —
however these are largely captured in the specifically called-out group, with government and
society’s needs in theory captured by accreditation and the requirements from industry.

7.1.5.2.3 Inputs

The inputs to a laboratory are the combination of controllable and uncontrollable aspects of the
laboratory which together form the laboratory design. This includes all of the teaching material, the
equipment, the space, and the educators — but it also includes the students, the institutional and
social context, and any number of other variables. The intense, uncontrollable complexity here is the
primary reason quantitative experimental studies fail to achieve success in laboratory evaluation.

The first step in considering inputs is to examine what is explicitly chosen. The topic or phenomena
the students will be investigating. the laboratory equipment, the instructions on what to do,
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whether the students are told to work in groups, what associated assessment are they asked to do,
whether it is a remote or simulated lab, etc.

Next are inputs that are known to at least some extent but not explicitly chosen. Where in a degree
some laboratory occurs, the type of students that are enrolled, their prior knowledge, the
institutional culture around laboratories, etc.

Finally are the inputs that are unknown, but which may have an influence. It should be assumed that
there will be inputs in here that are ‘unknown unknowns’, having an influence without having been
identified during the design process — part of validation can involve discovering these and adding
them to the design considerations. It may be possible to observe unknown inputs to some extent
once they are identified. An example of one of these inputs could be the influence of other classes
being studied in parallel — an educator giving one model for a phenomenon and another educator
teaching an alternative model at the same time could cause problems in the laboratory.

Some lists of inputs are described in the above literature review section 2.1.3 laboratory attributes,
however as stated these are largely incomplete, and focused on the hands-on/remote/simulated
variance in terms of categorisation. Depending on the goals of the laboratory and any specific
innovations involved designers will do better to examine the literature around the specific aspects of
interest to generate the list of inputs most relevant to that laboratory. The context of the class the
laboratory occurs within is often left out of these lists, and so starting from that foundation would
also be useful.

7.1.5.2.3.1 Designed vs Actual

One of the fundamental aspects of the PIPOV Framework is the recognition that what the designer
thought would be the case, is not necessarily what was actually the case. Some of these will almost
certainly be the same across designed and actual and are trivial to confirm, e.g. did the laboratory
happen in the room it was supposed to, were the students given the correct lab guide. However,
some are highly variable. This can often be due to an input not being fully understood or easily
observable, such as incoming students’ prior knowledge, or the necessary time to run a class of
students through a particular set of tasks.

Designed inputs should lead to the designed processes — however this is not inherently guaranteed
by reality, and is a requirement for the designer to fulfil. Actual inputs on the other hand do
inherently lead to actual processes — what occurs in the laboratory is a direct result of the actual
inputs that make up that laboratory, whether controlled or uncontrolled. Thus, the appropriate
selection of inputs is necessary to ensure a quality laboratory design, and further the active
investigation of what variance between designed and actual inputs occur is necessary for quality
laboratory evaluation. In particular laboratory evaluation studies reporting that ‘the laboratory
involved xyz’ without demonstrating evidence that xyz was in fact the case are potentially limited.

7.1.5.2.4 Processes

Processes are those things that occur within the scope of a laboratory teaching and learning activity.
This is the aspect of the PIPOV Framework that most differs from the source material, e.g. [21], [37].
Rather than being a black box, the laboratory processes are critical to dive into, theorise about, and
observe in order to understand what the laboratory is doing and how effective the design is likely to
be. Processes is split into 4 categories along 2 axes. One is the designed vs actual split also present in
inputs and outcomes, and one is a distinction between physical processes and cognitive processes.
Physical processes are defined as an input in the source material —and in many ways this is correct,
physical processes are indeed the input to cognitive processes. But they are an intermediate step:
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inputs as they are termed in PIPOV lead to physical processes occurring which lead to cognitive
processes occurring. In order to reduce the complexity of the model, and in response to participant
reactions to previous versions which explicitly called out physical and cognitive processes, these are
included together.

7.1.5.2.4.1 Physical

Physical processes are the things that are said, manipulated, clicked, written, or otherwise done
during or associated with a laboratory. They might be paired with a corresponding input, e.g. a
laboratory guide telling students to work in groups is an input, those students working in groups is a
physical process. They might also be emergent, occurring as a result of the inputs (as with all
processes regardless of intention), but without being specifically linked to some instruction.

As previously mentioned, physical processes lead to cognitive processes. However, they can also
lead to outcomes, where those outcomes are not cognitive in nature — for example, running costs.

7.1.5.2.4.2 Cognitive

Cognitive processes are those processes which occur in the mind of the student and can only be
observed by proxy rather than something that might be directly observed in reality. This is where the
constructivism pedagogic theory from Piaget/Vygotsky via Constructive alignment applies to aid in
understanding these processes. It should be noted that this is not limited to the cognitive domain of
Bloom’s taxonomy — all learning is covered under constructivism, including affective and
psychomotor outcomes.

It is entirely supported within the PIPOV Framework to apply other compatible learning theories to
the cognitive processes aspect of a laboratory. For example, Papert’s Constructionism [206] which
derives from constructivism, is common in the author’s background in software education and could
be applied in this framework element as well, as could behaviourism, cognitivism, critical theory, etc.
However, this was not generally observed during the empirical work with the framework with
practitioners — the embodiment of Constructive Alignment with mandated learning objectives
appeared to predispose discussions towards constructivist approaches to pedagogy.

7.1.5.2.4.3 Designed vs Actual

The difference between designed and actual processes has been one of the most impactful aspects
of the PIPOV Framework and the Purpose-First Approach generally. Rather than observing the
outcomes of a laboratory and treating the activity as a black box, the processes should be
investigated to see where variation from the designed laboratory might occur.

This is different for the two categories of processes. Physical processes can be observed directly and
reacted to. If, for example, a laboratory instruction is not being followed, or expected group
behaviours are not occurring, this can be observed and included in the reflections on the laboratory
design. Do the students need the instructions explained differently? More demonstrator support?
Do the students require further education in team skills? Before these decisions can be made
however, the impact to the purpose must be considered — it may be that the group behaviour not
matching expectations has no tangible impact on the desired learning outcomes and so can be left
alone.

Cognitive processes are significantly more difficult, as they cannot be observed directly and must be
investigated by proxy. The designed component involves a reflection on the pedagogic theory being
applied to the laboratory (Educational Design Research’s local instruction theory), to determine
what is expected to be happening in a student’s mind when they undertake the laboratory. What
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conflicts are they likely to experience between their understanding of theory and their own
observations of reality? How might they reflect on their experiences to incorporate new knowledge?

Identifying variance is the critical challenge, and the goal of all educational assessment —how does
one know what a student has learned? This can be observed as part of an outcome, e.g. whether
they could answer a related exam question effectively, but it can also be observed in the other
direction via behavioural indicators, as was done in [76]. Education research has indicated
behaviours that benefit learning — and so identifying those behaviours that can be directly observed
can be used as a proxy for a laboratory improving cognitive processes. Consider a laboratory design
where low exploratory behaviour is observed where inquiry skills were a purpose — a change in
students understanding of inquiry skills might be impossible to observe, but a change in the amount
of exploratory vs didactic behaviour might not be.

7.1.5.2.5 CQOutcomes

In earlier iterations of the framework the ‘Purpose’ element could be described as the ‘Designed
Outcomes’, where Outcomes are ‘Actual Outcomes’. In the revised version the Purpose are those
outcomes which motivate change in the laboratory if they are not met. The difference between
outcomes and the purpose is both that:

e Qutcomes can be specific outcomes that contribute to larger-scale purposes, e.g. a purpose
might be increased student learning about laboratory equipment, and an outcome might be
students gaining experience with oscilloscopes.

e Qutcomes can include things that resulted from the laboratory that were not part of the
laboratory purpose. This might be the result of a difference between designed and actual
outcomes and be a concern motivating change (i.e. a purpose was not met), but it may also
be due to things that the laboratory causes, which would not be a motivator for change if
they were not met. This is relevant in later validation of the purpose. These outcomes can
still be important to observe, as their changing indicates some change in the inputs and
processes that used to yield them.

7.1.5.2.5.1 Designed vs Actual

The difference between designed and actual outcomes is where the majority of evaluation research
on laboratories in engineering education is focused. An intended improvement in some learning
objective, or an increased affective response, etc. are the usual drivers for laboratory interventions.
The Purpose-First Approach and PIPOV Framework does not preclude that part of evaluation — it
adds to it to provide the appropriate context and measure things that otherwise could not be.

7.1.5.2.6 Validation

Validation is the part of PIPOV that turns a design architecture into an iterative evaluation
framework. Having identified a design with a purpose, inputs, processes, and outcomes, it is then
the task of the designer to observe whether their design has worked, and change it to improve any
misalignments afterwards. All observations, instruments, and other data collection occurring for the
purpose of evaluating the design are part of validation. Not all validation is active observation of a
laboratory in authentic use however — a significant portion occurs as a process of reflection by the
designer during the design.

There is implicit validation required between designed and actual elements in the design — finding
out whether the inputs, processes, and outputs happened in reality is necessary to determining
whether the design is working — these relationships are described above. Some aspects of validation
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are called out explicitly in the diagram, as they relate to critical potential points of variance in a
laboratory design.

7.1.5.2.6.1 \Validation of Designed Inputs -> Designed Processes; Designed Processes -> Designed
Outcomes; Designed Outcomes -> Purpose

The steps between the designed inputs, processes, and outputs must be reflected upon as part of

the design process to consider:

e What evidence is there that the given inputs will lead to those processes, and those
processes to lead to those outcomes — noting that prior experience and expert judgement
are both valid sources of evidence.

e To what extent is the designer likely to be able to observe and know the states of these
elements in the actual laboratory?

e Given the potential for variance, what impacts on that transition might occur if, e.g., some
intended group process does not occur?

e Based on the above, what observations should be in place to check on elements identified as
being risks to the fulfilment of the laboratory’s purpose if they do not actually happen?

These reflections must all be conducted with the purposes of the laboratory at the forefront of
decision-making — for example, if an outcome might vary but that variance would still achieve the
purposes, then this is not something that needs controlling.

7.1.5.2.6.2 Validation of the Actual laboratory against the Purpose

In contrast to the previous design reflection validation, this validation step requires active
observation with empirical data. Acknowledging the incomplete knowledge which characterises
these processes, it is insufficient to empirically validate only the alignment between designed and
actual at each step — the actual laboratory must be validated against the purpose itself in order to be
properly evaluated, using whichever methods or component methodologies have been identified in
the literature as able to validate specific claims, e.g. classroom observation, surveying, a contained
quant/qual/mixed methods study.

Notably the validation with the purpose is bi-directional. The articulated purpose is not considered
to be absolute objective truth, because its derivation is a human process. There may be purposes
that are missed off this process that are identified when the actual outcomes are observed — or
purposes that when their achievement in reality is observed are then rejected. This is a process that
should of course involve the stakeholders of the laboratory to iteratively refine the purposes along
with the laboratory that attempts to meet them.

7.1.5.3 How to Apply the Framework

The empirical studies have provided significant insight into how the framework can be applied in
different ways. There are 3 ways that have been identified as effective for a given context, though
there are likely to be many more.

7.1.5.3.1 Asa Formal Structure
The originally intended use of the framework was to follow the sequence of elements and use these
to design the laboratory:

e Identify stakeholders.
e Articulate the purpose(s) of the laboratory in consultation with stakeholders as needed.
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e Determine the outcomes that should be met for the laboratory to be considered successful
at those purposes.

e Speculate on the necessary cognitive and physical processes necessary to achieve those
outcomes.

e Create an initial laboratory design which should encourage those processes occurring.

e Run through the validation steps as an expert review.

e Based on the results of this review adjust the design as needed.

e Determine observations and instruments necessary to conduct the validation steps in a live
run.

e Implement and run the laboratory & observations for the first time (or pilot it).

o Reflect on the observations made, feed this back into the design, and continue iterating.

e Report on the design decisions, contributing literature, observations made, and analysis.

This ‘fully-engaged’ version of the framework embeds the Educational Design Research methodology
in the design, evaluation, and reporting of the laboratory and thus should carry the associated
benefits identified in the literature.

7.1.5.3.2 Asan Input to Other Design Material

Some practitioners had their own perspectives on the design or institutional design documents
governing their laboratory design processes. This included the new laboratory validation design, as
well as being raised in one of the expert review sessions. One key variation was the overall
perspective on the ‘laboratory’. The PIPOV Frameworks centres on the teaching and learning
activity, with the equipment being a contributor for that. The alternative perspective encountered
was with the equipment at the centre, and teaching and learning activities which could make
effective use of it being the derived aspect rather than the other way around.

On its face this appears to go against the EDR and PIPOV process, however when interpreting the
use of the equipment as a motivator (e.g. to ensure cost-effectiveness of the equipment involved),
this should be considered a purpose for the laboratory — these are not just cognitive learning
outcomes.

The elements involved in PIPOV and in particular its iterative nature is retained, but the order of the
guestions must necessarily change to reflect the central equipment as an anchor.

7.1.5.3.3 Asan Input to Reflection

Rather than going in on a full use of the framework to design or redesign an entire laboratory, the
framework can be an input to design discussions reflecting on the elements it contains. The critical
aspects that must be retained in order for the use of the framework to retain its benefits are:

e The design aspects it motivates must be tied to the purpose of the laboratory.
e The validation measures undertaken to investigate the changes must be iterative,
contextual, and not require contortion of the laboratory to run.

This was experienced during the existing laboratory modification field test, with individual aspects of
interest identified through ‘thinking through’ the laboratory using the PIPOV Framework as a lens.

7.1.6 Proposed Benefits

The application of Educational Design Research to the design and evaluation of laboratories in
engineering education is speculated to resolve the issues observed in the earlier literature review
examining the standard practice of research in this space — inconclusive evidence, lack of
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generalisability or transferability of results, and the same questions asked decades earlier still being
asked today seemingly without an overall progression of knowledge in the discipline, e.g. “.

Outside a broad statement that ‘design and evaluation of laboratories will improve’, there are
several proposed benefits to the use of the Purpose-First Approach and the PIPOV Framework. Some
of these are of a scope to examine within this thesis and appear in the empirical work —some
however are on the order of decades and are proposed based on indications from the literature
synthesis.

7.1.6.1 Avoidance of Research Contortion

Research on laboratories in engineering education that follows a purely quantitative model
introduces motivations for changing the design that are separate from, and most likely at odds with,
the purposes of that laboratory. For example, splitting students up into random assignments, not
reacting to observed issues due to the need to keep the experiment protocol valid, contorting
laboratory designs based on matching some other laboratory for comparison rather than seeking the
most effective design.

The Purpose-First Approach explicitly rejects these contortions as inherently damaging what is being
studied — if you study e.g. a hands-on laboratory and a remote laboratory which has been designed
to exactly match the hands-on laboratory with no use of the remote laboratory affordances (e.g.
making a remote laboratory only available during class times as in [175], [207]), not only are
students undertaking a laboratory which is most likely not as effective as it could be, but the value of
the research is questionable. The study is not a study comparing hands-on and remote laboratories,
but rather one comparing one hands-on laboratory with one version of a remote which would
normally never have been designed like that.

7.1.6.2 Transferability to New Contexts

As previously observed in the literature review, purely quantitative, experimental research designs
examining laboratories in engineering education are not able to fulfil the assumptions required for
their mathematical conclusions to be valid. Further, the lack of reporting of context means that
practitioners in other contexts may struggle to make effective use of these research outputs in their
own designs. The Purpose-First Approach provides a research methodology which does not carry
these same issues, particularly through the reporting of design decisions and their motivations
rather than relying solely on summative data; and the PIPOV Framework provides for a reporting
structure which will capture the available context the evaluation occurs within.

7.1.6.3  Support of Literature Synthesis & Qualitative Meta-analysis

Directly related to the above, extensive use of the Purpose-First Approach and PIPOV Framework
would support literature synthesis of a more effective type than the collection, coding, and counting
that is prevalent in the reviews discussed in the literature review.

Consider collecting 10 studies on laboratory design and evaluation processes, selected because they
each encountered a particular type of design motivation, e.g. ‘students passively engaged with the
laboratory following the instructions without reflecting on the natural laws being investigated and
showing poor learning outcomes’, with 10 different changes to the laboratory attempting to correct
for this issue as part of their design process, and 10 different observations of whether this was
effective.

In the case that these were quantitative experimental designs, reported as is observed in the
literature review with limited contextual details, sense-making around the collective knowledge they
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contained would be extremely limited. Quantitative meta-analysis is not likely to be possible, as the
confounding factor of different laboratories could not be controlled for even if the data measured
met a standard which could be mathematically aligned.

Instead, these 10 essentially case studies could be combined to support decision making. First, by
allowing a reader to identify which of the 10 laboratories best fit with their own context or not. Then
identifying the changes and observations made and considering whether any variations in context
would make the same outcome more or less likely. Having selected a candidate intervention, this
then feeds into the reader’s own design iterations, they observe the results, and potentially iterate
again if the findings differ. This identification of context is already necessary with quantitative
studies given the non-fungibility of laboratory contexts (different institutions, purposes, instructors,
students, etc.) — only without appropriate reporting of that context and with little ability to look
inside the quantitative experiments.

7.1.6.4 White-Boxing

On this theme of looking inside, white-boxing the laboratories rather than treating them as black-
box experiments that can only be observed externally opens up significant benefits to laboratory
evaluation when using the Purpose-First Approach and PIPOV Framework. As was encountered in
much of the empirical work detailed below, ‘mid-way’ observation and intervention was a recurring
theme for laboratory evaluation, primarily leveraging learning analytics.

7.1.6.5 Framework Communication

As observed in the literature review section 2.6, frameworks aid in effective communication through
a shared understanding. Reporting on a laboratory that was described in alignment with the PIPOV
Framework would be easier to understand for a reader also familiar with that Framework. This is an
observable benefit to e.g. Bloom’s Taxonomy, and Constructive Alignment.

7.2 LABORATORY SCOPING AND ARTIFACT IDEATION

7.2.1 What s a Laboratory Study and Derived Definition

A critique of the foundational literature of this thesis yields a surprising observation — nowhere is the
term ‘laboratory’ defined. There is work on the educational purposes to which they might be
employed, there is an examination of new types motivated by innovative technologies, there are
comparisons to laboratories between disciplines. But nowhere is there any statement or description
that would enable someone to state ‘this is a laboratory’ or ‘this is not a laboratory’.

This is not an oversight in the literature review, but rather a condition of the existing literature in
common with the issue of existing laboratories not being evaluated or researched. By far the body of
work on laboratories in engineering education and elsewhere lies in investigating new types of
laboratories, a symptom perhaps of the overall research culture in higher education more generally.

This poses a significant challenge, however, when attempting to address discipline-wide questions
about laboratories such as is posed in this thesis. Given a proposal, tool, conclusion — to what does it
or can it be applied? What scope might be needed to state that it answers questions ‘about
laboratories’ rather than merely ‘about those laboratories’? Resolving this required a definition to be
determined, and no definition was forthcoming from the literature. An empirical study was
proposed to investigate the definition of ‘what is a laboratory in engineering education’ with
engineering education practitioners.
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The theoretical framework used to frame this study was a synthesised combination of attributes
described in the earlier literature review —in particular drawing on Feisel & Rosa [6], Nickerson et al
[37] and Brinson [21] to identify what sorts of things might be attributed to a teaching and learning
activity such that it might be called a laboratory — intended learning outcomes, activities, equipment,
location, etc.

The design of this study underwent significant redesign work due to the impacts of the COVID-19
pandemic. The initial design called for a series of face-to-face semi-structured interviews with
engineering education practitioners where exemplar laboratory candidates could be presented, and
determined as being considered a laboratory or not, as well as discussing why this was the case. Due
to the inability to meet face to face, this design was changed to incorporate a combination of
remote video conference interviews coupled with an online web platform for presenting the
laboratories in a survey format. The web platform could also be deployed independently for
participants not meeting synchronously.

Ethical review of the study design was approved under protocol number 2019/1040 by the
University of Sydney.

The candidate laboratories were developed to highlight teaching and learning activities with
differences across various identified attributes. These attributes and in particular their combination
could be in no way exhaustive — the combinatorial nature of even the most basic 10 binary choices
would yield over 1000 examples to review, necessitating a qualitative investigation into the
discussions about these examples rather than attempting a quantitative analysis.

The examined attributes were:

e Data source (real or simulated [and known or unknown])

e  Proximity to equipment (local or remote)

e Interface to equipment (computer or physical)

e Group differences in experience

e Data timing (synchronous vs asynchronous)

e Data/interface control (student-controlled vs student-requested vs provided)
e Activity type — experimental vs purely observational

e Experiment type — didactic vs inquiry vs research

e  Activity context — part of coursework theory or a standalone project

o Degrees of freedom — from zero (purely observational) to many

Again, this leaves off many — for example, a proximal haptic interface on remote or simulated
equipment, VR interfaces, interactions with industry placements, etc.

The examples were presented as a combination of written description with accompanying image, as
shown in Figure 16.
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EdLabRes Login Register

Students attend this class in a room with beakers, flasks, and other chemistry equipment. They have previously been instructed in some properties of acids and bases in a
lecture theatre by the professor, and before moving to their individual stations in this room they have watched a teacher use similar equipment to determine the pH of
several liquids. They have a worksheet with instructions on how to do this themselves. They then go to their individual stations and carry out these instructions.

@ Yes, thisisalab ® No, thisis notalab

Figure 16: An example candidate laboratory used in the What Is a Lab survey. Image credit Evan Krape, University of
Delaware

Of course, this example is intended as a baseline, meeting all of the most stereotypical attributes of
a traditional laboratory to give context to the variations that follow. The following is text for an
example varying in the proximity to equipment, e.g. a remote laboratory:

Students begin with instruction in deflection in civil structures in a lecture theatre by the
professor. Students then attend this class in a room with computers, which are connected to
the internet - there is a website they access that allows them to remotely control robotic
equipment that adds real weights to a full-sized bridge, and displays the deflection this
causes. They work individually by using the website to add weights on the bridge, and
recording the deflection of various members/components of that bridge. They then analyse
this data to determine attributes of the material used in the bridge's construction.

And text for an example seeking the least likely to be determined to be a laboratory:

Students attend a lecture theatre where the professor delivers a lecture on electrical
circuitry. During this lecture the professor has various piece of equipment such as a
breadboard and oscilloscope that he passes out for student inspection during the lecture.
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The design of the survey included an initial demographic and baseline definition set of questions,
followed by 10x basic examples, with a follow-up set of 10x examples made available if requested by
the participant, and finishing with a set of debriefing questions, listed in full in Appendix E.

Recruitment was conducted through direct email contact with identified engineering education
practitioners. These practitioners were drawn from identifying engineering educators in Australian
universities who had published literature in journals or conference proceedings describing the
development or evaluation of laboratories in engineering education — laboratory being defined by
their own use of the word ‘laboratory’, ‘laboratories’, ‘lab’, ‘labs’ in a database searchable field. Note
that the limitation to practitioners in Australia was due to the original design which called for
physically meeting these practitioners to interview.

From this direct email recruitment N = 9 practitioners were identified and agreed to participate. The
participants were broadly balanced against many of the demographic questions — with a mix of
English and other languages as a first language, a combination of academic and industry
backgrounds as well as experience with international institutions, and with some having been solely
a lecture with others having performed multiple roles. In all cases the interviewer/facilitator was the
author, and participants attended sessions tentatively scheduled for 60 minutes. In practice sessions
went significantly longer, with the majority running between 90-120 minutes and 1 session running
for approximately 3 hours. With one exception involving participation in other empirical studies
conducted subsequently, participants attended a single session only. Due to the immediately re-
identifiable nature of their recruitment and conversations given the publications their laboratories
appear in list them as the author, their laboratory descriptions, and identifying details in their
statements and about their demographics are withheld or aggregated.

Likely as a result of recruiting based on already published research, years of work was weighted
towards the higher ends, with no participants less than 4 years and most having higher than 7. While
it was not a question captured in the demographic questions, as observed during the interviews all
participants were male-presenting. Academic level was also identified for these participants through
their public listings, with practitioners a mix of level C, D, and E, with some participants in school and
faculty leadership roles.

The remote video conference interviews were conducted as dual-purpose sessions involving the
discussion on this study, as well as a discussion involving the early designs for the PIPOV framework.
These discussions were often fluid after an initial structured portion of the session, and moved back
and forth between the presented PIPOV framework diagram and the questions around ‘what is a
lab’. The analysis of the PIPOV diagram discussions will be presented separately below.

The interview protocol described the following phases:

e Introductions: greetings, context information and consent, a short discussion of the
identified paper that led to their recruitment and the laboratory it describes
o In particular seeking motivations behind the study, and motivations for any changes
to the laboratories being studied.
e Stepping through the laboratory web survey with examples
e Switching over to a discussion introducing the PIPOV framework

Where the example questions followed a sequence, shown in Figure 17.
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Students attend this class in a roomwith beakers, flasks, and other chemistry equipment. They have previously been instructed in some properties of acids and basesin a
lecture theatre by the professor, and before moving to their indivi tions in this room they have watched a teacher use similar equipment to determine the pH of
several liquids. They have a worksheet with instructions on how to do this themselves. They then go to their individual stations and carry out these instructions.

* Yes,thisisalab ® No, thisisnotalab

How confident are you about your decision?
@ Certain
* Mostly Confident
@ Alittle confident
@ Itwas hard to pick
@ Itwas very hard to pick

Please explain your answer - why is this activity a laboratory? 2

Figure 17: Expanded questions in the What Is a Lab survey

Where each part to the question became visible upon selecting the component above. In practice
however, the interviews and surveys were near-immediately and consistently derailed through all
participants.

The survey design was piloted using interested academics and associates at the University of Sydney.
These pilot participants found the survey to be clear and were able to complete it without significant
guidance — some clarifying descriptions were added to the ‘?’ icons variously present in the survey.
When run in the wild however, each of the interview/survey participants showed very different
behaviours to the pilot. Where the pilot participants simply answered the questions, the real
participants began to discuss the underlying theories and concepts that the survey was targeting in
the first place.

They very quickly identified some of the attributes of variation under study after seeing a few
examples, and began discussing their own lists of attributes, expressing a lack of certainty as to what
the qualifying components of a laboratory were, and critically were changing their own definition as
they considered the questions.

The initial question in the demographic page ‘How would you answer the question “What is an
educational laboratory?”’ yielded surface level statements, e.g.

“a laboratory is a class where students investigate natural phenomena”
“practical work with a guide for some experiment to conduct”

However, upon considering the examples participants quickly began to clarify and expand their
position verbally. Some statements typifying this were:

“Yeah, | suppose it can be a lab if they are on computers. | mean, we call some things
programming labs and they aren’t really engineering labs, but if they were connecting to
equipment then that’s a real lab too”

[in response to a verbal question comparing the student group division of labour vs the
lecturer-student division] “I’ve never really thought about it that way, but yes, that student
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is doing exactly the same thing in both classes. | don’t know whether that means the lab isn’t
a lab or if the lecture is a lab”

“I don’t think it can be a lab if there isn’t any real data. | don’t know. Maybe? It feels like
there’s a difference when it’s a computer simulation.”

It became clear during this process that attempts to pin down decisions on specific attributes that
might vary and gaining any clear border between laboratories and not laboratories was unlikely to
be successful — either the knowledge in the discipline is not yet established and/or mature enough to
have clarity around where that border lies, or the border is itself ephemeral and subject to change
depending on contexts.

The web survey was promoted digitally to a wider audience and saw several initial participants;
however, these participants did not complete the survey. It is considered the observed issues with
the live video conference participants are the likely cause.

The working theory that was developed in support of this thesis work was one of dimensionality and
proximity. Consider a 3-dimensional space which captures all possible variations of laboratories in
terms of their proximity to the equipment (remote vs proximal), source of the data (real vs
simulated), and synchronicity (run in batch mode or live). Further assuming that each lab might have
a different level of each rather than simply being a binary choice, we might plot a series of
laboratories against these 3 variables as in Figure 18 below (not real data).

Figure 18: example 3d scatterplot, generated using matplotlib

The laboratories each have a distance to each other, and exist within spaces that might be defined in
terms of boundaries for each contributing attribute, which was re-defined as ‘dimension’. A ‘remote
laboratory’ is thus any laboratory within a certain range of the proximal dimension, with the values
of the other dimensions unrelated. A ‘simulated batch’ laboratory has constraints in both the data
source and synchronicity dimensions, and so on.

How this relates to the definition of a laboratory overall requires expanding the number of
dimensions to capture all possible variations in a teaching and learning activity to create a
conceptual n-dimensional space within which each teaching and learning activity might be plotted —
these dimensions being the attributes to vary listed above, though this is still not exhaustive and
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even the number of possible dimensions remains an unknown. The conceptual model however is still
useful, because it provides a framework within which to discuss what a laboratory is or is not.

The definition of a laboratory, it is thus proposed, is not something which might be stated like a
dictionary definition nor something which has specific absolute borders. Laboratories are teaching
and learning activities which exist within a reasonable proximity to each other within this n-
dimensional space which defines teaching and learning activities. Which dimensions carry the most
weight in terms of the n-dimensional proximity, how proximal a laboratory must be in order to be a
laboratory, whether there is any linearity or chaotic behaviour with interactions between
dimensions are questions left unanswered as out of the scope of this thesis.

While not providing a satisfactory conclusion to the original question, this does however provide the
basis for not a definition of laboratory to be reported in the literature for use by the discipline as a
whole, but rather a working definition of laboratory such that the scope of this thesis may be
clarified, obtained by considering the dimensions already identified and running through a thought
experiment of where borders might be along those dimensions.

A laboratory in engineering education is any teaching and learning activity or distinct
sequence of activities in which students actively participate in a process for investigating
natural or human phenomena which requires an engagement with some representation of
reality external to the student.

e Being a teaching and learning activity or distinct sequence means there is a focus on specific
activity(ies) rather than for example a student’s change in perspective over multiple years of
a degree.

e Active participation precludes e.g. listening to a lecture, passively watching a demonstration
without engagement, or reading a textbook without engagement.

e Natural or human phenomena captures hard sciences like physics laboratories, but also
includes for example laboratories involving the study of human participants in a design
workshop. The author does not generally distinguish these as not natural phenomena, but
having observed this in some literature human phenomena is explicitly included for clarity.

e Investigating implies that there is some question to be asked. The nature of this question is
undefined, but includes comparisons of theory to observed reality, deriving theories
themselves, whether didactic cookbook style laboratories or inquiry/research style
laboratories.

e Engagement with a representation external to the student differentiates between a student
e.g. solving mathematical equations and comparing to an answer sheet, and a student using
laboratory equipment, accessing a simulation, etc. There must be some input to the student
which purports to be some representation of reality, whether this is real or a simulated
model.

This definition can be considered the definition for using the Purpose-First Approach and PIPOV
Framework — it is far broader than any definition yet encountered in the reviewed literature, but
establishes the minimum requirements of a teaching and learning activity for these artifacts to

apply.

7.2.2  Expert Review Design Process

As mentioned above, in parallel with the laboratory definition survey, an early exposure of
engineering education practitioners to the Purpose First Approach / PIPOV Framework artifact was
conducted as part of the Educational Design Research iterations. This contributes to both the

122

—
| —



The Design and Evaluation of Laboratories in Engineering Education

Analysis and Design phases of the EDR process employed. The practitioners were identified as
subject matter experts in laboratory design and the current state of research practice as evidenced
by their recruitment via having published literature in the field, and this process is considered to
represent the ‘expert review’ process described in [109], or ‘expert appraisal’ from [92].

The context for the exposure for the same N = 9 participants was as follows:

e Participant has had an earlier discussion regarding their published laboratory work, including
the motivations for the study itself, and any reasons for motivating change in the laboratory.

e Participant has then gone through the (heavily adapted) questionnaire on ‘what is a lab’.

e The interviewer (author) describes the nature of the Purpose-First Approach, discloses
perceptions of the state of the literature on laboratory design and evaluation which
motivated its development, and shows an early version of the PIPOV framework for
discussion.

The backing analysis protocol for these expert sessions was to seek answers to the following
guestions, with different weight applied to each depending on the flow of conversation and the
expert’s engagement with different aspects. This also includes the earlier discussion regarding their
published work conducting laboratory design and evaluation. Note these are themes for discussion
and were not necessarily asked verbatim or in sequence.

o What were the triggers for the research to be conducted on the laboratory? What variables
were being observed, techniques being used? Was it an ad hoc trigger that emerged, or was
there a formal evaluation structure?

e What research methodologies or techniques if any were considered for use in the study but
decided against? Was any collaboration involved not captured by the author list?

e What are your observations regarding the Purpose-First Approach? Does it align with your
thoughts on laboratories?

e Upon being shown the PIPOV framework as a diagram — before | explain this in detail, can
you describe what this diagram indicates to you?

e Upon having the Purpose-First Approach, and contents and motivations for PIPOV explained
— does this framework sound like something you could apply to laboratory design and
evaluation? How might it fit into a study you could run?

e  What aspects of the Purpose-First Approach and PIPOV framework do you like or support?
Dislike?

e What changes would you recommend making to these to make them more effective, easier
to understand, easier to use?

This component of the sessions progressed far closer to expected than the survey, with the
participants actively engaging in the discussion and happy to give feedback and suggestions on the
aspects under study.

7.2.2.1 Laboratory Studies

Discussions around the laboratory studies run by the participants were varied. Each of the studies
was an implementation study of a new or changed laboratory. The studies reported the design (not
design process) of the laboratory, as well as evaluation observations of varying scope, type, and
method. None of the studies were longitudinal and referred to a single semester of teaching.

Discussions around the methodologies selected aligned with observations in the earlier literature
review:
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e Little explicit consideration of epistemology or methodology occurred.

e Following the precedent set by existing material in publication venues was often cited as the
way in which methods were selected, as well as the ability for their collection without
significant preparation time/effort — e.g. affective surveys, assessment results, and written
student feedback.

e lack of expertise in alternative methods was another reason for the selection of research
methods. Time constraints inhibiting upskilling or collaborating were stated alongside this in
a small number of cases.

e Concerns regarding the review of proposals by institutional ethics review panels and seeking
the path of least resistance was also cited as a motivation, also related to time constraints.

Triggers for change involved far more variance:

e Participants were almost universally unprepared for the question, and took significant time
to consider and refine their answers.
e Some overall triggers stated were:

o A new space or piece of equipment providing an opportunity.

o Taking over a new class from another practitioner. Exploring this trigger proved
challenging — possibilities include practitioners wanting to make the teaching their
own, or aligning a class to the practitioner’s own experience with the topic were
proposed but were not able to be confirmed.

Reviews, accreditations, audits etc. indicating a need for change

Poor results in assessment on a given topic.

Student affective responses, especially in centrally-run end of class surveys.

In 2 cases active reflective practice were stated as motivators, however these were

not explicitly reported in the associated literature.

e Triggers involving explicit evaluation research techniques applied to the laboratories or their
contexts prior to the changes were not described in any case, nor were any identified in the
literature.

O O O O

7.2.2.2 Artifact Review

Participants initial response to the PIPOV Framework were intended to inform the likely “minimum
viable methodology” that might emerge from casual engagement with the framework. In practice
this was primarily centred on misconceptions/misinterpretations of the visual elements of the
framework — while most participants focused on subsets of the overall framework this did not
appear to indicate any overlooking of the other elements.

Misconceptions particularly centred on ‘Validation’ and the way this was intended to interact and be
integrated into processes, which saw significant revisions over the course of the expert reviews. In
earlier revisions participants tended to ‘read’ the framework from top to bottom — which of course
matches the order of the PIPOV acronym and put little weight on the cyclical nature of the
framework, nor that validation was associated with more than simply outcomes.

Validation of inputs, processes, and outcomes was thus challenging, with participants not identifying
or engaging with the idea of validation being applied partway through the design and running of a
laboratory. Validation of purpose was unclear in terms of direction, with interpretations of this
association being “validating that the purpose was achieved’ rather than validating that the purpose
was correct and/or complete.
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Upon having the Purpose-First Approach explained along with details regarding the operation and
contents of the PIPOV Framework, participants generally responded favourably to the design and
the applicability to laboratory design and evaluation. Due to the direct one-on-one identifiable
nature of the expert reviews this lack of negative feedback is not considered authoritative as the
context may not have been conducive to giving such feedback. As such increased weight was given
to the specific content of the discussion by the expert participants rather than compiling any
affective response scores, i.e. what were their stated interpretations, what elements did they focus
on, what avenues of applicability did they describe, what recommendations for change did they give.

Participants universally indicated that they felt the artifacts could be applied to laboratory design
and evaluation. Initial sessions raised questions about precisely how that should be done, which
highlighted a need for explicit process support in the artifact. Exemplars to follow were also raised as
a need to aid understanding the artifact.

Some concerns were raised about the methods to be used — one participant asked whether this
artifact meant quantitative data about the labs was useless, which required clarification regarding
triangulation and that each method should be aligned to the purpose and what evidence is needed
to validate it. This is likely captured as a need for exemplars with quantitative methods being
represented among these.

Responses to these observations as well as areas in which participants focused leading to changes in
the PIPOV Framework are detailed as part of the iterative sequence of diagrams described below.

Some of the discussion with participants revealed considerations that were emergent rather than
expected. One participant when discussing the iterative process of improvement of the laboratory
baked into the framework stated:

“Yes, and then once you like it, you stop.”

Digging into that statement revealed a desire for finding some laboratory that worked and letting
that design settle into use, to be left unchanged. This was in direct opposition to the contextual basis
of this thesis work, the iterative nature of EDR, as well as continuous improvement in education as
the author was familiar with [208], and so was investigated at some length. The participant
described their practice of engineering education from a perspective of time, effort, and risk
constraints, paired with indefinite potential areas requiring attention.

At this time of ideation, the author was conceptualising laboratory innovations which incorporated
elements from their background in software development and data science, leveraging the PIPOV
framework. Laboratories that involved computer-mediated equipment or interfaces provide an
opportunity for live data capture, similarly to what was done post hoc in section 2.4.4. This live data
capture would provide the opportunity for live monitoring of laboratory execution, which would
allow for drifts in contexts (students coming in with different knowledge, cultural changes, other
external influences) to be detected and serve as a trigger for renewed evaluation. In this way
evaluation would cease to be a once-off, project-based activity, but rather a continuous, service
delivery activity.

If, however, one considers engineering education as a practice involving, as the participant phrased
it “too many pies and not enough fingers,” it would seem reasonable that the prospect of what
could be interpreted as never-ending work on an educational laboratory design that was never
‘finished’ could be daunting. This occurred with a participant near the middle of the sequence of
experts, and was followed up in subsequent sessions — each supported the perspective as one they
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shared. One participant shared their opinion that work on continuous improvement programs led to
saved time in the short term, but that their institutional context made obtaining this initial outlay of
time/cost/people difficult.

This presented two aspects of challenge to the design. First, how —and whether — to accommodate
practitioners who wished to apply the artifacts to a pre-determined window of time. Second, how to
communicate the process in a way that ensured the worst-case scenario interpretation given by the
originally quoted participant of requiring constant design work, rather than establishing a baseline.

The question of accommodating practitioners was aligned with the idea of peripheral engagement
with a minimum viable methodology. Experiences through the expert reviews, external engagement
with the web survey, experiences in conference workshops to be described later, and most
importantly the increasing impacts of COVID-19 on the workload of engineering educators (observed
anecdotally by the author as a participant themselves, validated in e.g. [209], and an inevitable part
of the casual introductions in every expert review) — led to the conclusion that any effective
approach and framework must champion the most effective use of limited time, and support
fractional or peripheral engagement.

The most significant active change in response to this was the treatment of supplementary materials
in support of each of the elements in the PIPOV framework. While it was initially anticipated that
that these would require supporting explanations and taxonomies for the ways in which they do or
might vary across designs, and how these should be incorporated into a design and/or evaluation,
the conclusions above coupled with observations around the level of focus given to each aspect of
the artifacts indicated that this supplementary material appeared more harmful than supportive —
rather than seeing an approachable framework, practitioners described a body of knowledge in
which significant time and effort must be expended to understand it.

The outcome for this was to hold the supporting material in reserve rather than make it available
along with the visual framework. This had little tangible impact on the expert sessions other than the
initial visibility, with prior sessions focusing only on the framework image with any details discussed
in conversation rather than being read. There was stronger impact however on the group session
workshops held using updated materials described below.

Other than validation, time-pressure concerns, and supporting material, several further design
changes were made in part due to the expert review sessions along with the early workshops. These
changes were around:

e Stakeholders —this is linked to the validation of purpose.
e  Designed vs actual.
e Cognitive and physical processes.

Key variants of different framework designs iterated over through this design process will be
described.

7.2.2.3 Artifact Design Iterations

Throughout the early design and analysis phases of the meta-EDR process this thesis undertook to
develop the Purpose-First Approach and PIPOV Framework artifacts, checkpoints were used to
identify design variants of interest — either embodying certain design decisions or used during
certain external contact phases. These key variants are described below, referencing the synthesis
and empirical motivators behind the design decisions.
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The participants described below are summatively the expert participants from the above study, as
well as the workshop participants described in chapter 7.2.3 below. The workshops did not reveal
new design criteria or motivations for change, but did confirm several identified aspects and gave an
indication of how the framework might be used casually.

These key variants are almost all variations of the visual PIPOV framework, with one comprising the
discarded visualisations of internal elements. This is due to the nature of the iterations subsequent
to the primary literature synthesis stage. The Purpose-First Approach as an artifact embodying a
conceptual, procedural, and methodological approach to the design and evaluation of laboratories in
engineering education has at no time during this design process encountered any feedback or other
empirical indications to suggest modification. The internal components of the PIPOV framework are
coupled with the visualisation — not their contents/possible states, which are discovered rather than
defined or designed as part of this thesis, but rather their method of communication is inherent to
the visualisation. The exception to this being the discarded expanded visualisation.

It is reiterated here that the Educational Design Research meta-methodology employed in this thesis
is not one that is founded on confidently proving hypotheses in order to inform improvements —it is
used because doing so is infeasible. Empirical evidence in authentic contexts is critical, but this
empirical evidence does not and cannot answer specific questions to degrees of confidence that
would typically be expected were that question to be the sole focus of a research project employing
some other methodology. Instead, iteration coupled with systematic reflection is used to slowly
move in the approximate direction of some unknown target, in order to satisfice the initial
requirements. The majority of the empirical observations made, and the conclusions made regarding
them, are centred on verbs such as ‘appears’, or ‘seems’ — a general indication is observed,
supported by triangulation via deeper literature synthesis if this is available, and bold changes are
made in response.

7.2.2.3.1 Initial Design

> Purpose [
F 3
) 4
Inputs Processes Outcomes
> Validation <’

Figure 19: Initial version of the PIPOV Framework visualisation

The initial design of the PIPOV Framework was a purely synthesised design from the literature
without a direct empirical source. This initial framework was derived from 4 primary contributors:

e Constructive alignment
o The Input-Process-Output framework system analysis [197]
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e Nickerson et al’s “A model for evaluating the effectiveness of remote engineering
laboratories and simulations in education” [37]

e Brinson’s “Learning outcome achievement in non-traditional (virtual and remote) versus
traditional (hands-on) laboratories: A review of the empirical research” [21]

Further informed by the epistemological, procedural, and methodological foundation of Educational
Design Research as embodied by the Purpose-First Approach component of the artifact.

These 4 contributions and the Purpose-First Approach remained as constants through the design
iterations of this framework, and so the detailed discussion above may be referred to for the design
of these elements.

The author consulted with their supervising academics to discuss and refine the intended designs
both during the synthesis developing the initial design above, and throughout the design process.

The visualisation of these elements was intended to communicate process relationships between
them. Inputs represent the design of the laboratory, these inputs lead to processes that occur while
the laboratory is being conducted, which leads to outcomes. Each of these must be informed by the
purpose for which the laboratory is being conducted, and each element must be validated.

Within each element in this initial design are the aspects included in the contributing models and
frameworks. Inputs contains the various interface, proximity, synchronicity, and similar design
attributes of a laboratory. Processes contain actions, motivation, engagement, and cognition,
framed by constructivism/social constructivism as developed in constructive alignment. Outcomes
are those observable dependent variables measured via observations, assessments, survey
instruments, etc. Purposes include those presented in papers such as Feisel and Rosa [6], and
categorised in Brinson [21].

7.2.2.3.2  Explicit Stakeholders
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Figure 20: Iteration - Explicit Stakeholders
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An early identified gap in the framework visualisation was that while Purpose-First lent itself to
Purpose being the first element of a laboratory being designed or evaluated using the PIPOV
framework, it was exceptionally difficult for practitioners to articulate purposes without support.
The most pressing contextual hurdles were “where do the purposes of a laboratory come from,” and
“how do purposes of a laboratory differ between people/entities,” which were not questions
practitioners appeared to ask without prompting.

Instead, some practitioners stated the natural phenomena the laboratory was investigating, e.g.
“this laboratory teaches students about thermodynamics.” Some identified communication or
teamwork skills as the purpose. Others stated that they ran the laboratories for accreditation
purposes, or to promote student engagement, or as an advertisement for a ‘practical’ university. At
least one was willing to admit that they ran the labs because the academic they inherited their class
from had run them.

By adding a layer of stakeholders as inputs to the purpose, participants were able to start those
conversations and begin listing purposes from known sources — course handbooks, industry or
government motivated skills or schemes and employability, accreditation graduate outcomes,
student motivation and engagement, etc. By providing a ‘way in’ practitioners appeared far more
comfortable articulating their purposes. This was already provided earlier by way of video
conference conversation, however adding it to the visualisation itself provided a similar initiating
effect. Note that this stakeholders layer was often extracted and shown separately as in the snippet
in Figure 21 rather than being omitted in the subsequent designs.

Purpose

Figure 21: Iteration - Stakeholders and Purpose in isolation

This also helped with the idea of time/cost/effort constraints as raised above. Because the educator
is themselves a stakeholder in what they need a laboratory to do and under what conditions, this
allows a pathway for those constraints to be captured by PIPOV and inform the laboratory design
and evaluation.
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7.2.2.3.3 Decomposed Processes

> Purpose €
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Figure 22: Iteration - Decomposed Processes

Note that these designs were particularly fluid between participants rather than a linear, rigid
sequence, and some sessions involved the discussion of multiple design candidates, for example this
design and the previous design were both discussed and contrasted in 2 practitioner expert reviews.

Processes has proven a challenging aspect to laboratory design and evaluation. It is by far the most
abstract of the aspects of laboratories (though in PIPQV it also includes the most concrete, as
physical processes). The contributing literature specifically within engineering education is markedly
more vague about what is part of this element than any other, with Nickerson et al [37] for example
simply splitting it into ‘motivation’ and ‘cognition’, treating these largely as black boxes rather than
avenues for direct investigation and intervention.

By explicitly calling out cognitive and physical processes the scope of processes was intended to be
made clearer, and an understanding of what these attributes are asking for could be gained. In
practice this design made understanding significantly worse — or rather, it exposed poor
understanding at the onset and turned it into an early blocker rather than something that could be
dealt with later. In earlier versions participants skipped over processes implicitly, just as early
researchers did. They understood processes needed to occur, but were used to black box education
processes and so did not ‘peer inside’ pandora’s box. By expanding this and explicitly calling out
cognitive processes as the central point of interest, academics who were unfamiliar and possibly felt
uncomfortable with the idea of cognitive processes lost focus on the other aspects of the
framework.

Engineering education practitioners are used to being experts in a domain, and may experience
unfamiliar alienation when presented with something in ‘their’ discipline that they are not or less
familiar with compared to their engineering discipline work [65], [210]. This means that while
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highlighting the inclusion of both cognitive and physical processes was core to the framework, it was
necessary to ‘massage’ that concept in more gently and without as prominent a display.

7.2.2.3.4 Desired vs Actual, Nebulous Validation
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Figure 23: Iteration - Desired vs Actual

This version attempted to resolve processes in another way, as part of a large structural change to
the framework. A key generalisability/transferability issue that is present in engineering education
research broadly is the assumption that what was supposed to happen, did happen. Take for
instance a set of instructions for a student undertaking a quiz. The instructions were designed as
part of a research project by the instructor, and lay out what the student should do. The student is in
a rush however, and just skips to the quiz in class’s web portal. The instructor continues to report
their project with their intended quantitative analysis, which has no empirical evidence that their
instructions were indeed followed, but states “Students were given instruction document X” and in
their analysis assume this inherently translates to “Students followed instruction document X”.

This issue was initially raised for Inputs in particular as part of conversations with practitioners
during the expert review. When describing their laboratory some practitioners stated e.g. “the
students worked in groups of 3 and submitted individual work”, to which the author queried “how
do you know the students worked in groups?” — the answer to this and similar questions was
invariably along the lines of “because that is what | told them to do on the laboratory run sheet”.

By explicitly calling out this difference between the intentions an educator might have when
designing a laboratory, and the reality of that laboratory in practice, significant avenues of
investigation are revealed. Did the students work in groups, or did 1 student dominate and 2
passively watch. Did students told to use equipment in a certain way do so? Were the assumptions
made about the students’ prior knowledge accurate? This has the side effect of capturing a lot of
nuance about processes, without front-loading the idea of cognitive psychology being a necessary
component to understanding laboratories — allowing these ideas to be introduced more gradually as
practitioners became more comfortable with the overall framework.

The distinction between dashed and solid arrows is meaningful — solid arrows represent an inherent
relationship — actual inputs will inherently and inevitably lead to actual processes regardless of a
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designer’s support of that relationship. The dashed arrow relationship between desired and actual
inputs however is far less convenient, and will only exist if it is effectively designed to do so. This
nuance was not often discussed until quite late in the expert review sessions, but appeared to at
least trigger curiosity. A few practitioners suggested a legend or labels; however, this was
intentionally left off as the distinction was too nuanced to be conveyed with a noun or single
statement. The intention was for curious practitioners to ask the question and dig deeper into the
explanatory material (or verbal discussion with the author as in the case of the expert reviews), and
in this it was largely successful.

Validation being made a cloud instead of a box was a subtle change recommended by one of the
practitioners themselves — when discussing the evaluation applications of PIPOV their assumption
was that there was a mandated validation instrument or assessment to follow, and suggested a less
defined way of communicating it. The practitioner’s assumption was not unique, and came up
multiple times in the expert reviews and especially during the workshops, however this framework
visualisation change was ineffective in resolving this.

7.2.2.3.5 Encompassing Validation
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Figure 24: Iteration - Encompassing Validation

Continuing to identify validation as a challenging concept to communicate as described in the expert
review discussions above, more drastic modifications were made to the presentation of validation as
an element of the visualisation. This redesign, paired with a different order of explaining the
framework verbally to match the new design, was intended to resolve the issues of validation
conforming to summative research practices performing single discrete data collection and analysis
steps rather than iterative, and in particular to validation being applied to more than just the final
outcomes.

In practice within the expert reviews this change mitigated some issues while aggravating others.
Validation was shifted away from an end-of-study step, but was no longer a point of strong focus
and was discussed almost as an afterthought, which was the opposite of the intended effect.
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7.2.2.3.6 Incorporated and Transitional Validation
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Figure 25: Iteration - Incorporated and Transitional Validation

Having largely settled on what would become the final attribute structure of the framework, most
design focus was on the relationships between them, and practitioners being able to effectively
interpret these. Validation was the most critical of these, being by far the most misunderstood
component as described above, e.g. being associated only with outcomes, coming at the end of a
process, how and when it should be applied to inputs and processes not being understood. A label
was retained for Validation partly for historical reasons and to retain the ‘PIPOV’ acronym visually
within the framework, but also to place additional weight to it given the issues in the immediately
preceding design.

Converting validation from an element of the framework to a type of relationship within the
framework proved to be highly effective at resolving this issue. Participants were still unclear as to
precisely what, e.g. ‘validate between desired processes and actual processes’ meant, and far worse
was e.g. ‘validate between purpose and the connection between desired processes and desired
outcomes’, but they were immediately aware that this was something the framework called on
designers to do and could ask for an explanation. This explanation provided a highly effective vehicle
for discussing pre-outcome evaluation in further studies.
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7.2.2.3.7 Nebulous + Explicitly Validated Stakeholders

1 Accreditors ' Students

Purpose
¥ v ¥
Designed Inputs  [-*-- »| Designed Processes [ ---» Designed Outcomes
X Y Y
Actual Inputs » Actual Processes » Actual Outcomes F——
Validation

Figure 26: Iteration - Validated Stakeholders

The above represents the state of the framework at the conclusion of the expert review sessions,
workshops, and after the collaboration study was well established. The next revision of the
visualisation would be the final reflection based on the outcomes of the collaboration and both
validation studies. The changes made to the above were the explicit and paired relationships
between stakeholders and the purpose, adding a cloud graphic to stakeholders as a form of ‘visual
etc.’, and removing the Validation labels down to a legend. The term ‘desired’ was swapped out for
‘designed’, to embed the idea of explicit decision-making rather than potentially unexamined
intentions.

The stakeholder changes being the most significant variation were motivated by discussions with
practitioners, especially in the workshops, regarding what to do about the purpose of a laboratory.
This was partly triggered by the idea of validating the purpose after the run of the laboratory, and
the idea of unintended yet beneficial outcomes. Understanding that in order to ‘promote’ a purpose
from unintended yet beneficial to an intended purpose required calling back to the stakeholders in a
laboratory to confirm that should be the case.

Adding the visual concept that there may be more stakeholders was in response to observations that
society/sustainability/environmental concerns were not explicitly captured, other educators or
professional staff, etc. These were generally considered to be contained within existing listed
stakeholders (society for example captured in the requirements placed on engineering education via
government and/or professional body accreditation), but as these practitioners clearly felt this was
an oversight it was necessary to provide a way of allowing space for more without cluttering the
diagram with a detailed breakdown of all stakeholders. This appears to have been effective with this
comment not recurring in the more in-depth empirical studies.
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Validation being extracted was part of a long series of minor tweaks to this — removing, labelling all,
using a legend, etc. —the correct balance for this element proved elusive, and the author considers it
likely that this is related to personal considerations of different readers without a single general
solution. The presence of a legend as depicted above caused some participants to ask where the
other line types were listed, the use of a full legend led to a regression to earlier misconceptions
regarding the relationship between designed and actual, the complete removal led to participants
asking: “what is the V in PIPOV?”. The each-line label method was eventually selected, though

without conclusive evidence over any other.

7.2.2.3.8 Discarded Attribute Contents

Synchronicity. Proximity.... Interface... Coordination.. Equipment Instructions Data Source: ‘I"‘j‘w“uﬂ‘ Context...
Differences...
with equipment to equipment on equipment with instructors | |1 |nggrees of freedom| | | Complexity of the student Discipline
with instructors to instructors on instructors with peers Artifacts of the instrutors Institution
Intended

Social/Political

with peers to peers on peers with assessment procedures, of peers
duration,
orchestration .
' ‘ with other teaching ‘
! |on leaming material| | material :

’ *
i i
i ! Validation
: Outcomes '
! '
L e
! '
' ! Note there is a difference between
1| Knowledge & Skills | ‘outcome’ and 'how that outcome is Methods
] (Bloom's, etc.) ; observed' - instruments are a part of
i g validation
3 ' Assessment score

:
i Motivation & ! based
1
' engagement i

:
: :
1
g i Surveying
! '
! '
| |Professional Identity &|
i Practice '
i 3 Observation
! '
! i
' ‘Operational’ !
1
' outcomes: cost, i
! |scalability, effort, time, | Interview
. real estate, etc. '
l‘ )'

Articulate Purpose > Plan Laboratory Validate Plan —>| Run Laboratory »| Evaluate Laboratory
ry A T T

Figure 27: Iteration - Discarded Attribute Contents

An early intention on the part of the author regarding the communication of the Purpose First
Approach and PIPOV Framework was to develop a web portal for this design and evaluation research
on laboratories. This was partly motivated by the authors background in web development, but also
inspired by research education tools such as the Sage Methods Map [211], which provides an
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approachable interface on a complex hierarchy of contained terms and concepts. Rather than the
fully-expressed models as in Nickerson et al [37] this would allow for complexity to be hidden until
the reader was ready to dive in. The drafted PIPOV framework iterations each included these
contained elements, with examples depicted above, which would have been clicked through in a
web interface to explain the specifics within each element.

As described earlier, the expert review sessions and especially the workshops were essentially
concept-saturated with just the initial framework — it was clear there was too much cognitive load
associated with presenting the framework and these reference materials for participants to
encounter in a first instance. As a result, these aspects were withheld, and instead the author as the
facilitator answered questions about the contents of each element or different relationships as they
arose. It is likely that if the Purpose-First Approach and PIPOV Framework saw significant adoption
without the author’s direct involvement that access to this reference material would be more
appropriate and valuable.

7.2.2.3.9 Final Version
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Figure 28: Iteration - Final Version

The ‘final’ version of the PIPOV framework is something of a misnomer, given the ongoing iterative
nature of the methodology. It represents the state of the framework at the point in the collaboration
and validation studies at the moment of reporting in this thesis. It is fundamentally similar to the
prior state, with some minor conceptual changes.

The busy relationships between stakeholders and purpose were deemed distracting and adjusted to
a new type of relationship — with similar intentions of stimulating questions rather than attempting
to convey the full meaning directly. This was motivated by informal discussions of the framework’s
aesthetics with collaboration study participants. The relationship line between Purpose and
Stakeholders was given its own characteristics to call out that the relationship is different to the
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dashed, solid, and validation lines, and similarly invite curiosity about the nature of that relationship
rather than assumptions.

Validation of the actual inputs and purposes was made explicit, to more prominently call out
opportunities for laboratory evaluation in the style of ‘were the inputs to this laboratory what |
intended them to be’, etc. This was motivated by the existing laboratory modification field test, and
the opportunities for this style of evaluation which were identified as part of that process. Validation
labelling as previously mentioned was selected without significant evidence in favour of or against
various other tested designs.

7.2.2.3.10 Design conclusions
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Figure 29: Iteration - End-to-end comparison

The design changes described above may appear trivial in isolation — the incremental process
however has resulted in large changes overall. The designs have a markedly different application and
motivate very different responses in the engineering education practitioners who apply them.
Contrast the initial and final states - the final state has certainly paid for its clarity and specific
motivations in complexity, however it also communicates a highly effective perspective of
laboratories as teaching and learning activities, and implicitly leads practitioners down the path of
educational design research on their laboratory without requiring them to undertake
upskilling/education in methodological theories or cognitive psychology, incorporates cognitive
alignment, widens the perspective of a designer to incorporate different sources of purpose, and
furthermore supporting the effective communication of laboratory designs and research outputs
leveraging the framework.

Practitioners encountering the refined version did not require the surface level explanations
necessary to understand the initial design, and began by asking deeper questions regarding
transition validation, or the nature of post-outcome purpose refinement. This should be seen as an
example of a transferable artifact which can be applied in new contexts to design and evaluate
laboratories in engineering education.
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7.2.3 Broader Evaluation Workshops

Overlapping with the tail end of the expert reviews, the Purpose-First Approach and PIPOV
framework were presented at relevant conferences as part of workshops, with the dual purpose of
disseminating the work to the engineering education community, as well as obtaining feedback and
observations as evaluation data for use in refining the design. The observations made during each of
these workshops did not reveal any unencountered design motivations not obtained from the
deeper one-on-one discussions of the expert reviews. As a result, the design iterations described
above can be seen as an output of these also, and the workshop details are reported here
separately.

Their evaluation value was largely in supporting the smaller sample size expert review findings, as
well as providing confidence for particular less strongly advocated observations. The most impactful
of these being the supplementary material change, which was a mild reaction during some expert
review sessions, but which was far more strongly observed during the workshops. An example of
some of this supplementary material is provided in Appendix F, specifically that used at the AAEE
workshop, with the Australian university workshop material being slight conversions of this.

Both of these workshops involved participant observation following formal research protocols.
Ethical review of the study design was approved under protocol number 2019/1040 by the
University of Sydney.

7.2.3.1 AAEE Workshop, 2020

This workshop was run as part of the Australasian Association for Engineering Education 2020
Conference, which was originally planned for face-to-face sessions in Sydney, Australia. Converting
to online delivery in response to the COVID-19 pandemic, this necessitated a change in the original
plan for this workshop similarly to the emergency online conversion of the expert review sessions.

Delivery of the 90-minute workshop involved the use of exemplar laboratories as recommended by
some of the expert reviews. These exemplars were presented through the lens of the PIPOV
Framework to show how these laboratories fit into each category, and how the Purpose-First
Approach and PIPOV Framework could be used to answer questions about what to do with these
laboratories in the face of motivations for change. The active participation portion of the workshop
involved mapping the participant’s own laboratories, or intended design for laboratories, to the
Framework for discussion. Note that the PowerPoint supplement in Appendix F was delivered in
components — a combination of presentation slides and text heavy slides that would have been
workshop handouts converted for online viewing.

The workshop participation was mixed, with N = 11 participants with highly varied engagement with
the process. N = 6 of the participants were interested to hear about the work but did not present
their own laboratories to use with the framework and were listeners only. N = 2 of the participants
engaged in discussion on the exemplar laboratories and with other participants’ laboratories, but did
not have their own to work with. N = 3 remaining participants had their own laboratories to consider
against the process.

Two of these laboratories were good vehicles for demonstrating the Purpose-First Approach — there
was little complexity in the laboratories as they were described, both being standard traditional
laboratories — proximal, hands-on, and with no equipment/space/teaching innovations in the
current design. The most significant impact of applying the Framework to these laboratories was
identifying that the participants examining these laboratories did not yet have an articulated
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purpose behind them. This led to subsequent questions being unanswerable, e.g. what data to
evaluate and why, until the participants regressed back to earlier steps in the process.

One of the laboratories was a laboratory with existing published evaluation research, with the
practitioner comparing methodologies directly. This laboratory was evaluated using a pre- and post-
test between groups quantitative experimental design with no qualitative considerations. Similarly,
to the less detailed laboratories, more significance was placed on the issue of laboratory purpose, as
this was previously identified as a research limitation when evaluating the laboratory. Research
alignment issues had previously occurred which limited the ability of the data to answer laboratory
evaluation questions due to not targeting the relevant learning which was the laboratory’s purpose.

The majority of the supplementary material was not used by participants during the workshop. Even
leveraging exemplars and having the author presenting directly to the participants, the Approach
and Framework visual were sufficient to fully engage the participants in learning about the
methodology, without remaining capacity or time to engage with the nuanced details.

7.2.3.2 Australian University, 2021

A stand-alone workshop was delivered to a teaching and learning group within the engineering
faculty of an Australian university. This workshop was delivered in two parts, combining an online
workshop similar in style to the AAEE workshop but with a different participant activity, and
followed up with a face-to-face visit to meet with specific interested participants.

The participant activity was refined into specific questions around laboratory purposes, and their
application to their existing practice — with a shorter duration due to the overall time constraints of
the session, 60 minutes, with N = 12 participants. Participants were asked to reflect on the
laboratories they had been involved with teaching, and to list which ones they knew the purposes
for. The participants did this before and after a presentation discussing the Purpose-First Approach
and the PIPOV framework, and it was discovered that many of these participants, similarly to what
was previously identified in the expert review, presented simply the handbook-entry intended
learning outcomes. They largely missed purposes from any other stakeholders in the Framework,
and upon reflecting of these the second time were able to identify significantly more and broader
purposes.
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8 FIELD TESTING

8.1 FIELD TeST I: NEW LABORATORY DESIGN

8.1.1 Context

The first field test was conducted with a group of academics in chemical engineering at an Australian
university through 2022. The study was conducted as a direct email-based recruitment and fact-
finding discussion, followed by a face-to-face visit to campus for a focus group design session, and
including follow-up email discussions and several subsequent remote video conferences.

The validation studies were originally planned to occur longitudinally as with the collaboration study.
The impact of the COVID-19 pandemic on engineering education however meant that academics had
very little time for formal design and evaluation, which came through strongly during the expert
reviews. While the author’s initial expectation was that COVID-19 would trigger an explosion in
remote laboratory adoption, with the exception of those who happened to be already poised to
develop them as in the collaboration study interest in remote laboratories appeared rather to drop.

Engineering education practitioners ironically did not have the time or capacity to engage with
teaching innovations due to the pressures of converting to emergency online teaching. Simulations
promoted by commercial vendors promising to take on the workload was anecdotally far more
popular. Engagement with recruitment attempts for studies was met with apologies, mentioning
austerity freezes on new initiatives, or giving future dates for when capacity might later open up.
This did however mean that when the effects of the pandemic receded that there was some
resurgence of interest in laboratory improvement projects among academics seeking to correct
flaws identified through 3 years of rapidly converted teaching.

One of these projects, the subject of the first field test, was the development of a pilot plant, a set of
integrated chemical engineering equipment which would allow students to conduct full-lifecycle
industrial chemical engineering processes, rather than operating different pieces of equipment in
isolation, or only experiencing large scale processes as simulations.

The pilot plant was a multi-purpose set of equipment which was intended for use in multiple classes
throughout the chemical engineering degree structure. It was also intended as a vehicle for multiple
teaching and technological innovations, including:

e Digital twinning

e Augmented Reality

e Remote access

e Data capture on the equipment states and interactions for learning analytics
e Student co-design of teaching and learning

8.1.2 Design Session

After obtaining basic information about the pilot plant via email discussions described above, the
design session was run with the author and N = 3 academics involved in the development of the pilot
plant and associated laboratories. The session was run following a series of phases based on the
original expert review protocol:
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e Discussing the nature of the laboratory
e Describing the Purpose-First Approach and PIPOV Framework
e Analysing the laboratory against the PIPOV Framework.

o Inthe validation sessions this step was modified to instead be conducted by the
participants rather than the author, allowing them to make their own use of the
provided framework with guidance and discussion from the author.

e Asking the participants to reflect on the process.

The pilot plant was already well into the design stage during this session, though the classes using it
as an educational laboratory were in the early stages of design.

The purpose motivating the creation of the laboratory was a lack of authenticity observed in smaller
scale laboratories. Chemical engineering graduates would otherwise be required to transfer mental
models built around single pieces of equipment to a context of many hundreds of pieces of
equipment used in some chemical processing plant. This was coupled with an examination of the
authenticity of students physically manipulating the equipment directly, rather than establishing the
relationship between engineers and technicians as often observed in industry — with engineers often
not directly manipulating equipment, but needing to effectively communicate their intentions to
technicians.

The equipment was intended to be used in two classes initially, with more planned to be added after
these were successfully tested —a 2" year heat and mass transfer class, and a 3™ year process
control class. These were intended to be taken by streams of students such that the initial
participants in the 2" year class would revisit the equipment in the 3™ year. A major argument
behind this repeat visitation was the overheads in initially training students to use the equipment,
which needed multiple visits in multiple classes to be a viable cost of class time.

8.1.3 Discussion

The pilot plant field test raised several aspects for reflection regarding the Purpose-First Approach
and PIPOV Framework. The first of these is a fundamental difference in alignment that was possible
when using the term ‘laboratory’ between people with different perspectives. The fluidity of the
term laboratory was well established early in the work on this thesis, however there were axes of
variability that were a level of variation not originally considered in the original analysis. This is partly
due to the incoming conclusions which motivated this thesis work in the first place —that
laboratories must be considered within their authentic contexts. The misalighment was that a
perspective existed such that ‘laboratory’ could refer to some piece of dedicated laboratory
equipment which was simultaneously used in multiple subjects, rather than a teaching and learning
activity which might use some equipment.

This contrasts with the truss used in [39], which while used in 2 different classes was considered to
be equipment which was used in 2 different laboratories with different purposes. Given the far
larger investment of time, money, space, and effort required to develop equipment such as the pilot
plant compared to the truss, it is entirely reasonable that this equipment would need to be designed
to serve multiple laboratories to be viable.

This requires a shift in thought to accommodate the laboratory equipment as a point of intersection
between n teaching and learning activities — each with their own purposes, some of which will flow
through to the equipment to be complementary or competitive with the others, and with purposes
behind the laboratory which may not be directly associated with any current teaching and learning

activity, e.g. future-proofing, or allowing use outside of formal class contexts such as a makerspace.
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Attempts to reasonably capture this visually in the PIPOV Framework proved inappropriate, as the
complexity immediately grew exponentially, and simple diagrams communicated little. Instead,
situations such as this call for a portfolio of related PIPOV Frameworks tied to specific laboratories
with the equipment in common. This has the added benefit of allowing futureproofing to be
designed according to more systematic speculation, with example future laboratories given an
example PIPOV Framework analysis to identify the most likely requirements of the equipment. Given
a suspected feature for the equipment to accommodate, expand this into a full laboratory design
example and consider what possible consequences of this affordance might be — particularly
dependent features not already present.

Another aspect for reflection related to this is the possibility for cross-class integration with the
‘same’ laboratory. Again, this seems best served visually using multiple instances of the framework
rather than somehow integrating them, but it raises particularly interesting questions around the
idea of purpose. Up to this point, all reviewed and speculated laboratories had been designed to
serve a common set of purposes, which were designed for all students homogeneously. Recognising
this it is immediately apparent that this is inauthentic: students coming in with different levels of
knowledge, different learning needs, etc. will require different things of the laboratory, or not
require it at all. This is different in nature to learning objectives/outcomes, which remain true even if
a student had no need of the class (by the end of this lesson you will be able to... remains true even
if you were already able to demonstrate the knowledge). There are similar considerations regarding
equitability and inclusion — the purpose of the laboratory might align or misalign with specific
individual needs.

Using the cross-year common laboratory idea as a vehicle, there are some ways to resolve this
apparent gap. If the student groups are discrete enough, e.g. different year cohorts, the analysis can
involve 2 different laboratory designs, that happen to share equipment as in the previous
observation and where the student groups are themselves inputs as design criteria for the other
students and vice versa. If the student groups are less well-defined, un-measurable, or subject to
changes midway through a laboratory, then these instead must be identified or declined as purposes
for the laboratory, such as accommodations for different individual access requirements for
laboratory equipment where possible, or alternatively identifying any circumstances where
accommodation may not be possible.

An observation regarding the participants’ use of the PIPOV Framework was not to “fill in” the
framework with a design, but rather thinking the laboratory through each aspect of the framework
and write notes applying learnings from these steps to their own generated artifacts, in this case
schematics and handbook entries. This may have been motivated by the misalighment mentioned
between the participants’ perception of laboratory and the perspective embedded within the
framework, or it may have been motivated by the design of the laboratory existing for the
participants as being embodied by those existing design documents, and having an already-
established method of note-taking as part of their design process.

A specific design aspect which was raised by the PIPOV Framework process was the possibility of
demonstrator dashboards and/or smart tutoring. This was raised during discussion around the
multiple interfaces for the pilot plant (proximal, augmented reality, remote) as well as the analytics
data capture, looking at real-time interventions. This grew out of discussions looking at real-time
interventions from a perspective of laboratory evaluation. Demonstrator dashboards would be
based on real-time and historical analytics data from the equipment regarding student use, in order
to flag concerns or opportunities for demonstrator intervention. Smart tutoring systems would
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perform similar tasks, but with the system conducting the intervention rather than a human
demonstrator.

Real-time interventions were a component of future user interface plans in the Edinburgh study, and
at the time of this design session were becoming an increasingly prominent and defining aspect of
the framework aligned to its white-box approach to teaching and learning activities — if the
laboratory design can be modified mid-run in response to observations made mid-run, then the
teaching of students can be changed while they are learning in response to direct observations. This
is of course how direct teaching communication often works, but is limited in a laboratory with
didactic instructions, time constraints, or high student-to-teacher ratios. Technologically-enabled
laboratories, which have been far more common than traditional laboratories when analysing with
the PIPOV Framework, present the opportunity for a revitalisation of this bespoke teaching practice.

The overall perception of the Purpose-First Approach and PIPOV Framework were positive.
Participants observed that the methodology more closely aligned with their expectations of quality
design practices than other methods of evaluation — with one participant observing that the iterative
and purpose-driven nature was better aligned with their industry experience than previously
encountered academic evaluation. The application of the framework gave clarity to design decisions
that had already been made:

e some design decisions having their motivation already at hand, such as the selection of
particular equipment to fulfil a complete production cycle allowing use through multiple
subjects through an entire degree,

e others requiring a deeper reflection on the intended learning purposes and logistical
constraints of the laboratory as motivators, such as the way in which the proposed
innovative technological capabilities would be leveraged in teaching and learning,

e and raising some design questions that had either been implicit or not yet considered, such
as

o the integration of laboratory safety training across classes beyond the common
thread of the pilot plant equipment,
o and interestingly a quote from a participant unprompted by the author that led to
email and video conference discussions
“what even IS a laboratory?”
when considering the interaction between the pilot plant and wider undergraduate
laboratories in the degree structure.

Design, evaluation, and teaching work with the laboratories is ongoing.
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8.2 FIELD TesST Il; EXISTING LABORATORY MODIFICATION

8.2.1 Context

The second field test was conducted with a pair of academics in electrical engineering in an
Australian university, also through 2022 and early 2023. The study process followed the same
sequence as the first — email recruitment and fact-finding followed by a face-to-face visit for a focus
group design discussion, as well as subsequent email discussions and remote video conferencing.

In contrast with the first field test, this study was concerned with changes to an existing laboratory
in active use. This provides a window for analysing the Purpose-First Approach and PIPOV
Framework applied to a different situation to the previous authentic context studies, one which
aligns to the continuous improvement through iteration theme embodied by the artifact.

The laboratory under study was a remote electronics laboratory used in multiple electrical
engineering classes. Like the previous field test (which while heavily overlapping this field test in
time had its design study earlier), this laboratory equipment was used in multiple laboratory
teaching and learning contexts — however a single class was the focus of the new improvements with
other contexts in current use could retain the same experience, and new contexts could be
considered later. This class was run in both a face-to-face teaching mode, and an entirely online
remote teaching mode — notably designed as online teaching as part of a degree structure pre-
dating COVID-19, not emergency remote teaching. This split meant that similarly to the two initial
classes for the pilot plant equipment there would need to be both independent and combined
consideration of the laboratory equipment design.

The use of the laboratory was expanding to more sessions within the teaching and learning context
of interest. This was motivated in part by the handover of the teaching and learning context to a
new academic for the face-to-face teaching version of the class leading to renewed interest in the
laboratory, and in part by a successful research project run with the laboratory prior to the
commencement of the field test by the academic running the online version.

The laboratory equipment comprises a series of electronic components wired up to a switching
matrix, which allows for programmatic construction of real electronic circuits connecting the
different components with an exponential number of possible configurations — thus allowing
students to design and test different circuits without needing to have the components, wires,
breadboards etc. physically in front of them. The equipment also includes a function generator,
oscilloscope, and digital multimeter for signal generation and observations, and a camera is pointed
at the lab equipment so that remote interface data can be cross-checked with the local equipment
displays.

The equipment can be connected to via the internet, with a desktop application used to connect via
the internet to the equipment and build circuits. These circuits are displayed visually as if they were
being constructed with wires, which the system then interprets and builds in an electronically near-
identical way. The mapping is not perfect in the fundamental physics sense (e.g. what is 1 resistor in
the model might be simulated by multiple resistors in series in reality), but at the level of abstraction
and measurement error the undergraduate classes using the equipment require they are
indistinguishable.

The research project which had been conducted previously involves a networked communication
component, allowing text-based communication with other users logged in to the system. This
component was the output of previous enhancement work on the equipment. The research project
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added a simple trigger-and-response chat bot to this communication component, which leveraged
learning analytics data from the interface to trigger support statements about what the student was
doing.

This interaction is mostly characterised as a ‘pull’ model — students must query the chatbot to obtain
a response, rather than a ‘push’ model where the chatbot might react on its own to observed states
in the system. It will partially react to observed states and indicate it is available to answer
questions, but will not provide answers to issues without being asked. It combines data from
keywords in the student’s text request with the state of the components the student has input to
make pre-configured support statements, such as “The oscilloscope trigger level will cause
sweeping.”

8.2.2 Design Session

The design session involved the author with the N = 2 academics running the different modes of the
class of interest, held face-to-face after the earlier email and video conference discussions. The pre-
existing laboratory nature of the design session led to tweaks in the session protocol. Rather than:

e Discussing the nature of the laboratory.

e Describing the Purpose-First Approach and PIPOV Framework

e Participants analysing the laboratory against the PIPOV Framework.
e Asking the participants to reflect on the process.

The phases were instead:

e Running sample experiments with the laboratory, simulating student uncertainty and the
support of the implemented chatbot.

e Describing the Purpose-First Approach and PIPOV Framework.

e Using the PIPOV Framework as a frame for laboratory enhancement ideas that had been
floated by the participants, or discovering new ideas.

e Asking the participants to reflect on the process.

The purpose of the laboratory in the classes of interest varied between the face-to-face and online
modes. Both were interested in using the laboratory as a vehicle for investigating fundamental laws
governing electricity, in support of theory-based instruction. Understanding the use of equipment
such as oscilloscopes and gaining skills in setting them up to correctly measure a circuit, and in
particular recognising the signs indicating they were configured incorrectly was also stated as a
purpose for both.

The face-to-face mode included a physical, proximal laboratory involving components, wires,
breadboards, etc. The purpose for this over simply using the remote laboratory more was expressed
by the academic running this mode as

“I would never trust an electrical engineer until they have seen the puff of smoke their
mistake caused by blowing up a capacitor in a lab.”

However, the academic was still increasing the use of the remote laboratory in their class as a
complement to the proximal laboratory — the stated purpose for this was due to the severe time and
space constraints involved in having the students undertaking a physical laboratory, replacing and
testing components, etc., coupled with an observed need for the students to gain more practical
skills with electronic equipment.

145

—
| —



Field Testing

The online version of the class was similarly increasing its use of the laboratory. This was initially
triggered by the development of a second set of equipment which mirrored the first, and allowed
double the student capacity and thus more lab sessions in the same amount of time. The purpose
motivating the use of the laboratory was thus the same as it had been, but a constraint on that
purpose was mitigated.

By far the most significant trigger for enhancement however was the available time and interest of
the involved academics. The new academic coming on to the class and taking over the face-to-face
mode, coupled with the completion of the online academic’s chatbot research project, meant that
time, effort, and interest were available to ‘spend’ on improving the laboratory.

Explaining the Purpose-First Approach and PIPOV Framework went similarly to the previous field test
—the most common reaction of engineering education practitioners being one of realisation rather
than surprise; “It sounds so obvious” being the usual response, also observed in this case. It aligned
with the actual design practices used when developing the prior laboratory chatbot enhancement,
though conflicted with the research design used.

The most significant engagement with the framework occurred when discussing the contents of
Processes, both Designed and Actual. The academics described the physical processes involved in
the laboratory, and the influence of the chatbot on correcting observed mistakes in those physical
processes was also raised. However, when the author described cognitive processes and how they
might be considered in the conceptual movement from inputs to outcomes this appeared to be a
surprise to the academics and led to an expansive discussion of what these processes involve,
theories that inform them, and how these could be leveraged in the laboratory.

The concrete outcome of this discussion was an idea to enhance the chatbot in the laboratory to not
simply be reactive to a given state of the equipment, but rather to react to the behaviour of the
student and use that data to identify patterns indicating learning success or difficulties, and
intervene the way a human tutor might. The techniques for this were discussed in the context of the
prior behavioural identification work [76], with the electronics laboratory having similar interaction
logs which could be leveraged for this purpose.

8.2.3 Discussion

Interestingly, for the academic running the online mode, the observed need to have more practical
learning was imported from observations with other classes, as this class was being run by them for
the first time. Initially seeming at odds with the contextualised purpose of the laboratory embedded
in the Purpose-First Approach, upon reflection this can be viewed as the incorporation of expert
knowledge in the design of a laboratory the same as the selection of some input criteria might be
made based on prior knowledge rather than exhaustively testing each possibility. Just as the design
attributes can be selected from based on heuristics and judgement, the need for change can also be
motivated by the same information from external contexts — so long as its impact on the context it is
being applied to is measured within that context.

The ‘time, effort, and interest’ motivator for change speaks to a frustration observed throughout the
interactions with practitioners in this thesis work. Over the course of the project beginning in 2019
after initial scoping and synthesis through to 2022, the author reached out to hundreds of academics
via mailing lists, research groups, conferences, direct individual contact via email, networks of thesis
supervisors, etc., Of these a response of some kind that usually did not progress to formal study
participation occurred with more than 100, out of which the participants in the expert reviews,
workshops, collaboration study, and these validation studies were drawn (the total academic
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participants in this thesis of varying levels of engagement being N = 39, excluding collaborators with
participating academics who did not have direct research data collection interactions with the
author).

The overwhelming sense from these academics — influenced by COVID-19 perhaps but still present in
2019 — was that they were often quite interested in teaching, and their use of laboratories, but had
no capacity to participate in research on them, no time to spend improving the laboratories. This is
likely an appropriate response — given the number of moving parts involved in the overall
engineering education process, the likelihood that any one laboratory was the most critical aspect to
change in that specific context is low.

Seeing the reverse of this effect, that is, open up time and space for academics to explore teaching
enhancement and they engage heavily, is a consistent theme observed throughout these empirical
studies. The Edinburgh project was supported by institutional desires for change and academics
were given the time, space, and funding to achieve it, the same way the previous field test occurred
through significant institution investment in support of an observed capability gap.

This confirmed the changes in the design of the PIPOV Framework to exclude supplementary
material until it is needed — academics short on time need the briefest, most accessible version of a
motivator for change, and then if there is support for doing something about that motivation
detailed material can be used at that time.

This idea of PIPOV being a holistic, contextualised representation of an entire laboratory context but
still able to be broken down and viewed as subsets was related to this conclusion. The Ul evaluation
from the Edinburgh project was focused on purpose, the actual inputs of the Ul, and the difference
between designed and actual cognitive processes within the laboratory. The revealed design
decisions to be made in the previous field test were each focused on different aspects, such as the
demonstrator dashboard targeting the designed vs actual physical processes in the laboratory. And
in the case of this laboratory, the smart tutoring analytics system shifting the focus from purely
physical processes to include cognitive.

This means that the peripheral engagement with a minimum viable methodology will likely not
follow the same patterns as observed in Bloom’s Taxonomy and Constructive Alignment. Where
Bloom’s Taxonomy sees focus on the cognitive domain rather than affective and psychomotor, and
Constructive Alignment begins with the central image of 3 elements, the initial engagement with the
Purpose-First Approach and PIPOV Frameworks is likely to be based on the aspects of the laboratory
the practitioner is interested in. It has however been observed through these studies that these
snippets of focus do begin with a consideration of purpose. Either explicitly including it as in the
Edinburgh study, or framing the question of how to design the aspects of interest based on what the
purpose motivates as in the validation studies.

As with the other field test, design, evaluation, and teaching work with the laboratory is ongoing.
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PART 3: DISCUSSION & CONCLUSIONS

9 SUMMATIVE DISCUSSION

This thesis set out to apply the Educational Design Research process/methodology to the
development of an artifact in support of the design and evaluation of laboratories in engineering
education. This artifact was proposed as a component of the answer for the core research question:

“How may laboratories in engineering education be effectively designed to meet the purposes
their stakeholders require, and evaluated against these purposes?”

Through empirical collaborative development and validation studies, these artifacts were iterated
over, investigated, and refined as an answer to the research sub-questions:

1. How do the research methodologies used in evaluative research on laboratories in
engineering education support or inhibit answering the questions this research poses?
2. What methodological alternative provides the appropriate characteristics to resolve the

identified issues with experimental approaches in the design and evaluation of
laboratories in engineering education?

3. Can Educational Design Research be successfully applied to the design and evaluation of
laboratories in engineering education?
4, How can practitioners be supported in their application of Educational Design Research

to the design and evaluation of laboratories in engineering education?

4.1. Do the Purpose-First Approach and PIPOV Framework support practitioners in their
application of Educational Design Research to the design and evaluation of laboratories
in engineering education?

The evidence in support of those questions has been derived from ongoing work in authentic
contexts of laboratory design and evaluation involving:

e 11 academics involved in the AAEE workshop with light engagement.

e 12 academics involved in the Australian University workshop with light engagement.

e 9 academics involved in the ‘what is a laboratory’ and expert review sessions with heavy
engagement during a single session.

e 2 academics directly involved in the collaboration study, with a further 3 involved on the
Edinburgh side with heavy engagement over a period of multiple years.

e 3 academics involved in the new laboratory design field test with heavy engagement over a
single session and ongoing engagement.

e 2 academics involved in the existing laboratory enhancement study with heavy engagement
over a single session and ongoing engagement.

For 39 participants total, informing different stages of the research. The specific methods used were
qualitative as a result of the small numbers — long term engagements nature of laboratory design as
a subject of study. These most closely map to case study research as a methodology, within the
overarching structure of Educational Design Research as a process and lens for analysis.

The most challenging question for a research study of this level of scope (which could never be fully
answered in the space of a single PhD thesis — the development and adoption of Bloom’s Taxonomy
for example having been ongoing for over 70 years) and iterative nature is... when do you stop? At
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what point is the artifact under development complete, the learnings about it saturated, the
answers to the questions sufficient. The benchmark used to determine the ‘end’ of this thesis work
was the identification of a point where the fundamental nature of the research needed to change.

A common thread to all of the above empirical work is that it directly and intimately involved the
author. The author was describing the concepts, artifacts, and methodologies. The author was
collaborating in the design itself, making observations, and suggesting specific design decisions for
the practitioners to consider. This deeply integrated nature of the study led to clear and significant
insights into the working of laboratory design processes by participating practitioners, but has a
limitation to authenticity. The next step for investigation of the developed artifacts calls for
practitioners to make use of the artifacts independently, work on laboratory design and evaluation
using the artifacts on their own without direct involvement by the author, and for longitudinal
check-ins on this process to discover how the artifact is used, interpreted, or modified in unimpeded
contexts.

Given the long-term nature of this research as the next step, this phase of development is
considered the best point in an ongoing process to pause new initiatives, reflect overall on the
completed iterations, and report the findings as this thesis.

The majority of the individual insights and conclusions are part of the design process detailed above
and should be considered in context. The purpose of this summative discussion is to identify
learnings that exist across those studies, explore any bias or limitations to the research, and reflect
on the research process overall.

One observation that cuts across the participants is they were all engaged with engineering
education research. In some cases, experts with decades of experience, in other cases novices
starting out, but in all cases interested in engineering education and the design and evaluation of
laboratories — hence their agreeing to participate. This may represent a flaw in recruitment, but on
reflection seems to instead be authentic, though with a caveat. The practitioners who are likely to
champion a new initiative, methodological practice, or be engaged and reflective about their
teaching laboratory designs at all are going to be those who are engaged with this research discipline
—and so it makes sense to investigate that group as a pool of research participants. The caveat lies in
the issue this raises around engaging the unengaged in order to improve their laboratories as well.

This is an aspect which was not studied in the work on this thesis — and likely is something that while
associated with the Purpose First Approach as something an engineering education practitioner not
engaged in reflective design and evaluative research might not engage with, is likely merely a
symptom of needing to engage those practitioners holistically rather than trying to cross that chasm
independently through some changes in the artifact design.

A corollary to this is that the laboratories where deeper engagement was available, in the
collaborative and validation studies, were all innovative. Whether remote or industrial scale, these
were not traditional laboratories undergoing stock standard design. This is related to the above
participant type discussion as well as the observation in the literature review that ordinary, stock
standard laboratories are not evaluated, studied, or reported in the literature in general. This does
present a concern that limits the potential confidence in those studies, but is mitigated by the
experiences of the workshop studies and expert reviews, where participants discussed the artifacts’
application to some ordinary laboratories and still engaged with them effectively. It was also present
in the existing laboratory enhancement study in the form of the face-to-face mode having a
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traditional hands-on laboratory, which fit into the framework process just as effectively as the
remote laboratory.

Another observation relates to peripheral engagement with the artifact, or the minimum viable
methodology. This was observed to be inconsistent among the practitioners, with the first aspects of
focus and the aspects of most consistent focus varying heavily between different participants. This
was however observed to be largely predicted by the purposes of the laboratories, and the goals of
the practitioners. An academic who had just finished a project dealing with learning analytics and
monitoring of the physical processes of the laboratory focused on the processes aspect of the PIPOV
Framework rather than assessment outcomes. An academic interested in veracity focused on how
students’ cognitive responses might be derived from the inputs to a laboratory such as the interface.
An academic seeking to increase students-as-partners engagement focused on the way different
stakeholders might influence the purpose and thus design of a laboratory.

This inconsistency prevented the speculated study on what the impact of a given minimum viable
methodology subset of the Purpose-First Approach and PIPOV might have on the design outcomes,
but was confidence-raising when contrasted with Constructive Alignment. Because Constructive
Alignment is so recognisable by the 3 connecting elements diagram and the idea of stating learning
objectives, it has simultaneously shown an ability to improve designs simply through those elements,
but has also shown an ability to be co-opted to the detriment of teaching and learning quality, as
described in [173]. By not having a consistent anchor, and thus no common subset to be reduced to,
it may be that the Purpose-First Approach and PIPOV Framework are more resilient against such
misaligned use.

An observation that has been repeatedly made across multiple contexts — several expert reviews,
and all 3 of the larger scale studies — was that opening up the laboratory to examination during its
run for research and design activity rather than the black-box evaluations some practitioners
appeared to expect led to a surge in ideas incorporating the application of learning analytics for
direct intervention as an ongoing practice. While there is nothing preventing the use of mid-class
interventions in black-box quantitative research, so long as it is prepared ahead of time as part of
the research protocol, there was an aspect to the idea of highlighting physical and especially
cognitive processes as something that can actually be poked, prodded, and otherwise studied rather
than being something:

“... Almost magical that happens between the lab guide being handed to the student and the
assessment being handed in.”

As a participant in the existing laboratory enhancement field test stated.

The nature of this connection is not immediately apparent. It was a specific target of modification in
the framework iterations, and so in this sense this design decision has been confirmed. But a
consideration of context suggests that perhaps this is associated with the increase in learning
analytics as a feature of engineering education research and practice, rather than something that
was drawn out only by the application of the artifacts. Noting that both the new laboratory design
and existing laboratory enhancement field test laboratories both had either pre-existing or planned
learning analytics components prior to the influence of the artifacts. A late speculation added to this
is a consideration of the influence of generative Al — there is an opportunity moving forward to test
this theory by seeing if there is a shift towards generative Al rather than learning analytics as an
aspect of focus.
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Another finding that occurred across multiple studies was a consideration of the ‘end state’ of a
laboratory design. The different empirical studies were not long enough to reach that state within
the scope of this thesis — and given the innovative nature of the laboratories involved is likely to take
significantly longer than any ordinary laboratory. Questions were however asked, first in the expert
reviews as described, and subsequently in the deeper studies, as to what an ‘end state’ looked like.

Discussing this with the participants and considering the nature of iterative design processes and the
input of material from the literature review, the consensus was aligned with the idea of learning
analytics, though not necessarily leveraging this. During the run of the different iterations of the
laboratory, observation methods would need to be developed to measure the different attributes of
interest and gauge whether the design was working. Upon establishing that something was working
as a conclusion to those observations, this method of observation may be a ‘finger on the pulse’ for
the laboratory. If context variables out of the control of the laboratory designer changed, e.g. if
students began entering the class with different pre-existing knowledge, then this pulse observation
would be likely to change.

This presents a strategy to maximise educator efficiency with laboratories that are ‘finished’ as was
claimed in the expert reviews. At some point the laboratory has satisficed the requirements, and the
attention of the educator is moving on to other fires or other opportunities as the case may be. In
order to deal with the possibility that these contexts are not fixed, and may change from semester
to semester, it is necessary to develop baseline monitoring, which is unintrusive to the students and
time-effective for the educators. As with many aspects of the artifacts, this was recognised in
existing practice by one of the academics in the collaboration study — describing monitoring through
conversations with lab demonstrators and technicians to see how classes were progressing and how
students were going. This had in the past discovered context changes, such as a change in
equipment software caused by an automatic vendor update had led to differences in experiment
results.

The distinction between this existing practice and the processes that can be derived from the
Purpose-First Approach is based on intentionality. The observations can be based on the
observations that led to the design decisions in the first place, and so provide a direct connection to
the aspects in the laboratory that are likely to influence them. They are also observations where the
previous impact of an identified issue, and thus some idea of the size of the change indicating a
problem, are also known from prior experience. Finally, they are explicit, and recorded as part of the
iterations of the laboratory itself, meaning it is not a task that can be as easily overlooked.

9.1 EDUCATIONAL DESIGN RESEARCH & REFLECTIVE PRACTICE — BREAKING DOWN SILOS

A potential challenge to the novel and substantive nature of the Purpose-First Approach, the PIPOV
Framework, and Educational Design Research more broadly is the observed similarities between EDR
and what might be described as a normal reflective practice. These similarities are not accidental,
they arise out of similar motives and serve similar purposes. There are further similarities between
engineering discipline practice also, which shares the iterative reflective nature of both EDR and
reflective practice.

Like many of the terms used in this field that have existing layman’s definitions and then various
research-specific definitions, ‘reflective practice’ is a heavily over-loaded term. It generally involves
the active consideration of the holistic intentions, experiences, and observations of the practitioner
to recognise strengths and weaknesses, and to use that recognition to move towards some
improvement or ideal. It is in fact not separable from Educational Design Research —indeed
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McKenney & Reeves in [212] identify reflective practice as a ‘core process’ of Educational Design
Research. But a core process, rather than the entirety of the concept. Educational Design Research
influences both beyond and within the framework of reflective practice, by providing a structured
approach to the iterative phases of educational design research activity, especially the interaction
between contextual reflection and the research understanding that arises out of these. The Purpose-
First Approach gives an anchor to which the reflective practice must align, and the PIPOV Framework
gives an internal structure to the reflections themselves. A potentially illustrative analogy for this is
that Educational Design Research is to reflective practice as engineering is to design. The one
contains the other, but the structure, definition and identification of rigour, and guidance through
the process is provided by the former. The latter can also be contained in other ways — reflective
practice can be conducted without the structure of EDR just as design might be conducted in an
architectural or marketing context rather than engineering.

The similarities with engineering discipline practice also have concrete links with EDR and the
artifacts of this thesis —and indeed is why this thesis work gravitated towards them as the most
appropriate solutions. The earliest history of Educational Design Research could be characterised as
a group of education researchers in mathematics and other non-engineering education disciplines
taking the practice of engineering design, and applying it to education as an ‘artifact to be
engineered’. Indeed, a synonym in the design research list detailed in 2.6.5.4 is ‘engineering
research’. This was earlier identified as one of the key reasons from the literature that indicated
practical inquiry methodologies, and EDR first among them, as having the best supporting evidence
for adoption to address the overall goals of laboratory design and evaluation.

The question that arises, and which motivated the subsequent work of this thesis beyond this
identification, was that if a) an engineering approach is the best way to design and evaluate
laboratories in engineering education, and b) engineering educators are often deeply versed in
engineering design approaches — why then is this approach scarce to the point of being non-extant
in the literature on these laboratories? Even to the point of non-engineering design approaches
being used to design and evaluate teaching and learning activities that leverage or teach engineering
design approaches.

It is present in the motivation for the PIPOV framework, but it is worth calling out explicitly here: a
key component of this work lies not in introducing something which is atomically novel, but rather
the novelty lies in breaking down the artificial siloing which exists between these clearly inter-
relatable domains of knowledge and practice. It appeared in the interactions with academics at
every step of introducing EDR and later the supporting artifacts — various forms of “of course — this
makes so much sense”. The Purpose-First Approach and the PIPOV Framework do not seek to teach
academics how to undertake engineering design; this requires significant curricula, learning support,
and years of learning and practice. Fortunately, it doesn’t have to, as engineering education
practitioners already have this expertise. What was speculatively required and then this speculation
validated through the introduction of first EDR by the author directly and later through the use of
the PIPOV artifact, is that academics need to be informed and convinced that they can and should
apply their engineering discipline knowledge to their laboratory design and evaluation, in both a
teaching practice and educational research context.

152

—
| —



The Design and Evaluation of Laboratories in Engineering Education

10 CONTRIBUTIONS & CONCLUSIONS

10.1 RESEARCH QUESTIONS

Based on the literature review, synthesis, empirical studies, and discussions presented, the Purpose
First Approach and accompanying PIPOV Framework are considered to be well-evidenced as an
answer to the research question posed by this thesis:

“How may laboratories in engineering education be effectively designed to meet the purposes
their stakeholders require, and evaluated against these purposes?”

Laboratories in engineering education may be effectively designed and evaluated through the
application of the Purpose-First Approach and the PIPOV Framework as a proxy for the application of
an Educational Design Research approach.

The component sub-questions which were answered were:

1. How do the research methodologies used in evaluative research on laboratories in
engineering education support or inhibit answering the questions this research poses?
2. What methodological alternative provides the appropriate characteristics to resolve the

identified issues with experimental approaches in the design and evaluation of
laboratories in engineering education?

3. Can Educational Design Research be successfully applied to the design and evaluation of
laboratories in engineering education?
4, How can practitioners be supported in their application of Educational Design Research

to the design and evaluation of laboratories in engineering education?

4.1. Do the Purpose-First Approach and PIPOV Framework support practitioners in their
application of Educational Design Research to the design and evaluation of laboratories
in engineering education?

These sub-questions are considered variously below as they apply to different external contexts.

10.2 RESEARCH CONSEQUENCES

The progressive elaboration which is a hallmark of Educational Design Research combines partial
answers which move towards an overall answer, without ever reaching a ‘perfect’ answer in the
positivist sense. The consequences to knowledge and practice from the above case studies and the
overall artifacts are here described against three categories.

e Consequences to the research design and iteration which feed into the design for the next
case study

10.2.1 Consequences to the research design and iteration which feed into the design for the next
case study

This category is included for completeness, but is instead given treatment in chapter 5, as well as in

each subsequent phase’s chapter. The collective outcomes and residual uncertainty from each of

these consequences is the source of the consequences in the following two summative categories.

10.2.2 Consequences to future work in research
This category might have two interpretations — the consequences for work attempting to answer
similar questions to this thesis itself are detailed in 10.5. This category is focused on the research on
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laboratories in engineering education of the sort that forms the body of literature for the literature
review and Critical Review. Here the recommendations are clearly described through the conclusions
of those reviews, and the EDR and artifacts used in this thesis — research on laboratories in
engineering education needs to move beyond the widely used methodologies to more appropriate
approaches, in order to be capable of answering their intended research questions with internal and
external validity. As later stated in 10.4, this is not limited only to laboratories, but rather much of
the current research work, particularly that which focuses on close-context teaching and learning
activities.

This draws primarily on the earlier components of this thesis work, specifically the literature
synthesis. It appears reasonable to require a working knowledge of EDR to be held by researchers
undertaking formal study in this area, such that the nuances of different traditions can be paired
with the specific questions under study. The limitations on adoption and scalability that the
following thesis work addressed does not apply to this category.

In linking in this out-of-discipline body of literature to the engineering education body of literature,
and identifying the affordances of this work which is relevant to the questions currently being asked
in the literature, the consequences for researchers are highlighted in the need to leverage practical
inquiry approaches as an answer to validity concerns and improve research quality, replicability, and
effectiveness.

Research contortion is explicitly called out as a potential flaw in mainly but not uniquely in
experimental comparative research designs, which can be interpreted to destroy external validity by
directing the research to an invalid, contorted representation of reality. It is not sufficient or
beneficial for research to hold the control of nuisance or confounding variables as the primary goal
when the variable of ‘was this a research project or not’ becomes an orders of magnitude greater
confounding variable. Again, use of alternative approaches that do not seek this control and instead
triangulate is the observed consequence to research.

10.2.3 Consequences to future work in laboratory design and evaluation practice

The consequences to practice are more specific, and are the focus of the empirical studies and the
artifacts these leverage. Educational Design Research has been shown in the literature to provide
valid and reliable design improvements through iterative evaluation and feedback. EDR has been
empirically shown as able to be applied to the design and evaluation of laboratories in engineering
education. And finally, the use of the Purpose-First Approach and the PIPOV Framework has been
shown to allow practitioners without a foundation in EDR to leverage EDR techniques when
designing and evaluating their laboratories.

Thus, the consequences for practice are for engineering educators to use the Purpose-First Approach
and PIPOV Framework to conduct their laboratory design and evaluation, and to avoid research
contortions and other sources of internal invalidity that will inhibit their ability to conduct this design
and evaluation — even if external validity for dissemination is not a concern. There is no need to
develop new skills from outside engineering practice; the key consequence is to recognise that
existing engineering design skills are valid methods to use, and that artifacts exist to support that
use.

10.3 RESEARCH CONTRIBUTIONS
Calling back to the opening section 1.3, this thesis presents the following contributions to
knowledge:

154

—
| —



The Design and Evaluation of Laboratories in Engineering Education

e Literature synthesis drawing knowledge from multiple external disciplines and collecting this
into a coherent body of knowledge on laboratories in engineering education and how they
might be designed and evaluated.

e A systematic review on practical inquiry methods applied to laboratories in engineering
education, section 2.6.5.4

e Identification and definition of the ‘research contortion’ effect on research in engineering
education, section 3.2.

e Describing and defining the Educational Design Research methodology through a structure
of named research traditions and distinguishing literature in order to support its
investigation in spite of the mixed terminology issues.

e The Purpose-First Approach and PIPOV Framework as artifacts supporting the design and
evaluation of laboratories in engineering education.

e Alens for describing the scope of what is considered a laboratory teaching and learning
activity.

e Design decisions made in the process of designing and refining the artifacts, and the
literature and empirical observations which motivated this as an Educational Design
Research output.

e I|dentification of white-boxed design and evaluation of teaching and learning activities
incorporating mid-way observation and intervention via learning analytics as a critical
opportunity in engineering education laboratory practice

10.4 Score

It became clear to the author early in the empirical studies portion of this thesis work that the
output of the synthesis work, i.e. the Purpose-First Framework and PIPOV Framework, are not
actually unique to laboratories. There is no conceivable barrier to their application to other teaching
and learning activities, and in other disciplines with an existing issue with misapplied quantitative
experimentation in education. The one aspect which does tie laboratories to the artifacts is the focus
on the teaching and learning activities in isolation — laboratories in engineering education are often
considered with a level of independence from the wider context due to their increased time and cost
requirements, and the need for different rooms, equipment etc. from other teaching and learning.
This was a weakness for laboratories in that they should be considered in context with lectures,
tutorials, self-directed work, etc. — but does tie into the artifacts which take a systems analysis
approach rather than e.g. frameworks looking at learner trajectories over multiple sessions, or other
more integrated lenses on educational practice.

10.5 FUTURE WORK

There is significant future work to be done in this space, with the scope of the issue large enough
that any single project can only start a movement in the right direction. The previously described
stopping point for the iterations of this thesis work leads to the most obvious next step: use of the
generated artifacts by practitioners in engineering education designing and evaluating their
laboratories without direct involvement by the author. This will hopefully lead to continued
adoption, refinement, and collaboration leading to improved outcomes for laboratories overall.

Another understudied aspect is the quantitative aspects of laboratory design and evaluation. This is
not to say run experimental designs, but the data used for empirical observations in this thesis was
largely the author being embedded in the laboratory design and evaluation processes, contributing
to discussions, taking notes and journals, and various interview sessions, with relatively small
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numbers of participants. There are quantitative aspects of interest such as detailed timings of
different processes, but more interesting would be collective quantitative data of a large sample of
participants, allowing for triangulation of the qualitative data collected between them against data
such as the number of iterations before stability, types and number of observational methods and
instruments used, or coding sizes of design decisions from existential to structural to incremental
tweaks and plotting their occurrence over time.

There is a need to conduct an analysis of decision-making across methodologies rather than just
using the Purpose-First Approach and PIPOV —including no methodology at all, i.e. unstudied
informal laboratory designs. This type of laboratory design can be considered another form of dark
data, as it is work being done and observations being made which is not reported in the literature.

Related to this is an opportunity to examine the contextual pressures on practitioners enabling or
inhibiting formal design and evaluation work at all. Time, scope, space, institutional culture —any

number of influences may determine engagement in formal design and evaluation, and lowering

these barriers may be even more effective than refining the designed artifacts could be.

There is an aspect of laboratory research related to informal design and evaluation, and contextual
pressures, revealed as a disclosed observation by a participant during the expert reviews. This
observation was around practices of laboratory research which might preclude the adoption of the
Purpose-First Approach and PIPOV Framework by practitioners who practiced post-hoc evaluation
research. This is a research practice described as following an informal design practice, developing a
laboratory based on prior experience, gut feel, interest, opportunity with particular equipment, etc.,
but then seeking empirical evidence specifically in support of this pre-established conclusion.

Two motivations for this were observed, one being the time pressures inhibiting deliberate reflective
evaluation design and implementation, and the other being the dissonance between the design data
being informally collected and the practitioner’s expectation of what ‘good’ research is supposed to
look like. The consequences of this style of research are significant, with implicit p-hacking being the
most benign that could be expected. The first motivation is part of the future work identified above,
but the second speaks in favour of the adoption of the Purpose-First Approach and the PIPOV
Framework, to allow a structured outlet for the design work already being done.

The ultimate future work would of course be an evaluation of students undertaking laboratories
designed and evaluated using these methods, showing their continued improvement over time, but
is likely dependent on the completion of the above work and more in establishing large scale
adoption and experience with the artifacts.

10.6 FINAL WORDS

The discipline of engineering education is dealing with new challenges on an ever-increasing basis.
Exploding student numbers in some areas, shrinking in others, the globalisation of education, COVID,
generative Al. The need for quality teaching and learning activities to help meet these challenges is
clear, but the ability of current research practices to achieve this quality is not. The siloed nature of
engineering education as a research discipline has hindered its potential progress compared to more
integrated and mature disciplines like nursing education, and limited the benefits of significant
research effort. The answers to many of the questions we are asking, or support in investigating
them, are already available for the taking. If there is a meta-conclusion to this research thesis, it is to
take this lesson of importing knowledge from these other disciplines, rather than staying within the
silo walls.
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B. INTERVIEW PROTOCOL
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INTERVIEW PROTOCOL —
ENGINEERING EDUCATOR INTERVIEWEE

OPENING:

Hi <name of interviewee>, my name is <name of interviewer> and | will be conducting your
interview today.

PIS/PCF

Before we begin, | have an information statement for you that describes what the interview is for,
what data is being collected, and it explains your rights regarding your data and consent. Please take
some time to read this, and if you have any questions feel free to ask me.

[Face to face — hand over printed copy of PIS]
[Zoom]

| will be sending you this file in the chat window in Zoom. Please let me know if you have
received it. If you prefer, | can also email this file to you as well.

[After participant has indicated they are ready to proceed]

Based on that information statement | also have a consent form for you to let me know if you are
happy to continue, as well as to indicate whether you are happy for quotes from this interview to be
published, whether you are interested in further participation, and if you would like to receive
feedback on the outcomes of this research.

[Face to face — hand over printed copy of PCF to sign]
[Zoom]

| have placed a link in the chat window in Zoom (https://educational-
laboratoriesresearch.sydney.edu.au/interview_ee_pcf link to be created for digital
equivalent of printed PCF). Please use that link in order to record your consent and the other
decisions | mentioned if you are happy to do so.

[If consent not granted]

| understand. No data has been collected yet, so we can simply end the interview here - thank you
for your time.

[If consent granted]

Thank you. Please remember you can choose not to answer questions you don’t want to, and you
can end the interview any time you choose by asking me. You can also choose to withdraw your
consent, and | will delete the recordings taken up to that point.

RECORDINGS
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[Face to face]

As mentioned in the information statement the interviews will be audio recorded using this
device [indicate dedicated voice recorder]. You may also see me writing notes. | am happy to
show you the notes | am taking at any time.

[Zoom]

As mentioned in the information statement the interviews will be video and audio recorded
using the Zoom record feature. You may also see me writing notes. | am happy to show you
the notes | am taking at any time.

[start recording]

TOPIC 1: DESCRIPTION OF LABORATORY

| would like to talk to you about your laboratory, [name or descriptor of laboratory of interest]. Can
you please tell me about that laboratory?

Here the follow up questions by necessity will be driven by the participant’s description rather than
being structured — the information intended to be elicited is:

* The equipment and activities the laboratory involves
*  How the laboratory fits into the wider unit of study it is situated in
*  What the educator believes purpose of the laboratory to be

*  How well the laboratory ran or is expected to run

TOPIC 2: FRAMEWORK

Thank you for telling me about your laboratory. One of the ways we are looking to understand
laboratories and help educators to think about and communicate their laboratories is with the use of
a framework, or you might prefer to think of it as a model. This model divides up the laboratory into
Purpose, Inputs, Processes, Outcomes, and Validation.

Based on the information on your laboratory we have discussed so far, | can see aspects of...

Here again the questions will be driven by the participant. The researcher will take the answers to
Topic 1 and divide them into the 5 areas of the framework, and where gaps exist will ask questions of
the educator i.e.

*  Given that purpose might include the intended learning outcomes of the laboratory, the
organisational constraints, etc., is there anything else you might include as a purpose of your
laboratory?

« Inputs can include the equipment, the student demographics, the lab guide students are
given, the environment the laboratory takes place in — can we go through some of these for
your laboratory?

*  Processes include the physical actions that take place as part of the laboratory, but also the
cognitive processes of the laboratory as well — so what is taking place, or intended to take
place, in the minds of the students undertaking it. Do you have some insight or is there an
intention in the laboratory for these sorts of processes?
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*  Outcomes might be obvious outcomes such as a lab report or an exam score, but they could
also be more abstract such as an acquired skill, an affective outcome, engagement, etc. What
outcomes like these might you expect, or have you observed?

* Validation is the question of ‘how do you know’ for the previous 4 aspects of your laboratory.
For purpose, inputs, processes, and outcomes, what measures do you have to indicate that
these are the case?

TOPIC 3: REFLECTION

Thank you for going through this with me. Now that we’ve gone through the framework, I'm
interested in how you experienced that process of thinking through your laboratory in that way. |
have some specific questions to ask, but before | ask them can you tell me what you think about that
process?

Have you ever used a framework or some other formal process for thinking about or designing your
laboratories?

[If yes] Can you tell me what you remember about that framework?

What about teaching in general?

[If yes] Do you believe that it influenced your laboratory teaching?

How well do you believe the framework fit your own understanding of laboratories?

Follow ups to this question will depend on the responses — where similarities or differences are
identified by the participant they will be queried by the researcher, e.g.

» Is this something you do think about but with a different name or categorisation, or is it
something you have not thought about regarding laboratories before?

«  What role do you see this aspect having in your understanding of laboratories? That is, how
important do you consider it? Where/when do you start thinking about it in your design
process?

Have you communicated your laboratory designs to other educators before? What methods [have
you used/ might you intend to use] to do so?

Do you believe the framework we have gone through would be effective for this communication?
Can you see any positive or negative aspects to its use?

WRAP-UP

Thank you so much for participating in this interview, that is all the questions | have for you. If you
would like to add anything further that you believe is relevant, please feel free.

| will now stop the recording.

[stop device or zoom recording]
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That concludes the interview.
[face to face]
The information statement is yours to keep for reference.

If you have any questions you’d like to ask me about the interview, consent, data, etc you can,
otherwise thank you again for your participation.
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C. SAMPLE PIPOV DESIGN AND DISCUSSION SUPPORT DOCUMENT

Purpose-First Approach
1-page PIPOV Lab Review - Design Communication
s ™
| Purpose |

What purpose is the laboratory intended fo serve? Within the class, within the major, within the degree. beyond?
#  What leaming cutcomes should the laboratory contribute fo, and to what extent? Understanding of phenemena, technical experfise, soft skills, etc.

&  What graduate attributes or ifelong learming outcomes should the laboratory contribute to, and to what extent?
» What affective results is the laboratory intended to achieve? Engagement, enjoyment, curiosity, etc.
» What opportunifies or constrainis have metivated the laboratory, or imit its design? Equipment, budget, time, etc.

/r + Consider a wide variety of stakeholders in this section: the educaton(s). the students, the institutional context, industry, cerlifying boedies. .\\_
g N N ™
/ - ! - // . \

/ Designed Inputs \ [ Designed Processes Designed Outcomes .

What inputs make up the laboratory design® What processes occur during the laboratory? What ouicomes do you expect from the laboratory?
These will fit different fypes: #»  Physical processes - things the students say. These may be:
»  Coniext variables - things you cannot change do, write » Mot Observable
» Design variables - things you can select or » Cognitive processes - the less tangible @ Proxy outcome(s) exists
create processes of understanding and learning @ Mo proxy outcome(s) exists
» Observable
In different categornies: Usually the physical processes are there to facilitate o Observed
»  Experiment some intended cognitive processes, such as a @ Mot Observed
o Equipment [ "l student recording observations to realise something | 1
o Instructions about some phenomenon, or engaging with peers in These outcomes may be observed using:
#» Coordination, Interface, & Synchronicity a group activity to learn something about social #  Lab reports, exams, other assessments
o Stodent-to-Equipment dynamics, etc o Scores
o Stedent-to-Material o Qualitative analysis
o Stodent-to-Teacher The inputs of a laboratory lead o the processes of =  Surveys
o Student-to-Student the laboratory, which lead to the outcomes of the - Interviews
#» Integration with teaching context laboratory.
» Data Source These outcomes will Ekely include a mix of those

| »  Individual Differences | | | \ indicating the achievement of the Purpose(s) of the
Y I \ / \ laboratory, as well as other unintended outcomes. ‘..m_
AN / AN \ AN s

S — S - e e

Ve N\

Validation

What elements of the above design include iterative validation? This should be embedded in the laboratory design itself to ensure the design is werking. to provide cpportunities for intervention
when things change or break, and to allow for iterative improvement and re-alignment of the laboratory over time. PIPOV identifies 8 key opporiunities for this validation:

Run - should be embedded in the lab design Design - should be reconsidered iteratively

»  Whether the Designed Inputs match the Actual Inputs. o  Whether the Stakeholder intentions align with the declared Purposes
» Whether the Designed Processes match the Actual Processes »  Whether the progression from Inputs fo Processes is likely to occur as designed
»  Whether the Designed Outcomes match the Actual Outcomes. ®  Whether the prog ion from Pro to COutcomes is likely to occur as designed
| o  Whether the Designed Cutcomes, if achieved, mean the Purpose(s) have been achieved
f/ »  Whether the Actual Outcomes necessitate a reconsideration of the Purpose(s) \\

]
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Inputs

Experiment

Coordination

Interface

Synchronicity

Integration with teaching context
Data source

Individual differences

Inputs - Context Variables

Cannot be changed, might be observable, must considered in the design
(which is which will be different depending on the lab)

e Individual differences - student prior/concurrent knowledge, engagement,
‘talent’, available time, learning preferences, efc.
e Equipment (for pilot plant?)
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Inputs - Data Source

Real data vs simulated

Refers to the root source of the data

Exists independently of other considerations (particularly synchronicity
and interface)

If simulated - nature of the data as well. Noisy, ‘perfect’ to theory, etc.

Inputs - Synchronicity

Between:

e Students and teachers - able to ask live questions/make live observations
of students, vs asynchronous communication
e Students and other students - working & communicating at the same

time, or async
o Different characteristics of async - short-term being async within the same lab activity, but
the potential exists for async across longer time periods as well, e.g. across semesters.

e Students and the equipment - async captures ‘batch process’ queued
jobs

e Students and the learning material - usually synchronous (except certain
exam-style conditions)
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Inputs - Interface

‘Hands-on’, Computer-mediated (remote, virtual, augmented), between:

e Students and teachers - in the same room, over the internet, etc.
e Students and other students - same again

e Students and the equipment - the classic ‘remote lab’, ‘VR lab’, ‘AR lab’
considerations.
o Critical for the emergent ‘lab frame’ element - what do the students believe about the lab?
Is it real?
e Students and the learning material - printed, electronic?
o Important for data collection.
o Includes possibilities such as reactive/smart tutoring systems

Inputs - Coordination

How are the students’ interactions coordinated?

e Students and teachers
o What are the students told by the teachers
o What are the students allowed to ask
o What roles are each playing?
Demonstrator and student performing activity
m Simulation of authentic practice, team lead, etc.
m Assessor
m Teacher following student instructions

—
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Inputs - Coordination

How are the students’ interactions coordinated?

e Students and other students
o Solo/Group

m What roles? Peers, lead and underlings, competitors
m Rotating roles?

m Prescribed or emergent?

Inputs - Coordination

How are the students’ interactions coordinated?

e Students and the equipment
o Related to the Experiment option
o What times and mechanisms for accessing the equipment?

m During class time/business hours/any time
m Student choice/timetabled/by booking
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Inputs - Coordination

How are the students’ interactions coordinated?

e Students and the learning material
o Related to the integration with teaching context
o Possibilities here a little esoteric
m Asymmetric knowledge between students within a group
m Learning material ‘gated’ (gamification)

Inputs - Experiment

What are the students asked to do?

e 4 main types (more spectrum than fixed)
o Didactic
m Cookbook instructions
o Inquiry-based
m Question posed, no instructions for obtaining an answer provided
o Project-based/Problem-based
m Task assigned, no steps for obtaining the desired result given
o Research-based
m No question pre-provided

e These control what the lab guide will include

e Includes what equipment is available

o With interface and coordination from other aspects
o Degrees of freedom
o ‘Red herring’ aspects - more provided than needed?
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Inputs - Integration with teaching context

How does the lab fit into the other teaching?

e Basic considerations: lecture before or after (or unknown), what
assessment is done, etc

e More complex options
o Deeper integrations: lab more closely integrated with other teaching material,
lecture/tutorial activities inside lab, lab activities broken up around other material
o Long term Project-based: lab and other material combine to form part of a larger project

<SUBJECT CODE>

Possible Opportunities

e EXxisting PBL for potential integration
e | O4 - Critically analyse solution - potential for cross-group peer review
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Purpose-First Approach

1-page PIPQV Lab Review - Purpose Articulation - ABC1234 (per-lab)

~
Stakeholders
" v
s ™
Constraints

/

Learning Outcomes/Objectives
- J

Graduate Attributes
.
Current Beneficial Outcomes

/

Current Undesired Outcomes

Purpose-First Approach
1-page PIPOV Lab Review - Design Communication - ABC1234 (per-lab)

\

Purpose

/ Designed Inputs \ / Designed Processes \

/ Designed Outcomes \\

VAR /

Validation
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<SUBJECT CODE>

Possible Opportunities

e More time to enhance equipment and data processes
o Remote access
o AR (in-room augmentation)
o Demonstrator dashboards
o Reactive/smart tutoring

Purpose-First Approach
1-page PIPQOV Lab Review - Purpose Articulation - ABC1234 (per-lab)

Stakeholders

Constraints

Learning Outcomes/Objectives

Graduate Attributes

Current Beneficial Outcomes

Current Undesired Outcomes
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Purpose-First Approach
1-page PIPOV Lab Review - Design Communication - ABC1234 (per-lab)

Purpose

o

/ Designed Inputs \ / Designed Processes \ / Designed Outcomes \

\

N\ V2R 2N

Validation
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D. WHAT IS A LAB STUDY - EXAMPLES

1

Students attend this class in a room with beakers, flasks, and other chemistry equipment. They have
previously been instructed in some properties of acids and bases in a lecture theatre by the
professor, and before moving to their individual stations in this room they have watched a teacher
use similar equipment to determine the pH of several liquids. They have a worksheet with
instructions on how to do this themselves. They then go to their individual stations and carry out
these instructions.

2

Students attend this class in a room with desktop computers. They have previously been instructed
in some properties of acids and bases in a lecture theatre by the professor, and before beginning
their own work they have watched a video of someone using equipment to determine the pH of
several liquids. The desktop machines run a simulation program that allows the setup and running of
chemistry glassware processes like titration and distillation. The simulation provides instructions on
how to use this to determine the pH of simulated chemicals. They then carry out these instructions.

3

Students begin with instruction in the physical properties of subatomic particles in a lecture theatre
by the professor. Students are then given a dataset of raw observations from a series of Large
Hadron Collider experiments, and must investigate this data to answer a research question they
decide on themselves.

4

Students begin with instruction in deflection in civil structures in a lecture theatre by the professor.
Students then attend this class in a room with chairs and desks, where they are given a scale model
of a bridge with deflection sensors, and a set of weights. They work in groups of 3 by adding the
weights on the bridge, and recording the deflection of various members/components of that bridge.
They then analyse this data to determine attributes of the material used in the bridge's construction.

5

Students begin with instruction in deflection in civil structures in a lecture theatre by the professor.
Students then attend remotely via the internet - there is a website they access that allows them to
remotely control robotic equipment that adds real weights to a full-sized bridge, and displays the
deflection this causes. They work individually by using the website to add weights on the bridge, and
recording the deflection of various members/components of that bridge. They then analyse this data
to determine attributes of the material used in the bridge's construction.

6

Students begin with instruction in deflection in civil structures in a lecture theatre by the professor.
They are shown a model bridge in this lecture, and told to design an experiment to determine the
materials used in the bridge's construction by adding weights to that bridge, and submit this design
to the professor. The professor's TA takes the students' submitted designs, takes the bridge model,
and runs through each of these experiments by adding weights to the bridge and records the
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deflection caused. These results are then given to the students in the next class, which they then
analyse to determine attributes of the material used in the bridge's construction.

7

Students attend a lecture theatre where the professor delivers a lecture on electrical circuitry.
During this lecture the professor has various piece of equipment such as a breadboard and
oscilloscope that he passes out for student inspection during the lecture.

8

Students attend a lecture theatre where the professor delivers a lecture on electrical circuitry.
During this lecture the students watch the professor build circuits and display the outputs on an
oscilloscope, both the circuit and display of which are projected for the whole room to see. The
students record their observations about these circuits and outputs to derive certain formulae.

9

Students attend a lecture theatre where the professor delivers a lecture on electrical circuitry.
During this lecture, the professor asks the class questions about particular oscilloscope patterns
(designing circuits to produce these patterns requiring understanding of particular formulae and
circuit behaviour). In response to these questions the students use a mobile app to design different
circuits they believe will produce matching output. The students vote on the submitted designs. The
students then watch the professor build the winning designs, and display the outputs on an
oscilloscope.

10

Students have been learning the properties of steel structures over the course of their degree. A
later unit in their degree is wholly comprised of them working in teams of 3 to investigate a property
of steel structures of their choosing using various pieces of physical equipment (including steel
structures, sensors, experimental scaffolding etc.). They design, carry out, and report on this work
themselves with guidance from a faculty mentor.

11

Students begin with instruction in sustainability of the environment and water in a lecture theatre by
the professor. Students then go to a nearby marshland to collect water and soil samples. They take
them back to a room containing microscopes and associated equipment (slides etc.) and make
observations of the samples they have collected. They use these observations to determine the
types and amounts of bacteria in their samples, and report on what this means regarding the
circumstances of this marshland.

12

Students begin with instruction in sustainability of the environment and water in a lecture theatre by
the professor. Students then go to a nearby marshland to collect water and soil samples. They then
send these samples to a commercial laboratory, who replies with a list of the types and amounts of
bacteria in the samples. The students then write a report on what this means regarding the
circumstances of this marshland.
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13

Students visit a series of construction sites where buildings, bridges, and tunnels are being
constructed. As part of these site visits, the students are making observations in order to answer a
research question they have determined about real engineering practice in industry. They analyse
these observations to answer their research question and write a report.

14

Students visit a series of construction sites where buildings, bridges, and tunnels are being
constructed. These site visits involve the students meeting engineers 'in the wild', and they have a
chance to shadow these engineers as they go about their work. No written work is required to be
submitted by the student.

15

Students attend a lecture theatre where the professor delivers a lecture on electrical circuitry.
Students then attend a class in a room with tables with electrical supply, electrical equipment
(sensors, breadboards, power supplies, etc) and a series of black boxes. These boxes contain an
electrical circuit the students cannot see, with a series of connections for electrical input and output.
Students must use the provided equipment to determine the circuit inside the black box based on its
characteristics.

16

Students attend a lecture theatre where the professor delivers a lecture on electrical circuitry.
Students then attend a class in a room with tables with electrical supply, electrical equipment
(sensors, breadboards, power supplies, etc) and a series of black boxes. These boxes contain a
microcomputer the students cannot see that runs a simulation of an electrical circuit, with a series of
connections for electrical input and output. Students must use the provided equipment to
determine the 'circuit' inside the black box based on its characteristics.

17

Students begin with instruction in some properties of solutions and suspensions in a lecture theatre
by the professor. Students then attend a class in a room with a multitude of complex chemistry
equipment hooked up to computers running LabVIEW (an application for the running of
sensitive/complex laboratory equipment via computer). The equipment is able to (and must) be run
wholly through the labVIEW interface. While in this room, but before moving to their individual
stations, they watch a teacher use the equipment to determine the properties of several mixed
chemicals. They have a worksheet with instructions on how to do this themselves. They then move
around to different pieces of equipment in turn to complete these instructions.
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18

Students begin with instruction in some properties of solutions and suspensions in a lecture theatre
by the professor. Students are told about the institution's equipment room that contains a multitude
of complex chemistry equipment hooked up to computers running LabVIEW (an application for the
running of sensitive/complex laboratory equipment via computer), but do not visit this room
themselves. The equipment is able to (and must) be run wholly through the labVIEW interface. This
interface is available to students via screen-sharing over the internet, which students must access in
order to control the equipment. They are able to access a video of the professor using this
equipment to determine the properties of several mixed chemicals. They are given a worksheet with
instructions on how to do this themselves. They use the screen sharing software to access different
pieces of equipment in turn to complete these instructions.

19

A student has been given instruction in some properties of solutions and suspensions in a lecture
theatre by the professor. They have not understood some of the concepts in this lecture, and have
decided to do some self-investigation to see if their understanding is correct. They make some
predictions about the likely results of mixing household chemicals (following all necessary safety
precautions of course), and then carry out this mixing. They compare their observations to their
predictions to determine if their understanding of the lecture material was correct.

20

A student has been given instruction in some properties of solutions and suspensions in a lecture
theatre by the professor. They have not understood some of the concepts in this lecture, and have
asked the lecturer for advice. The lecturer has given them a set of lab guides using household
chemicals, which they carry out at home using their own equipment. They compare their
understanding of the material to their observations as instructed in the lab guides.
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E. WHAT IS A LAB— Ul AND SURVEY

EdLabRes

About You

Different people will often understand things differently depending on their language, culture,
past experiences, etc. In order to us to understand the different ways people understand
laboratories, we would like to understand a little about you.

‘While all of these questions are optional, and you are free to use the ‘other’ option to provide
more limited information where this is relevant, this information will be important for us te find
meaning from your later responses about laboratories.

How many years have you worked as a teacher in engineering education? ?

=0 ®1-3 ®4-6 @ 7-10 ® 10+

What roles do you currently perform, or have performed? ?

Designer:
B Currently @ Previously

Lecturer:
[ ] Currently B P iously

Demonstrator:  ?
® Currently @ Previously

Consulting:

B Currently @ Previously

Other / More Details  ?

7

Do you identify as coming from an industry or academic background?

[ ] Industry @ Academic @ Neither ® Both
@ Other / More Deta

‘Where did you undergo tertiary studies? ?

@ At Australian/New @ Atinstitutions outside @ Mixed / Other
Zealand institutions Australia/New Zealand

2

Is English your first language?
@ Yes, onlyfirst @ Yes,alongwithother @ No @ Other
language first language(s)

What other languages do you know?

How would you answer the question
“What is an educational laboratory?”
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EdLabRes

Reflection / Debrief

It is anticipated that the questions asked previously may have given rise to more general
thoughts or understanding that did not 'fit' in the scenario- specific boxes available.
Additionally, there are same more general-context questions we would like to ask you about

educational laboratories (as you define them).

Once again, while all of these questions are optional, and you are free to use the 'other’ option
to provide more limited information where this is relevant, this information will be important
for us to find meaning from your prior and subsequent responses about laboratories.

Your original definition of a laboratory is shown below:
Mo original definition rec

Would you like to give a different or updated definition of educational laboratory from
your original response? ?

® s ® No

Did / do you treat the teaching & learning activities you consider to be educational

laboratories differently to other activities in terms of design or evaluation? ?

® Yes @ No @ N/A-I|don't/haven't designed or evaluated laboratories

What purposes or intended learning outcomes do you believe educational

laboratories (as you define them) serve or deliver?  ?

Note the “No original definition recorded” will instead display the entry from the earlier
demographic page for that user if it was entered.
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F. PIPOV WORKSHOP EXPLANATORY MATERIALS

PIPOV

Stakehoiders

¥

| Pupose

¥ Ll ¥ ¥
| Designar(s) }—D| Desired Inputs } -->| Desired Processas |- )| Desired Quicomes

| Actual Inputs H Actusl Procassas Actual Outcomes

Intro PIPOV - Framework Application Sequence Outro

So you want to evaluate how well a laboratory

is performing— or will perform if you start
usingit, or make some changestoit. A
reasonable place to start is with the outcomes
thatlaboratoryyields.

Given a certain laberatory, extantor
intended, observe the outcomes, and from
those outcomes you can derive the answer to
the question of “is it working well’.

Labs, however, are far too complex, and exist
in far too fragile a context, to be evaluated
usingthis ‘black box’ methodology. The
Purpose-Firstapproach and PIPOV presenta
method to evaluating labs that acknowledges
these challenges, and while not achievingthe
‘certain knowledge’ of true experimenta Laboratory ‘ -I Outcomes
research, maximise the evaluative knowledge
thatreasonably can be gained about a
laboratory.

Note that while this first sequence lays out a
progression ofchanges, these are not
intended to show a sequence of stepsto take
—thatsequence will be described after the

fullmodel has been described.

Intro PIPOV - Framework Application Sequence Outro

193

—
| —



References

PIPOV begins by breakingdown the
laboratoryinto its inputs, and processes. This
resultsina very similar concept of to the IPO
(inputs-processes-outputs) model for system

analysis—approachinglaboratories as complex
systems is a useful starting point for
understanding them. This division intothe 3 |
P and O concepts comprises the overall model

roposed earlier by Nickerson et al that PIPOV
is informed by.

Inputs are hugell;l, varied, as well as hugel
specific. They include the equipmentan
instructions forthe lab, but also the individual
differences of the students participatingin it,
the interfaces on the equipment and between
people, theinstitutional and other contexts
thatthelaboratory exists within, and many
other elements. Some of these may be fixed,
and some may be chosen. | .{ ‘ .|

Processes Outcomes.

Inputs.

Processes are both the Ehysical processes
that occur duringthe laboratory (press this
button, mixthese chemicals, write this
report), butalso the cognitive processes that
occur in the minds of the students when they
undertake the lab.

OQutcomes are what the laboratoryyields.

These may include student learning
outcomes, time/cost/effort/space constraints,
affective outcomes such as enjoyment,
engagement, etc.

Intro FIPOV - Framework Application Sequence Outro

Itis importantto recognise that as
laboratory designers, we can directly

change only the inputs to the ‘system’
—the inputs, whatever they happen to
be, will determine the processes that
occur, and the processes will yield
outcomes.

Further, there will only be a limited
set of the overall inputs that can be
manipulated —for example, you
almost certainly could not change the
country, institution, or cohort o
students the laboratorywas run with.
But you may have the ability to
change whether students work N | ,_| i | ,{ R ‘ _I T
individually or in pairs, whether the S _
Iaboratorylnstruc‘tlonsglve didactic
instructions or inquiry-based, etc. The
main purpose (no pun intended) to
Purpose-First and PIPOV is to support
those design decisions that are

available with guidance and evidence
to improve the outcomes the
laboratoryyields.

Intro FIPOV - Framework Application Sequence Outro
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Given that we want to optimise the outcomes, we
need some way of knowing what is desirable,
undesirable, and inconsequential. Part of Purpose
First is recognising both that this is not a universal
truth —i.e. what i5 desirable for one laboratory in
one context may be inconsequential or even
undesirable in another — and also that this/these
purpose/s must be the driving force behind both the
design and evaluation of any [aboratory.

Before making input decisions, and before observing
outcomes, it Is necessary to articulate_the purpose
of the laboratory: why is it being used? What is it
intended to provide in terms of learning outcomes?
What constraints exist, such as budget, real estate,
etc.

Legend note: The 2 types of arrows used here hold
semantic value. A solid arrow denotes a relationship
that is inherent and unbr : eg. the pr

of a lab inherently and necessarily yield the
outcomes. No design can change this —the onh{\.ul'a'\uI
the outcomes can be altered E:gtvy also altering the
processes that yield them.

A dashed arrow denotes a relationship that is
recommended by the PIPOV model itself —it is not
guaranteed, and ensuring the consideration of these
relationships and the alignment of the elements
involved is the method by which PIPOV is applied.
Here for example the purpose should drive the
designer when making input decisions — but there is
no‘thm%mherentw preventing the designer from
simply Tlipping a coin to make those decisions.

Intro PIPOV - Framework

Because we cannot treat
laboratories as a black box and
expect to obtain reliable
evaluative results, so too must the
purpose of the laboratory be
considered at each phase of the
system.

The main reason for this is that
there will be outcomes our
purpose holds as desirable that
cannot be observed (or that the
act of observing them is too
invasive, dam aEing, difficult, or
error-prone). These outcomes can
still be promoted, albeit in a less
certain way, by including a
consideration of the laboratory’s
purpose when designing the
processes that students
participating in the laboratory will
undergo, and the inputs that yield
those processes.

Intro PIPOV - Framework

—
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Purposes for laboratories are not simply limited to
the learning outcomes in the students that le
educator might want them to ar.:hieved[thou h these
are of course important!) — they inclu

desirable outcomes from all parties involved with or
affected by the laboratory.

A common style of statement to hear is I would have
liked to do X, but | couldn't because we needed to do
¥. Sometimes, that is a limitation from inputs you do
not have control over — no matter how much a lab
might benefit from 2 Eears_ of previous study this will
never happen for a lab delivered in the first semester

ree. Many times however, it is simply not
recognising a competing purpese from a
stakeholder.

Doing something in a certain way to meet
accreditation requirements, usi;F a particular tool
that is popular with industry %e ners, using a
simulated data source since there is no available
floor space for the necessary equlgment —these are
all to do with purposes that must be considered:
meeting an accreditation criterion, producing
graduates who are familiar with key industrx tools,
working within the available real estate of the
department. No design or evaluation of a laboratory
could hope to be successful without acknowledging
and incorporating these purposes.

Note that while the Desiﬁnerts&and Stakeholders
elements are separate, these should be considered
‘roles’, not individuals. A designer is

stakeholder, and while not all stakeholders will be
involved in the design of the laboratory, many might
—including collaborative designs involvi
academics, industry partners, students,

Intro

‘When the laboratory runand its have
been yielded, itis then necessary to compare those outcomes
with the purpose(s) of the laboratory. Thi

validation of the outcomes, and the [aboratory overall

becomes important. While effectively all of

Here the difference between outcomes andﬁ rdpuses
4 T esired
outcomeswill be identical to the purpose of the lab

References

I
>

I

Stakehoidars S

R

¥
‘students being able toapply x knowledge ory skill’, 'the

Fa boratory bei: % de\ivere%%v‘:lh'm 2weeks inst"I

original 3', etc) the purpose may hold statements that do not

aﬁpeari noutcomes (ie., purposes thatare not met) —and

there will be many, many outcomes that do not appearas

purposes(oras negative counterparts to positive purposes).

These unintended outcomes will be either positive or negative.
For both, a decision must be made as to whetherthey
represent a gap in the previously articulated purpose. Ifan

outcome. o 2 15
laboratory to avoid it? If so, it represents a purpose that was
originally missed. Conversely forapositive unintended
outcome — can it be ignored, and a future change inthe lab
drop it without consequence? If not, itmust be included asa
purpose of the laboratory.

A good example forbothisa whose purpose is to
teacha specificskill. The skill is Ieamea effectively, and the
laboratory may be considered asuccess, Students work in
groups of 3 to complete the laboratory. The negative
unintended outcome of the laboratoryis thatstudents takea
significant amount of time to complete the laboratory, and this
resultsin some negative feedback. The positive ]
‘outcome is that students gain significant experience managing
work in a team and improve in this area.

It would be necessary in this circumstance to considerwhether
the increased workloadis a “deal breaker” for the laboratory —
and whetherachange inthe laboratory to solve this that might
damage the leaming outcomes would be desirable.

¥ ¥ . M
| oo | s ==
by definition a
teams of
FIPOV - Framework Application Sequence Outro
is comparison isthe
ead of the
f_‘\
e »—_\‘.
\(Y Stakehoidars j
\_\___’ s
irable to change the
¥
¥ v v v

Designeriz)

Inputs.

e

Conversely, the skills it may be

and a reasen to not make some future change to the
laboratory (such as moving to an online platform where each
student has theirown Equigmem o access) or they may not
be a relevant purpose for the laboratory and so the change
may occur regard|ess. In this way the purpose of the
laboratory is validated against the outcomes as much as the
otherway around.

Intro

Legend note: the double line indicates a ‘validation’
relationship. This validation may involve checking for
differences and handling, or otherwise ensuring
alignment that will best serve the overall purpose.
PIPOV - Framework

—
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The existence of a difference between the
desirable outcomes and the actual outcomes
holds true for all phases of the laboratory. The
actual processes the studentsin alaboratory
undergo may or may not align with the

desired processes —and even some actual
inputs may be different to the desired inputs
ofthe laboratory.

For example, the intended design may call for
groups of 3 where all members do some of
each step in the laboratory—butin reality
students may ‘divide and conquer’ the tasks
rather than work together, or 1 student may
dominate the group and do everything.

Pay close attentionto changesin the solid vs
dashed lines here— only the relationships
between designer(s) to desired inputs, and
the progression from actualinputs to actual

r to actua is inherent.
IFhere is no direct link between the
designer(s) and the actual inputs, and none of
the relationships between desired inputs,
processes, or outcomes are inherent—
alignment of these elementsis a key part of
applyingthe PIPOV model, but isinno way
guaranteed.

The validation between desired

/ e,
— Y

\(Y Stakehoidars j

\_,\:_7_’ s

¥

Purpose

¥

| Designeriz) |

)-| Desired Inputs | D{ Desied Processes >| Desired Outcomes

I e e e o T

and purpose denotes ensuring that the
desired outcomes fully reflect the purpose—
i.e. thatthe statement ‘ifand onlyif these
outcomes are achieved then the laboratory’s
purpose has been met’ is true.

Intro

Thus, the validation
between purpose and
outcomes after the
laboratory is run must of
course consider the
actual outcomes, rather
than simply the desired
outcomes. In the same
way that unintended
actual outcomes may
inform changes to the
purpose, these should
trigger changes in the
desired outcomes.

Intro

FIPOV - Framework Application Sequence Outro
f_‘\
- »—_\‘.
\(Y Stakehoidars j
\—/\___’/—
¥
‘ Purposn
¥ v
| Designeriz) | )-| Deesired Inputs | -{ Desied Prozesses >| Desired Dutcames
| - H J— H P
FIPOV - Framework Application Sequence Outro
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In many if not all circumstances the
design of a laboratory must occur with
very limited ‘certain’ knowledge about
the likely results it will have. Each
occurs in a unique combination of
contexts.

It is therefore necessary when
desig_ningto validate the alignmentof
the different phases of the design:
“are the desired processes of this
design likely to result in the desired
outcomes and thus serve the purpose
of the laboratory” and “are the
desired inputs of this design likely to
result in the desired processes and
thus serve the purpose of the
laboratory” are 2 key questions that
must be answered when designing a
laboratory.

In this way those outcomes that
cannot be observed, or should not be
observed due to the likely impact of
that observation, can still be
supported by thé design of the
laboratoryin a ‘best effort” way.

Intro

The final relationship in the PIPOV
model ensures that the stakeholders
that generated the original purpose
are included in the validation of that
purpose — both by confirming with
them whether or not the purposes
are being met by the design, as well as
involvingthem in anchhan_ges to the
purpose brought on by unintended
outcomes.

This then is the full PIPOV model —
Stakeholders inform Purpose(s) that
inform the Designer(s), who use those
to inform their design of Desired
Inputs, Processes, and Outcomes,
that (ideally) resultin matchlngActuaI
Inputs, Processes, and Outcomes —
and this design is then validated
against the Purpose along with the
Stakeholders to confirm whether the
laboratoryis providingwhat it is
intended to provide.

Purpose
Inputs
Processes
Outcomes
Validation

Intro

References

—~—

Stakehoidars

¥
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Furpose

¥

| Designeriz) |

¥ ‘ ¥
>-| Desired Inputs l .{Desr:dp'ms:r:‘

b| Desired Outcomes
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FIPOV - Framework Application Sequence Outro
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| Designeriz) | )-| Deesired Inputs l -{ Desied Prozesses ‘ -| Desired Dutcames
| - H J— H P
FIPOV - Framework Application Sequence Outro
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Application

Stakeholders

Purpose
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| Designars]

: ‘
s oo |
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| Actual Inputs H Actus| Procassas H Actusl Outcomas

Intro

So what does this look like
in practice? PIPOV
presents a series of design
stages that should be
followed to yield effective
laboratories that serve
their intended purposes,
that each leverage some
of the relationships
between the different
elements of the model.

These design stages are
non-prescriptive in terms
of when they should be
applied —thereis a
sequence to them, butit is
not linear. This sequence
will be described in detail
afterthe stages
themselves.

Intro
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Design stage: Articulate
Purpt:anse(s)g

In this stage the various
stakeholders should be

consulted or collaborated
with to determine what the
purpose of the laboratory is.

Remember that stakeholder
and designer are not
mutually exclusive —the s
designer will of course be
involved as a ke\é
stakeholder in this step. Also
remember that these stages
do not necessarily occur
only once, nor only in the
sequence listed here — this
stage will potentially be
revisited many times over
the life of the laboratory.

= =

Intro FIPOV - Framework Application Sequence Outro

Design stage: Plan Laboratory

This is the stage where most of
the ‘design’ of the laboratory

takes place. It is not called
‘design the laboratory’ though
because the design process
involves far more than just
drawing up the plans.

Given the purpose of the
laboratory, the designer must

plan inputs to yield the | ;
processes tﬁ vielﬁl the ! v M .
outcomes that the purpose

requires. This is almost certain | e |_’| Cem e |‘"| i |"| ““‘""°‘“‘°"’|
to require a combination of
very different levels of
certainty, from well studied
aspects to complete guesswork
—this is normal, and the reason

that the design process
involves validation and
modification.

Intro FIPOV - Framework Application Sequence Outro
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Design stage: Validate
Plan

With a plan developed,
there should be a
deliberate effort to
consider the various
components against the
purpose of the
laboratory. Will the
desired outcomes meet
the purpose? Are the
inputs, processes, and
outcomes aligned with
the purpose to the limit
of the available
knowledge about them?

Intro

PIPOV - Framework

Application

Design stage: Run
Laboratory

At some point the
laboratory must of
course be runin its real
context, with real
students for real results.
This provides the
opportunity to compare
the plan to what has
actually occurred (“The
best laid schemes o'
mice an' men” indicates
how unlikely these are
to be the samel!)

Intro

Sequence

Outro

| Deesired Inputs | | Desied Prozesses |

| Actual Inputs |—)-| hctunl Processes

PIPOV - Framework
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—
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Design stage: Evaluate
Laboratory

Once the laboratory has
been run, the key question
‘did the laboratory achieve
its purpose’ should be
asked. This will involve
validating the outcomes
against the purpose —and
where unintended
outcomes lead to changes
in the purpose these
should be validated
against the stakeholders
of the laboratory also.

Intro FIPOV - Framework Application Sequence Outro . I

Sequence

Stakeholders

¥

Purpose

¥

¥ ¥ ‘
| Designars] }—-| Desired Inputs } -| Desired Processes | >| Desired Outcomes
| Actusl Inputs H Actusl Procassas |—>| Actusl Outcomes

Intro FIPOV - Framework Application Sequence Outro - I
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Ariculate Purposs [——3)  Plan Laborstory  [——  Veldate Flen  |—|  Run Leboratory  ——| Evaluate Labaratary

T TTT—I

The 5 staFes of PIPOV combine into a design process that promotes an iterative approach —
repeatedly revisiting plans to incorporate feedback.

The primary sequence is to articulate the purpose, plan the laboratory, validate the plan,
run the laboratory, and finally to evaluate the laboratory. At its simplest, this process then
feeds back into either the purpose or the plan to begin the cycle again.

The nature of laboratories is such that the cycle need not run to its conclusion before

feedback can be acted upon however. The plan should be redesigned based on the results
of the validation of the plan before the Iaboratogr is run at all = and the laboratory can and
should be modified during its run if the early evidence suggests there is a problem.

This is a key way that the purpose first approach is distinct from experimental designs for
evaluation — the laboratory should not be held as a constant in the face of evidence to
change it. This aligns with what is likely to occur in day to day teaching — if a problem is
observed then solutions may be implemented without waiting e.g. for the end of the
semester or for some study to be completed.

Intro FIPOV - Framework Application Sequence Outro
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Remote Labs - User Experience Questionnaire

Page 1: Participant Information Sheet

PARTICIPANT INFORMATION SHEET

You are being invited to take part in research on ‘student perceptions of remote practical work with
exploratory user interfaces’. Professor Timothy Drysdale and Mr David Reid at the University of Edinburgh
are leading this research. Before you decide to take part it is important you understand why the research is
being conducted and what it will involve. Please take time to read the following information carefully.

What is the purpose of the study?
The purpose of the study is to:

1. Provide the practical element of the ‘Controls and Instrumentation 3' course for Engineering students
using a remote lab with interaction via a web based user interface.

2. Evaluate the benefits of different user interface elements or interaction modes.

3. Understand whether varying levels of control of the user interface resultin different learning outcomes or
student perceptions of their practical work.

4. Utilise student feedback to help improve designs of the user interface.
Why have | been invited to take part?

You are invited to participate in this study because you are enrolled in the ‘Controls and Instrumentation 3’
course and will be using a remote lab designed by this research team to complete the practical element of
your course. This research relies on feedback from the student users of the remote labs.

Do | have to take part?

No —itis entirely up to you. If you do decide to take part, please keep this Information Sheet and complete
the Informed Consent Form to show that you understand your rights in relation to the research, and that you
are happy to participate. If you do decide to take part you are still free to withdraw at any time and without
giving a reason. Please note down your participant nurmber (which is on the Consent Form) and provide this
to the lead researcher if you seek to withdraw from the study at a later date. Deciding not to take part or
withdrawing from the study will not affect your course grade in any way.
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What will happen if | decide to take part?

You will be asked a number of questions regarding your experience of working with the remote lab and user
interface. These questions will include rating the user interface in terms of its usefulness and ease of use.
You will also be asked your opinion on remote laboratory work in general and how you feel it compares to
traditional practical work in the lab. You will answer questions on Likert scales (e.g. ranking statements from
‘Strongly agree’ to ‘Strongly disagree’ on a 5 point scale) but also be given the chance to provide longer
written responses. The guestionnaire is entirely online and can be completed in your own time. The
questionnaire should take around 20-30 minutes to complete.

As part of the questionnaire, we will also be asking for volunteers for follow up semi-structured interviews to
be conducted online (via Teams). These will involve volunteers working with the remote lab interface and
explaining their actions as well as discussions of the advantages and disadvantages of remote lab work in
general. Ideally, we would like to video record these sessions. This will involve only a small number of
students and is completely voluntary — consenting to take part in this study does not automatically make you
a participant in the follow on interviews.

What are the possible benefits of taking part?

By sharing your experiences with us, you will be helping the researchers and the University to better
understand how we can improve the student experience of working with remote laboratories. There are
inherent limitations to attempting practical work remotely and this research aims to understand how we can
improve remote labs, and the user interface through which users interact with the lab, in order to improve
teaching and leaming within practical STEM subjects. Your feedback will have a directimpact on future
remote labs at the University of Edinburgh and, in particular, the School of Engineering and may even impact
on future courses that you enrol in.

Are there any risks associated with taking part?
There are no significant risks associated with participation.
WHAT IF | WANT TO WITHDRAW FROM THE STUDY?

Agreeing to participate in this project does not oblige you to remain in the study nor have any further
abligation to this study. If, at any stage, you no longer want to be part of the study, please inform the project
administrator Professor Timothy Drysdale (fimothy.drysdale@ed.ac.uk) or Mr David Reid
{D.P.Reid@sms.ed.ac.uk). You should note that your data may be used in the production of formal research
outputs (e.g. journal articles, conference papers, theses and reports) prior to your withdrawal and so you are
advised to contact the research team at the earliest opportunity should you wish to withdraw from the study.
On specific request we will destroy all your identifiable answers, but we will need to use the data collected
prior to your withdrawal, and to maintain our records of your consenting participation. Please note that once
data has been fully anonymised it will be impossible to remove your individual data from the dataset and
therefore if you do wish to be removed from the study you should request this as early as possible.

Data Protection and Confidentiality

Your data will be processed in accordance with Data Protection Law. All information collected about you will

be kept strictly confidential. Unless they are anonymised in our records, your data will be referred to by a

unique participant number rather than by name. If you consent to being video/audio recorded, all recordings

will be destroyed once they have been transcribed. Your personal data will only be viewed by the research

team. After the study, an anonymised dataset will be stored on Edinburgh DataShare and made openly
2/18
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accessible to the public. No personally identifiable data will be stored. Data stored on Edinburgh DataShare
will be available indefinitely. All electronic data will be stored on a password-protected computer file. Your
consent information will be kept separately from your responses in order to minimise risk.

What will happen with the results of this study?

The results of this study may be summarised in published articles, reports and presentations. Quotes or key
findings will always be made anonymous in any formal outputs unless we have your prior and explicit written
permission to attribute them to you by name. Information may also be kept for future research.

WHO CAN ICONTACT?

If you have any further questions about the study, please contact the lead researcher, Professor Timothy
Drysdale (timothy.drysdale@ed.ac.uk).

If you wish to make a complaint about the study, please contact:

Professor Timothy Drysdale (timothy.drysdale@ed.ac.uk) or the Research Ethics Coordinator in the School
of Engineering, Dr Timm Krueger DoR @eng.ed.ac.uk.

In your communication, please provide the study title and detail the nature of your complaint.

You can get this document on tape, in Braille, large print and various computer formats if you ask us. Please
contact Mr David Reid (D.P.Reid@sms.ed.ac.uk) stating the title of this study and your request.

For general information about how we use your data go to:

hitps:/iwww.ed.ac.ukirecords-management/privacy-notice-research
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Page 2: Participant Consent Form
| confirm that | have read and understood the Participant Information Sheet for the above study. & Required

~ Yes

| have been given the opportunity to consider the information provided, ask questions and have had these
questions answered to my satisfaction. #* Required

r Yes

I understand that my participation is voluntary and that | can ask to withdraw at any time, until the data
collection has ended and participants have been anonymised, without giving a reason and without my legal
rights being affected. #* Required

r Yes

| understand that my anonymised data will be stored for a minimum of 5 years and may be used in future
ethically approved research. # Required

r Yes

| agree to take partin this study. #* Required

r Yes ~ No

Full name #* Required
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Date % Required

Dates need to be in the format 'DDMMM/YYYY', for example 27/03/1980.

s

(ddfmmiyyyy)

5/18
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Page 3: User Experience Questionnaire Section 1

This question consists of pairs of contrasting attributes that may apply to your experience with the remote lab
system. The selection boxes represent gradations between the opposites. You should express your
agreement with the aftribute by selecting the box that most closely reflects your impression. Please decide
spontaneously. Don't think too long about your decision to make sure that you convey your original
impression. Sometimes you may not be completely sure about your agreement with a particular atiribute or
you may find that the attribute does not apply completely to the remote lab experience. Nevertheless, please
select a box in every line. It is your personal experience that counts. There is no wrong or right answer.
Please note that you are reflecting on your interaction with the user interface and remote lab hardware, not
on the content of the practical work itself. #* Required

Please don't select more than 1 answer(s) per row.

Please select at least 26 answer(s).

2 4
annoying ~ r r - r r r enjoyable
ot - r r r = r ~  understandable
understandable
creative r r r r - r r dull
easy to learn r I~ r I r r r difficult to leamn
valuable ~ r r r r r r inferior
boring - r - r r r r exciting
not interesting ~ r r r r r r interesting
unpredictable ~ r r r r r r predictable
fast r r r I r r r slow
inventive r r r r r r r conventional
obstructive ~ r r r r r r supportive
good r r r r r r r bad
complicated r r - r - r r easy
unlikeable ~ r~ r r~ r r r pleasing
usual r r r r r r r leading edge
unpleasant r - r - r r r pleasant
secure - r r r r r r not secure
motivating ~ r r r r r r demotivating
inefficient r r r I r efficient
clear ~ r r r confusing
6/18
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impractical i r [~ r [~ r r practical
organised ~ r r r r r r cluttered
attractive r r I~ r ( r r unattractive
friendly r r r r r I r unfriendly
conservative I r [ r - r r innovative
7/18
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Page 4: User Experience Questionnaire Section 2

Having completed the practical work, what emotions are you feeling about the practical work? (Select all that
apply) * Required

Please select at least 1 answer(s).
surprised
amazed
astonished
curious
inquisitive
interested
happy
joytul
excited
confused
muddled
puzzled
nenous
anxious
worried
frustrated
imitated
dissatisfied
bored
monotonous
dull

b e (i e I i e i e e i e e S e (an e i B B

Can you reflect further on why you had the above emotional responses?

Rate the following user interface components in terms of how EASY TO USE they were. If you did not
use this component then select NJA # Required
8/18
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e don't
B = 5 DOWNLOAD CSV  seiect
e more
[ Aogermt Beg W Oadn avream [ Eorw than 1
""" 6. DATA SNAPSHOT :
LI
T GR?!/"
o
2. LIVE GRAPH FEED :
Current mode: voltage (open lcop) = _unu o s o ar :‘ B ru.: ')(

8 e ~ |

GRADIENT 9

TOOL FUNCTION

o B oo R o 2 PLOTTING
4. DATA TABLE
answer(s) per row.
Please select at least 10 answer(s).
Very Very
N/A difficult Difficult ~ Neutral Easy easy

1. Webcam video feed 7 = r - -
2. Live graph feed r r r A =
3. Hardware controls r r - I = =
5. Download CSV tool r r ® r r -
6. Data snapshot i~ r B r r’ r
7. Gl'aph w o r = r -
8. Gradient tool R r r B B r
9. Function plotting w r r r I r
Measuring tools: ruler and protractor r r m r I r

Rate the following user interface components in terms of their USEFULNESS for completing your
practical work.

Please don't select more than 1 answer(s) per row.
9/18
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: : ease
S.IDOWNLOAD CSV  select
l-c:-nﬁ-c‘-‘:.’&,\'t Sta at kast
[ Aogerad R WO Cavrean) e B 10
"""" 6. DATA SNAPSHOT )
LI
T GR?!/"
o
2. LIVE GRAPH FEED :
Current mode: voltage (open loop) = &_ s o ar :‘ = ru.: ')(
8 e o |
GRADIENT 9
TOOL FUNCTION
R e PLOTTING
| “4. DATA TABLE
answer(s).
Useless MO Neutral  Mostly useful vital
useless
1. Webcam video feed r r = r "
2. Live graph feed IS r IS r r
3. Hardware controls B I - B B
4. Data table r I § - = r
5. Download CSV tool r w r r r
6. Data snapshot r r r n r
7. Graph = " r= r =
8. Gradient tool r r s r "
9. Function plotting r r r r r
Measuring tools: ruler - - - - -

and protractor

If you found any component particularly easy or difficult to use can you explain why?
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Are there any changes to the above components or additional features that would have made the user
interface more useful for your practical work?

A separate simulated version of the remate lab was also accessible during your practical work. Rate how
USEFUL you found this simulated environment. # Required

Please don't select more than 1 answer(s) per row.

Please select at least 1 answer(s).

Mostly
Useless useless Neutral Mostly useful Vital
Simulated hardware r r r r -

Rate the following user interface components in terms of how much each element contributed to your
feeling of BEING IN CONTROL OF YOUR OWN EXPERIMENT. If you did not use the component then
select NJA.

Please don't select more than 1 answer(s) per row.

Please select at least 10 answer(s).

Completely  Mostly ':'::3::‘ Completely
NiA outofmy outofmy Neutral my under my
control control control control
1. Webcam video feed r r r r - -
2. Live graph feed - - - - - —
3. Hardware controls r r r r r -
4. Data table r r - - E -
5. Download CSV tool r r - - - -
11/18
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[ nanec SN that
oo St ymar+h any
Current mode: voltage (open lcop) __ s ar 0 b 0
8 fne] - | part of
¥ the
GRADIENT 9 il
TOOL FUNCTION
PLOTTING
| "4. DATA TABLE —
interface behaved in a way that was not expected?
Rate the following statements in terms of how much you agree or disagree with them. # Required
Please don't select more than 1 answer(s) per row.
Please select at least 19 answer(s).
Strongly Disagree Neutral Agree Strongly
disagree agree
It was easy to navigate =
the user interface » J L L L
It was easy to collect the - - - - -
appropriate data.
The user interface
allowed me to explore -
further than the lab sheet L : L L .
required.
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| feel more confident with
the course content
having completed this
practical.

| believe the results of my
experiment are accurate
{i.e. | calculated the true
value of quantities)

| believe that the results
of my experiment are
reliable (i.e. if | repeated
the experiment | would
calculate the same
thing).

I would prefer to be in the
same location as the r r I r
hardware.

| felt motivated to explore
my own ideas whilst r r r r
completing the practical.

| am satisfied that | have
learned what | should
have during the practical
work.

| enjoyed the remote lab
practical work.

lintend to retumn to the
remote lab to explore r r r r
further.

| felt like | was in control
of the hardware.

I wanted to be able to do
more with the hardware r r r r
than the Ul allowed.

The user interface
behaved as | expected it r r r r
o.

A remote lab is not real
practical work.

There was only one way
to complete the tasks.

13/18
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I'would be happy to
complete more practical r r r r r
work as a remote lab.

I would be happy to use
a simulatedivirtual
environment for future
practical work.

I would be confused by

the use of real and

simulated hardware in r - r r -
the same remote lab

environment.

The following statements compare remote lab work to proximal (in lab where you can physically interact with
the hardware) lab work. You are being asked to decide whether you believe itis easier to accomplish the
following tasks with a remote or proximal system. & Required

Please don't select more than 1 answer(s) per row.

Please select at least 14 answer(s).

Mucheasier [ Easierwith MU €asier
with REMOTE lab No difference = PROXIMAL PROXIMAL
REMOTE lab lab lab
Collecting data. r r r r r
Managing my lab time. r r r r r
Comparing to theoretical - = - r -
models.
Designing my own - - - r -
experiment.
Analysing data to reach = - - - -
conclusions.
Setting up equipment. r r r r r
Investigating unknown - - - - -
quantities.
Exploring beyond the
scope of the practical r r r r r
work.
Working with others. r r r r
Measuring accurately. r r r r
14/18
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Presenting data r r r r
Controlling variables r r r r
Working safely r r r r
Use multiple senses to - - - - -

gather information.

What have you found to be the main ADVANTAGES of completing practical work as a REMOTE lab?

What have you found to be the main DISADVANTAGES of completing practical work as a REMOTE lab?

Was there anything that stopped you from being able to complete any part of the practical work?

If you found that a practical result differed from that calculated from theory, which staterment best represents
your belief in the reason for that difference? # Required

There are errors in the remote lab

| cannot control the remote lab sufficiently
The theory is not correct

The theory is limited

| must have made a mistake

* The remote lab does not measure accurately

e e B B |

-
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| found no difference between practical and theory
i Other

If you selected Other, please specify:

All things considered and assuming a return to normal circumstances - no pandemic restrictions - please
answer the following question. # Required

Please don't select more than 1 answer(s) per row.

Please select at least 1 answer(s).

Mostly in Allin
Mostly No
AllREMOTE REMOTE preference PH'\’I’SICAL PHYSICAL
ab lab
I'would prefer to
complete future practical r r r r r
work as .......

Do you have any other thoughts or feelings about the remote practical work and user interface that you would
like to share?

Approximately how many hours did you spend directly on the remote lab system? {i.e. not including writing
up your report or any time spent outside of the remote lab interface itself)y #* Required

16/18
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Page 5: Volunteer for follow-on interview

We are looking for volunteers to take parn in semi-structured interviews to provide additional feedback on
their experience with the remote lab system. The focus is entirely on how you used the remote lab and is not
a test of your knowledge of the 'Controls and Instrumentation Engineering 3' course content. The feedback
session will be over MS Teams and will involve you demonstrating how you used the remote lab itself whilst
explaining your process. You may be asked to complete short tasks, for example, to plot the step response of
the motor in speed mode whilst describing what you are doing. You may also be asked to expand on some
of your opinions from this survey. The session will take around 10 minutes.

I am happy to volunteer for a follow on interview % Required

~ Yes ~ No

If you answered "Yes' above then please provide your university email address so that we can contact you to
organise the feedback session. Providing your email address does not guarantee that you will be contacted
and you will have the apportunity to confirm your participation once emailed.

Please enter a valid email address.

17 /18
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Page 6: Final page

Thank you very much for participating in this survey. If you have any further questions about the survey or
remote labs in the School of Engineering or decide that you want to remove yourself from the study then
please contact either Professor Timothy Drysdale (Timothy.Drysdale@ed.ac.uk) or Mr David Reid
(D.P.Reid@sms.ed.ac.uk).

Key for selection options

26 - Approximately how many hours did you spend directly on the remote lab system? (i.e. not
including writing up your report or any time spent outside of the remote lab interface itself)

<1 hour

1-2 hours

2-3 hours

4-5 hours

=5 hours
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Abstract

We describe and evaluate the use of a remote laboratory with approximately 250 third-
year students in the ‘Controls and Instrumentation Engineering 3’ course in the School
of Engineering at the University of Edinburgh. The remote laboratory was created using
the first iteration of a new open-source infrastructure. A key component of the imple-
mentation is a secure video and data relay that permits experiments to be hosted on
restricted networks and accessed from a wide range of browsers, so as to minimise
the technical support burden on course staff. A heterogeneous set of twelve spinning
disks driven by DC motors were provided to students via an online catalogue permitting
instant and exclusive access to an individual experiment for up to 90 min a session. The
student experience was evaluated via a survey, which comprised both qualitative and
quantitative questions. Survey participation was optional and included some in-depth
questions targeting the students’ experience from a UX perspective. The link between
quantitative and qualitative results allows us to draw useful conclusions about the
experiences of the students participating in the survey. Our main findings are that the
overall experience was positive for the survey respondents, and that they perceive a dis-
tinction between having control over the equipment and control over the task. Our work
indicates there is a need to better understand the implications of students making this
distinction, and the effect it will have on future designs of remote laboratory tasks,
user interfaces, and evaluations.
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Introduction

The prospects for low-cost, open-source remote laboratory experiments have recently
been enhanced by the wide availability of low-cost single-board computers capable of
streaming video (such as Raspberry Pis), and low-cost electronic prototyping ecosystems
with strong communities (such as Arduino microcontrollers). These devices have already
fostered modest adoption of electronic hardware exercises in a number of educational set-
tings.' ™

While these low-cost experiments have unequivocally lowered the barrier to using
remote laboratories in more educational institutions, it is clear that additional factors
must be limiting progress towards mainstream adoption, such as (1) even relatively
low-cost physical equipment requires time, space and money to develop (or procure)
and then host, so sharing experiments is required to maximise the value of the investment;
(2) to connect experiments to users, at scale, with acceptable trade-offs between conveni-
ence, security, performance and reliability is a non-trivial task so some providers may
have chosen to limit their networks to co-operative users within trusted groups to side-
step some of the more difficult challenges, thus introducing a human gatekeeper into
the scaling process; (3) personnel associated with the development may have been
grant-funded or on other temporary posts such as fixed-term roles, internships, student-
ships, visiting positions, and no longer available to expand or extend either the experi-
mental provision or the management software; (4) the architecture and implementation
methods may have been chosen to allow timely delivery of a defined feature set, and
present difficulties to subsequent extension and modification efforts; (5) educators who
are not naturally enthusiastic about remote laboratories may remain to be convinced of
their value, requiring those in the educational community who are already enthusiastic
to further develop research into how student skills and cognitive developments are
affected by remote (rather than proximal) interaction with physical equipment.

Together these reasons suggest that there remains a significant opportunity to investigate
new means of providing remote laboratories that address barriers to adoption, long-term
sustainability, and to address discussions about inclusivity, accessibility and decolonialisa-
tion of curricula (via permitting customisation to suit local needs). To a certain extent, in an
ever more digital world, it can even be argued that first-hand experience of remote equip-
ment is a directly relevant skill for graduates. Thus, the value of remote laboratories goes
beyond mere replacement of proximal labs and can instead be framed as a complementary
approach with its own beneficial characteristics which cannot be obtained in proximal labs
(and which the community is still exploring the extent of).

We use the term “complementary” to highlight the different characteristics inherent in
digital education interventions, both those already realised and others as yet to come, that
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go beyond merely supplementing existing face-to-face education with an online delivery
mechanism. For example, the opportunity for wide-spread asynchronous interactions
with automated and artificially intelligent education systems creates the opportunity for
post-humanistic communities of practice,” which follow from new types of interactions
with® or without’ the involvement of artefacts, new types of automated assessment,8
and new methods of evaluating and discovering future capabilities.” A fuller discussion
of this next stage in the development of remote laboratories is outside the scope of this
Paper.

This Paper introduces the first usage in assessed coursework of the first stage of a new
remote lab software infrastructure that is ultimately intended to address many of the chal-
lenges identified above. A set of twelve spinning disk experiments were used to provide
assessed remote-laboratory coursework to a cohort of 250 mechanical and electrical
engineering students on a controls and instrumentation course (worth 80% of the
course mark, with the course worth 10 of 120 credits for the year). We include an evalu-
ation of the student experience via quantitative and qualitative analysis of survey data
from participants. We explore the factors that affect student usability ratings of the
remote laboratory system. In particular, we are interested in how the user interface
(UI) design can impact student perceptions of autonomy and belief in predictable
control over their practical work. We also present results on student perception of theory-
measurement disparity in this remote laboratory and perceptions of the skills disparity
between remote and proximal (hands-on) laboratory experiences. Since we were using
a pseudonymous data collection protocol, it was out of the scope of this study to
explore any potential differences in experience between the mechanical and electrical
cohorts, although we note that the intended learning outcomes were the same for all
students.

The Paper is structured as followed. Section Two describes the remote laboratory
infrastructure, experiment design and student task; Section Three describes the evaluation
methodology. Section Four presents both quantitative and qualitative results. We discuss
what we learn from the survey data, its context, and limitations in Section Five.

Remote laboratory infrastructure

Remote laboratories require the connection of experiments and students, and the manage-
ment of those connections. The infrastructure used to manage the connections can deter-
mine key aspects of the overall experience for both staff and students, and affect the
long-term growth and sustainability of the laboratory. Over the last two decades, there
has been a progression from projects being funded to explore what can be done with
remote laboratories, to the creation of remote laboratories which are intended to run in
a self-sustaining manner beyond the project funding date, and this is described in more
detail in the following section, Section 2.1. The degree of success in sustaining long
term operation of a remote laboratory is in our view tightly linked to the degree of auto-
mation in the system. Creating long-term sustainable approaches that are adopted into
mainstream use remains a goal for workers in the field.
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It is usually straightforward to set up a single remote experiment, for a single user.
However, as the number of users and the number of experiments increase, the benefit
of automation becomes apparent. The staff resource required to operate at an institutional
scale (hundreds of experiments, thousands of users) is likely to be unaffordable without a
significant degree of automation. The system-to-administrator ratio is a rough indicator of
the efficiency achieved through automation and can range from 2:1 for bespoke,
less-automated services, through to 2500:1 for internet-scale systems with high
degrees of automation.'® Note that many modern services comprise smaller components,
each counting as a system that an administrator must manage. Many existing remote
laboratories are likely to be categorised as bespoke systems with a low
system-to-administrator ratio at present (in other words, available staff time is a strong
constraint on how many experiments and users can be supported). Automation in
remote laboratories offers benefits in a number of ways. For example, automating
checks of the quality of results from experiments. If staff are alerted to problems as
they occur, and do not need to dedicate time to manually checking the equipment,
they can spend it more productively elsewhere (e.g. developing new experiments).
Another example is the quality of the user experience, which is adversely affected if
there are accidental or malicious interruptions to sessions. While a number of early
laboratories are understood to have “made-do” with shared credentials and an honour-
based booking system, automated access controls are strongly preferred because it
stops well-intentioned users from inadvertently joining another’s session, and reduces
the opportunity for malicious interventions. There is a potential tension between introdu-
cing automation and permitting extensibility, which remains to be resolved.

Selected history of remote laboratories

Remote laboratories may not yet be mainstream education activities, but great progress is
being made in this direction. The evolution of the field from exploration to sustained
delivery can be visualised as shown in Figure 1, where the approximate start and end
dates of several major remote laboratory projects have been plotted, based on reports
on their work.''"!” Not all remote laboratories have been included, for the sake of
brevity. However, with the set chosen, there are already enough data points to see a
clear pattern emerging. In the earlier years, funding was typically for research projects,
while from 2010 onwards the field had matured enough that there were projects
funded primarily for the realisation of laboratories for sustained usage beyond the lifetime
of the initial funding. Some laboratories (not included) have not been able to sustain
running beyond their funded periods. Those that do continue, are usually limited to main-
taining what they have. It would be preferable to see self-sustaining growth of remote
laboratories so as to achieve mainstream usage. What characteristics might such
system(s) have?

A mixture of closed and open-source projects have emerged to date. A benefit of the
closed-source approach is that capabilities developed remain unique to the organisa-
tion, at the cost of increasing the difficulty of collaborating or federating with other
entities. Open-source projects are attractive from a community development point of
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Figure 1. Approximate timelines for a selected set of remote laboratory initiatives. Asterisk
denotes activities currently or previously associated with the Author(s) in some way.

view. A known difficulty in open-source projects is achieving sustainability, both in
terms of development effort, community participation and longevity of project benefits.
A strong community is often a key step in reaching sustainability. We have already
identified in the previous section that automation is a key factor in determining the
success of a remote lab in practice, so these two requirements (automation, sustainabil-
ity) can lead us to infer that a successful infrastructure will likely combine elements
such as:

e (S1) sufficient performance and reliability that users are happy to adopt the system for
their institution;

e (S2) features and tools adequate to support the delivery of educationally useful activ-
ities, by staff who do not necessarily have specialist digital skills;

e (S3) sufficient automation and systems integration to permit sustainable operation
within the limits of support staff resource available at institutions;

e (S4) a total-cost-of-ownership profile that is a good fit to on-going operating budgets
such as annual laboratory maintenance funding (rather than requiring significant
one-off capital funding)

(S5) adequate opportunity to extend the system to meet emerging needs;

(S6) the opportunity to federate with others to access a greater diversity of experi-
ments, increase through-put for time-sensitive activities, and increase reliability by
sharing risk across multiple sites;

e (S7) the opportunity for institutions to create proprietary content to establish unique
competitive positions (but encourage openness e.g. through eventual publication of
designs and software, perhaps with an embargo period).

e (S8) an ecosystem of academic and commercial service providers, to meet the oper-
ational needs of users who do not wish to run their own servers;
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e (S9) an infrastructure with a decentralised architecture and copy-left open-source
licensing to avoid the business risks to users of vendor lock-in, and fragmentation
risks to the community;

e (S10) interoperability with other remote laboratory systems, virtual learning environ-
ments, and third-party tools such as assessment systems.

Proponents of remote laboratories have long anticipated the development of federated
systems. For example, the Global Online Labs Consortium and its various Special
Interest Groups. Amongst active workers in this area now are the commercial entity
LabsLand, which is building a federated community using the open-source software
developed by the WebLand Deusto academic activity. Another is the open-source prac-
table.io system from the University of Edinburgh, which we used for the work in this
Paper,'® which is being designed from the ground-up for federation.

Given the number of ways in which the elements listed above could be achieved, we
expect it is likely that a similar situation will eventually arise as we have in the more
mature world of virtual learning environments: multiple complementary and distinct
approaches and suppliers, ranging from turn-key commercial services to customisable
services that are self-deployed, each suiting their own audiences and interoperable so
far as possible with third-party extensions. We now turn to the specifics of the system
we used for the work in this Paper.

Practable.io infrastructure

In this section we concentrate on a description of the requirements and implementation of
the video and data relay system, and the interim booking system. The specifics of future
developments such as advance booking, experiment management, federation,
de-centralisation, and integrations with virtual learning environments and identity
servers are not discussed because they are the subject of ongoing work.

Our main requirement is for a system that would be easy to adopt by other academics
in due course, who may not have the permission or make custom network arrangements,
have funding for expensive streaming computers, or have support staff available to help
students get set up with custom software. We also require the relay system not to have
strong opinions about the choice of audio, video or data stream formats, or how the
streams are arranged, combined, and booked. These translated into some specific tech-
nical requirements for the video and data relay system, which also address aspects of
the system level requirements, as follows:

e (R1) work behind restricted firewalls with multiple levels of network address transla-
tion, and that only permit outgoing connections to port 443/tcp (S2,54)

e (R2) support switching relay servers mid-experiment so that spot-priced (i.e. cheaper)
server instances can be used (S4)

e (R3) support authenticated access to secure sessions against unwanted interruptions
(S1,S3)
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o (R5) work with any browser a student is likely to use by default, without requiring any
installations of plug-ins or extensions (S3)

e (R6) require only a headless (i.e. command-line) operating system to run, so that
low-cost single-board computers can be used as the streaming devices (S1,54)

e (R7) be able to cope with the relay-server changing mid-experiment (this translates
into a requirement to be able to change the destination of the stream, without
re-connecting to any USB cameras or microphones, because USB reconnections can
be unreliable on some systems) (S1,S4)

A combined data and control flow diagram for the video, data and control connection
between an experiment and a user is shown in Figure 2. We are using Raspberry Pi 4
(4GB) single board computers using a linux-based operating system, which uses systemd
for managing system tasks. The single-board computers are configured either manually or
via ansible. When located behind a firewall, a custom shellrelay system is used to connect
securely to the experiments and install/update the configuration, scripts and applications.

Once configured, on booting the sessionhost application is started by the operating
system. Then the sessionrules script is run to configure the sessionhost via its HTTP
API This is preferable to using configuration files because of the flexibility it provides
in large scale deployments.'” Using the API, the video relay connections can be
changed to new routings or new relays, as often as every second if desired. In a stress
test of the experimental side of the system, the video was directed to a new video
relay location every second for 24 h, with no appreciable deterioration in the latency
of the video feed transmitted from the experiment. This is quicker switching than required
for spot-priced servers, which typically receive warning of a few minutes that the relay
instance needs to be shut-down. The mechanism for hot-switching is not shown in
Figure 2 for the sake of clarity.

Next, systemd starts a service which uses ffinpeg to stream video in MPEG-TS format
to the http:/ endpoint of sessionhost The sessionhost is intended to handle frame-based
streaming formats. It relies on the burst nature of streaming data at each frame to ensure
data for each frame is flushed through the buffer and does not require any understanding
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Figure 2. A Combined data and control flow diagram of a user connecting to an experiment via a
relay, to obtain video, data and send control (credential flows are not shown for clarity).
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or introspection of the video data itself. Audio streams can be sent by running an ffmpeg
instance which connects to a USB microphone. MPEG-TS streams permit audio and
video to be multiplexed simply by interleaving the audio and video packets. We disabled
the audio for our initial usage of the system because the experiments were in a public
space. Contact microphones are an attractive future possibility for capturing the sounds
of the experiments but suppressing ambient conversations.

Data and control messages are passed between the Arduino microcontroller and ses-
sionhost via scripts which run websocat and socat in a manner similar to the connection
that the Arduino online-IDE uses for programming. These are routed by a separate ses-
sionrelay endpoint so that there is no need for the user interface to introspect the video
stream to extract data and control packets.

Connections to the relay are secured by JWT tokens. For the experiments, their connec-
tions are valid until their next scheduled physical or virtual maintenance period (perhaps a
few months or a year). For users of the spinning disk experiments, the tokens last from 5—
90 min depending on the length of session they chose. Longer sessions are possible, but not
required by this course. Whether by an experiment or a user, their token is submitted to the
relay access point via an HTTP PUT request The access application assigns a routing on a
relay server instance. Any subsequent tokens submitted for the same experiment are
assigned to the same relay server. This layer of indirection is included to permit spare cap-
acity management, and transparently accommodate failure of the serve-and-mux services.
The authentication to the serve-and-mux task is via a one-time code which is valid once
within a 30 s window. The connection is terminated at the end of the access period specified
in the original authentication token. This approach allows the booking system to pass a time-
limited JWT token to the user interface, which then uses that token to connect, and reconnect
as required if the network transport is interrupted e.g. by poor mobile signal, but only for the
duration of the booking. This avoids reverting to the booking system for new authentication
when a connection drops unexpectedly, which would have made retaining experimental
state difficult. The code which permits access to the serve-and-mux task is passed in the
response to the PUT request, and even if this is intercepted and decrypted the consequence
is limited to a single-time limited connection. The relay also knows about read and write
permissions, which are specified in the JWT tokens submitted to the relay access point.
The booking system only gives users read access to the video and audio stream, while
experiments get read and write access to both. When a group of users is using the same
experiment, their read-only access prevents a malicious user from injecting unwanted
video or audio frames into the stream. On the other hand, users are allowed to send
control commands, and potentially conduct intra-group messaging if the experiment and
user interface support it, although it is likely to be preferable for human-to-human messaging
to be conducted in the standard messaging tools supported by the educational institution.

Spinning disk experiment

We wished to build a set of a spinning disk experiments that could replace a pre-existing
proximal laboratory exercise. The pre-existing laboratory was developed around the
Quanser Qube spinning disk experiment, and the associated coursework had been
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evolved from the original Quanser workbooks by the course team. Custom spinning disks
of different weights had previously been manufactured in-house, and used in the
in-person laboratory for a number of years, to provide different inertia systems against
which students could explore and apply the principles of simple first and second order
systems and their control.

For the remote version of the experiment, twelve separate “kits” were manufactured
in-house. They included a DMN37BA brushed DC motor (12V), a 500CPR optical
encoder, custom built weighted disks (ranging from 43-110 grams), as well as laser cut
wooden stands and boxes to house the physical and electronic hardware. An off-the-shelf
webcam was used for some views (see Figure 3) as well as the Raspberry Pi camera for an
alternative, top-down view on the experiment. Each experiment had only one camera,
although multiple camera views are possible with the system. Figure 3(a) shows the user inter-
face students used to control and analyse the remote hardware. Figure 3(b) provides an anno-
tated view giving the name of each component as it is referred to throughout this paper.

The hardware design files, firmware and software for the experiment, as well as the
core system, are already available as open-source software at https:/github.com/
practable, primarily under the GNU Affero General Public License, and no permission
is required to adopt the system.

The lab was performed individually, with students producing individual lab reports. The
lab was done by choosing the hardware mode, setting parameters (voltage, PID parameters),
and then collecting and analysing angular speed or displacement data from the hardware, so
as to characterise the system and calculate appropriate coefficients for tasks such as position
and velocity control of the disk. This analysis could be performed with tools available in the
UL, although the raw datasets could also be downloaded for analysis offline if preferred.

Students followed a series of predefined workbook tasks that asked them to measure
DC motor characteristics and then utilise these measured values to compare the theoret-
ical response of a PID controller and plant to step and ramp inputs.

Task 1: Students were asked to confirm whether the motor obeyed the linear relation-
ship @ = KV. They used the motor in open-loop mode to apply a voltage to the motor. The
angular velocity could be identified using the ‘Snapshot’ or ‘Graph’ tools, displaying the
raw data in the ‘Table’ or by downloading and analysing in external software.

Task 2: Involved students using the DC motor in open-loop mode to apply a step
voltage. They collected motor angular speed data and either used the UI tools or down-
loaded data for external use in order to identify the gain and time constant of this plant
(DC motor + disk) for 2 different weighted disks.

Task 3: Students tuned a PID controller to apply a step position to the DC motor within
set constraints.

These tasks could all be achieved using the data streaming from the hardware —
angular position, angular velocity, time, motor voltage and PID error signal. They had
several modes of visualising the data: UI Table, Snapshot, Live graph (plots continuous
data stream) and Graph (plots recorded data) tools as well as the ability to download data
for analysis externally. Additional tools, such as the ruler overlay (Measuring tools), gra-
dient and function plotting tools could help them explore features of the motor response
whilst not being necessary to complete the tasks.
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Methodology

Student perceptions were collected via a voluntary, online survey accessed after the prac-
tical work was completed. The survey comprised the ‘User Experience Questionnaire’
(UEQ)? as well as custom survey questions.' Likert style questions have been analysed
in a quantitative manner to identify statistical significance as well as correlations between
ratings. Open text responses have been used to identify potential updates to the remote
laboratory system as well as to perform a coded content analysis to highlight any
trends in the feedback received.

The UEQ provides a quantitative measure of usability and is used to evaluate the
overall user experience as it relates to its six measured attributes (see Figure 4). The
custom survey provides a broader context for the usability results, helps isolate factors
that may contribute to the UEQ attributes, as well as evaluating individual components
of the remote lab user interface.

To test whether responses are significantly different from ‘Neutral’ (0), the 1-sample
Wilcoxon signed-rank test is used. Correlations are calculated using the Kendall tau rank
correlation coefficient. Statistical significance is set at the 5% level for tests (unless stated
otherwise) and common effect size bands are used:>2 >0.50 strong; >0.3 medium; >0.10
weak. Effect size is calculated from the Z statistic divided by the square root of number of
samples.

Of the approximately 250 students enrolled on the “Controls and Instrumentation
Engineering 3’ course, only N =24 complete surveys were received. Three respondents
were determined to have provided inconsistent responses; therefore, the following ana-
lysis is performed on N =21 student surveys. With only a ~10% response rate the data
is likely affected by selection bias - students who have had particularly extreme experi-
ences are perhaps more likely to respond.

ol Q o

Attractiveness

Overall impression of the product.
Do users like or dislike it?

©

Dependability
Does the user feel in control of the
interaction? Is it secure and
predictable?

Perspicuity
Is it easy to get familiar with the

product and to learn how to use
it?

©

Stimulation

Is it exciting and motivating to use
the product? Is it fun to use?

Efficiency

Can users solve their tasks
without unnecessary effort? Does
it react fast?

Novelty

Is the design of the product
creative? Does it catch the
interest of users?

Figure 4. Usability attributes measured by the User Experience Questionnaire (UEQ).
Reproduced from https:/www.ueqg-online.org/.
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Results

User experience and usability

Scores for each UEQ attribute can range from —3 to + 3; however, scores outside the
range —2 to+2 are unlikely according to the authors of the UEQ. Mean scores on
each of the UEQ attributes between —0.8 < X < (.8 represent neutral responses.

Mean ratings for each UEQ attribute were as follows: attractiveness = 1.13, perspicu-
ity =1.51, efficiency = 1.08, dependability =0.76 (1.06 with outliers removed), stimula-
tion=0.88 and novelty = 1.17. Students have rated the remote lab and UI positively
across all attributes, with the exception of a neutral score for dependability.

Although the UEQ attempts to measure usability across six independent attributes, we
found, in particular, a strong correlation (T =0.55) between attractiveness and dependabil-
ity. This hints at the potential importance of ‘predictable control’ over the remote lab
system and will be explored further when discussing how Ul components were rated in
terms of making students ‘believe they were in control of their experiment’ (section 5.3).

Emotional response. Students were asked to report their emotional state after completing
the practical work. By refactoring all the emotional options into a binary choice of ‘posi-
tive’ or ‘negative’ a Chi-squared test was used to test whether the distribution was signifi-
cantly different from that expected through random selection. In this case it was found
that there was a significantly positive response (x*=7.16, df =1, p<0.01).

Ul ratings. Table 1 provides an overview of how user interface components were rated by
students in terms of 1) ease of use, 2) usefulness in completing the practical tasks and 3)
how much the component made them feel in control of their experiment. All components
were rated on a 5-point scale from —2 to + 2. As may be expected from the high score for

Table |. Ratings of the user interface components in terms of how easy to use they were, their
usefulness for completing tasks, and how in control of the experiment they made the user feel.
Rating is the median response between + 2 and —2. Effect sizes of test of difference from 0 rating is
shown: **large effect size, *medium effect size, otherwise a result is non-significant or a weak effect
size.

Component ‘Easy to use’ rating ‘Usefulness’ rating ‘Feeling in control’ rating
Webcam +2%* +1* -1

Live graph + | ** 4 | ** 0

Controls R Lo +

Table 4 | ** 41 FRLE
Download 4 2%* 4 2** 4 2%

Snapshot +2%* 4 2x* 4 %*

Graph +2* + 2% + 1.5
Gradient + 1.5 0 + 1**

Function plotting + | + | 4|

Measuring Tools 0 -+ +0.5
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Table 2. Select statements from the student survey. Rating was between Strongly agree (+2) and
Strongly disagree (-2). Effect sizes of test of difference from 0 rating is shown: **large effect size,
otherwise a result is non-significant or a weak effect size.

Statement Median rating
It was easy to collect the appropriate data + I**
| feel more confident with the course content having completed this practical + 1%
| believe the results of my experiment are accurate + 1
| believe that the results of my experiment are reliable 0

| felt motivated to explore my own ideas whilst completing the practical 0

| am satisfied that | have learned what | should have during the practical work + I**
| enjoyed the remote lab practical work + I**
The user interface allowed me to explore further than the lab sheet required 0

| would prefer to be in the same location as the hardware + 17
| felt like | was in control of the hardware + 1
| wanted to be able to do more with the hardware than the Ul allowed 0
The user interface behaved as | expected it to +1
A remote lab is not real practical work -1

I would be happy to complete more practical work as a remote lab 0

perspicuity, the median rating of ‘ease of use’ for all components was positive, with the
exception of the ‘Measuring tools’. Considering the user interface was designed to
accomplish the intended practical tasks it is not surprising that most components have
been rated positively in terms of ‘usefulness’. ‘Feeling in control’ will be discussed
further in the section 5.3.

Likert statements. Students were asked to rate their agreement with several statements
regarding their overall experience of the practical work. Table 2 presents select results
relevant to the discussion in this paper.

Perceived theory-measurement disparity in remote labs

It was clear in the development and deployment of the remote laboratory that there was
going to be a disparity between the ideal theory of control systems that students were
learning, and the reality of the low-cost, DC motor control system that they were
being asked to use. This was because of significant bearing friction and a large dead-band.
This was anticipated and therefore students were asked, if they found that theory and
reality didn’t align, what they believed the cause of this difference to be. We can see
from Figure 5 that there are a range of beliefs expressed regarding the conflict between
theory and reality during the practical work. The most selected option was ‘the theory
is limited’, although approximately half (52%) of all responses involved the lab not
being sufficient in some regard. The two ‘Other’ responses were: ‘There are losses in
the practical system that are not present in the theoretical calculations’ and ‘I'm
unsure as to whether the theory is insufficient or the lab had problems.’
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Figure 5. Distribution of student beliefs in why theory and practical measurements differed.

Interestingly, no correlation appears to exist between a user’s overall usability score
(UEQ attribute average) and their belief in the reason for differences between theory
and reality. Similarly, no clear correlation exists between the dependability attribute
and student belief in the reasons for the difference. Additionally, there was no correlation
between the number of mentions of technical issues (see Section 4.4) in the qualitative
responses and the belief in the reasons for the difference.

Skills perceptions

Students were asked to rate on a scale from ‘Much easier with remote lab’ (+ 2) to ‘Much
easier with a proximal lab’ (-2) the skills-based tasks presented in Table 3 (based upon
Feisel and Rosa).”> We can see from Table 3 that there is a perception amongst respon-
dents to the survey that one or other lab mode can more easily allow the demonstration of
certain skills. However, it is also important to note that there is a core of fundamental lab
skills that survey respondents believe are just as easily accomplished with a remote lab as
a proximal, in-lab experience.

Content analysis

In order to explore whether any themes arise in the open feedback from students a content
analysis was performed. First, student responses were coded as either positive, mixed or nega-
tive based upon their response to the ‘emotions felt after completing the practical work” survey
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Table 3. Student perceptions of whether skills-based tasks are easier to accomplish with a remote
or proximal lab experience.

Skill easier with

REMOTE lab No significant difference Skill easier with PROXIMAL lab

Collecting data Controlling variables Use multiple senses to gather
information

Managing my lab time ~ Measuring accurately Working with others

Working safely Comparing to theoretical models

Setting up equipment Designing my own experiment

Presenting data Analysing data to reach conclusions

Exploring beyond the scope of the
practical work
Investigating unknown quantities

question. Then, each basic unit (normally the full response to a question but potentially indi-
vidual statements if separate points were being made) was coded, if appropriate, as a technical
issue (a bug or other aspect of the lab which “broke”), a design issue (a limitation in the design
that caused problems), or a wider teaching issue (something they commented on which did
not have to do with the lab equipment or UL, but how it was used/integrated in teaching). Two
independent coders annotated the feedback and reached a consensus.

We can see from Table 4 that users considered to have had negative experiences were
more likely to provide comments than students with positive experiences. All students
with a negative response gave at least one reason for their response within the feedback.
The nature of the survey was heavily skewed towards identifying problems with the Ul
and remote laboratory, so this distribution is not unexpected. We can also see that tech-
nical issues were the most mentioned in negative respondents, suggesting that technical
issues may be the most impactful on student experience. This is backed up by the negative
correlation between the number of counts of technical issues mentioned and the attract-
iveness UEQ attribute (t=-0.4).

There was also a strong negative correlation between mentions of teaching issues and
the novelty rating (t =—0.51), reminding us that the remote lab system cannot be eval-
uated outside of the teaching context.

Discussion

Improvements

One of the purposes of seeking student feedback is to improve the remote laboratory
experience. To that end, open response questions within the student survey were used
to make upgrades to the remote lab user interface. A number of comments relating to
the layout of components and relative positions of buttons has led to the development
of a user-controlled, reconfigurable Ul Students can now independently control the pos-
ition of each component, scroll each half of the screen independently and choose from
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Table 4. Average count of issues mentioned in the open text response questions. Issues are
grouped into technical, design and teaching for respondents rated as having positive, mixed or
negative experiences.

Positive Mixed Negative
TECHNICAL 0.29 1.30 2.00
DESIGN 0.57 2.20 1.25
TEACHING 0.29 0.80 0.75

pre-set ratios for sizes of the left and right split of the screen. This may contribute to
student autonomy and perceptions of control and will be explored in future studies.

Although a separate instructions page was available for student use, comments regard-
ing misunderstandings as to how to use components have led to the development of a
Toolbar for each component that includes a pop-up help dialog box and options tools
for additional control over UI components.

UEQ and data collection

There are questions to be asked surrounding the appropriateness of the UEQ as a tool for
measuring learning experiences. Usability surveys are best used to evaluate interactive
tools when they are being used to get a user to an end goal as efficiently as possible.
We could argue that for many practical experiences the goal is to get to a better under-
standing of the theory as efficiently as possible, but as we begin to explore how
remote laboratories can be used for skills development it may be that we are providing
inauthentic experiences by making interactions too easy or efficient (e.g. automatic
data collection vs. direct measurement).

As noted by Burridge et al.** computer mediated remote labs are well placed for
passive observation of students whilst they perform practical work. The collection of
appropriate interaction data could be used to help build learner models, help in assessing
students’ practical skills and to further develop the causal connections between student
perceptions of their remote practical experience and their interactions with the user inter-
face. This passive data collection will also help explore how the design of user interface
elements contribute to user beliefs in the control they exert over their experiment and their
feelings of immersion or autonomy. Typing in text or clicking buttons may provide easy
but inauthentic means of controlling remote hardware and it would be interesting to
explore how varying the means of controlling the hardware and data collection/analysis
affects user perceptions.

Feeling in control/autonomy

Perceived lack of autonomy is a recognised issue within remote lab research®® and was
therefore a key concern in this study. Although we have highlighted that, from a usability
perspective, dependability (or predictable control) is rated lower by respondents to our
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survey than other usability attributes we have not yet reached a solid foundation upon
which beliefs in dependability are based and suggest that it is likely to have many con-
tributing factors. When a user considers the feeling of predictable control they have over
the remote lab system they could be considering: the booking system, the user interface,
the hardware, or comparing the overall remote experience to the more common proximal
one. Identifying what constitutes the dependability rating is beyond the capacity of this
survey; however, hints to how remote lab design could impact user beliefs are presented
below.

This survey finds that dependability does not correlate with agreement with the state-
ment ‘I felt like I was in control of the hardware’ (the statement itself did receive a sig-
nificant positive response). This potentially suggests that hardware control was not the
key factor in students believing they were in control of their remote lab experiment.
Similarly, dependability does not correlate with increasing mentions of technical issues
(which includes hardware issues) within the qualitative feedback.

However, dependability was correlated with agreement with the statement ‘The user
interface behaved as I expected it to’, suggesting the possibility of a stronger connection
between user perceptions of predictable control over their experiment and the interactions
they had with the user interface.

Table 1 reveals that most components were positively rated when students considered
whether that component made them feel in control of their experiment. However, some
core components such as the ‘webcam’ and ‘live graph’ tool were not similarly rated -
with the webcam in fact having the opposite effect. Issues surrounding the ‘background-
ing’ of the webcam have been identified in the literature.?®

It is interesting to compare components that effectively perform the same function but
have different modes of interaction via the UL The ‘Table’ is a component that automatically
stores each data set received from the hardware and displays it on the UI. The ‘Snapshot’
instead displays the same data but only for the values at the instant a user clicks a button.
The user has no additional control over what data is collected, how data is measured or
how it is displayed, simply control over when and how many pieces of data to collect.
This interaction provides a significant difference in ratings of feeling in control of my
experiment’ between the two components (V=4.5, p <0.05, effect size =0.447).

A similar comparison can be done between the ‘Live graph’ and ‘Graph’ components.
Both are automatically displayed - the ‘Live graph’ continuously; the ‘Graph’ only when
data is actively recorded and yet students reported a significant difference in ratings of
‘feeling in control of my experiment’ (V=94, p<0.05, effect size=0.616). The
‘Graph’ component allows users to hover over data points to show values as well as
click data points to move to the corresponding data in the “Table’ component. These rela-
tively simple differences may be contributing to significant differences in student percep-
tions of the control they have over their experiment.

Evidence suggests that remote laboratory design can directly affect the control that stu-
dents feel when interfacing with remote hardware and that this control appears to be
framed around the interaction with the user interface rather than belief in control over
the hardware. Therefore, an exploration of control of task in contrast to control of hard-
ware could be an interesting future study.
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Skills and perceived theory-measurement disparity

Although a number of studies have found that conceptual learning gains using remote
labs are as good, if not better, than traditional, proximal labs,25 2729 cientific inquiry
skills are the least assessed aspect of lab work.*® Lowe et. al.> identify practical skills
as a possible focus of future labs.

Aside from the practical issues identified in Section 2, it could also be argued that
remote laboratories have not yet made it into the mainstream of practical work, in part,
due to belief that they limit the development or application of specific engineering
skills during practical experiences. Student perceptions (Table 3) support the view that
remote and practical laboratories have different applications. However, remote laborator-
ies have traditionally been designed to meet the needs of specific practical tasks, often to
confirm theory that students are learning in lectures. Thus, remote laboratory interfaces
tend to present only the necessary tools for achieving the predefined aims of the labora-
tory worksheet. This was the case in this study, with the majority of tools being rated as
useful for the tasks at hand (Table 1). However, if we are to further explore how student
autonomy and skill development can be enhanced, a more open and exploratory user
interface may be necessary. This may include the use of a bank of UI tools that must
be selected from by students. It may also require a mixed-format lab that provides the
opportunity for experimental design and hardware choice that a simulated environment
can provide before moving students to a remote environment providing students with
the rich data that real hardware can offer.

Additionally, by providing students with additional means to investigate the remote
hardware — pre-recorded video, datasets, 3D models, simulated environments for “con-
structing”” hardware — we may be able to better understand the source of perceived theory-
measurement disparity in remote laboratories and encourage a design of remote systems
that better support authentic practical experiences.

Conclusion

If we hope to encourage the adoption of remote laboratories into mainstream educational
practice, it is important that stakeholders in practical lab work perceive the inherent value
in remote systems and consider the remote laboratory a valid learning tool that is capable
of achieving the skills-based and conceptual learning intentions set in the engineering lab.
To this end, a study of the perceptions of students (and staff) is necessary for understand-
ing how remote laboratories can be designed to meet these needs. Remote laboratories are
not simply a reduced version of a proximal laboratory, but a different approach with alter-
native strengths and weaknesses, offering new opportunities not possible with traditional
approaches (many of which are not yet fully identified or explored).

Although still in early development, the practable.io infrastructure, UI and remote
laboratory hardware have provided 250 students on the ‘Controls and Instrumentation
Engineering 3’ course with an effective practical experience, with results suggesting
that students were satisfied with the remote practical work. This paper highlights and sup-
ports the call®® for further educational research into the impact of remote laboratory
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design on student experience. Within the context of this remote laboratory and the
respondents to the survey, we have identified that perceptions of ‘predictable control’
over experiments may be driven to a greater extent by a student’s interaction with the
user interface (control of task) rather than a belief in their control over the hardware.
We also show that different modes of UI interaction with the same hardware and data
can impact student perceptions of control.
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|. REDACTED DATA — COLLABORATION STUDY

Context note: This data collection was emergent through a long-term and embedded collaboration taking
place over 2-3 years. Formalised data collection separated from this collaboration occurred at two points
during this period — one with students detailed in Appendix H, one with academics provided as the
interview transcript in this appendix.

The nature of the collaboration shifted as a result of the COVID-19 pandemic. What was intended to
involve significant in-person ended up operating almost entirely online.

COMMUNICATIONS SUMMARY

Participants:

e Joshua Burridge (the author)
e Professor David Lowe
e 2 academic practitioners —one senior professor, one PhD candidate

e 2019-in-person project inception meeting, Joshua Burridge & 2 academic practitioners
e 2020-2022 - online collaborations
o 1 per month scheduled zoom video conference discussions - laboratory design
updates; research design, progress, writing; theoretical discussion
o Asrequired written email communication — 144 records
deidentifiable excerpts included

REDACTED
PARTICIPANT CODE|DATE

1]5-1-20

My initial reaction this is v positive - it maps onto concerns | want to highlight regarding the way in which
humans cement control of the narrative, and how we have elevated experiment but lost the nuance in the
process - like photography, we often omit to emphasise the framing/composition/cropping (photography)
or experiment design/apparatus (lab) are human decisions that control the narrative and have been
"washed" by the illusion of objectivity that we place on top of "real" data. So .... simulations and real
experiments both embed human bias, but student reactions to those are different, because of the
cultural background that "measurement is always right". Whereas "mesaurement is always whatever that
measurement was going to be, and may not be reality at all.”,

Mixing in virtual, remote then it may also be that realis not on a linear axis as implied by your title, but
thatitis on a 2D axis, with the perception of veracity on one axis and the actual method on the other .....
we're trying to get off the diagonal line into the quadrant where elements are represented in software but
are perceived as having veracity (being Real enough) - i.e. maybe students will operate under the idea
thereis a linear "real-enough" curve (simple mental models often used when complicated ones are not
known to be required), but really if it is 2D then there are a series of pareto (equivalency) curves on that
2D space that represent perception of realness - and that gives us some wriggle room to dodge to the
side by changing how we present an element of a remote/virtual/online lab, and hop over the line into a
more "real" space - making the experiment that is remote/virtual be perceived to be more real. Thereis a

224

—
| —
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wealth of social science to draw on here, and although that they may seem like a risky place to go, | think
it would help open up this discussion in a way that testing A vs B never will.... Great direction to go in.

1]24/6/20

This active observer thing is interesting, and worth developing it to have virtue that goes beyond the facile
"group work due to a lack of kit" - with the reduced cognitive loading and reduced emotional loading it's
arguable you can get further through the subject before running out of psychological energy for the day.

Veering into anecdote of a similar-ish learning situation, so as to access a single datum this point on the
emotional rationale - in police driving courses you have one instructor, one student driver and two
student observers in back, and you take turns being the student in the hot seat, exercise by exercise. |
found it really useful when being a student in this situation to see what the other students would mess
up, and then avoid that myself, and mix it in with sometimes being the one that had the
excitement/pressure of having the chance to get it right first time. Messing up by us students was often
simply a case of misunderstanding expectations or what the words meant when translated into action, so
sometimes it was a real ego saver not to be continually the one performing (even when one was doing
well it was not obvious which exercises might or might not come easy to you).

We were all advanced drivers who'd already been assessed by police one to one, and this was a training
course on fairly extreme manoevures you can't do on UK roads unless you want lots of questions, so it
was a reminder to me that at any stage of the learning journey in a subject (notjust the beginning) that
genuinely new topics can be just as disconcerting / have hard to understand expectations / etc.

Perhaps tailored one-to-one instruction would still be superior against a more limited set of criteria,
such as getting an individual to a certain standard because remedial help can be tailored for a more
sustained period, but other outcomes such as understanding how other people interpret/misinterpret
those instructions are valuable for laying to groundwork for the student to instruct later (and that echoes
requirements/expectations we have in STEM) and with one instructor teaching three people in one day,
overall, the throughout is good, so long as there is reasonable consistency in the group experience level
of that particular activity, so the vicarious instruction flowing into the back seat is pitched at the right
level.

Whether the police have published on the pedagogy of this method, and what where their conclusions, is
another thing .... But the medical educators will likely have explored it as part of explorations into see
one, do one, teach one.

2|2-19-20
PDF stitched out of sequence — “Remote Lab PID Controller: Experimental Design”, matched date

2|14-9-20
PDF stitched out of sequence — “Remote Lab PID Controller: Experimental Design”, matched date

2|5-10-20
PDF stitched out of sequence — “Remote Lab PID Controller: Experimental Design”, matched date

1]23-4-21

Yes very good point re playing versus theory - we need to find a way to surface this, but there are
indications that there are rich pickings here (e.g. we had a few people querying whether we really meant
gains rather than time constants, to do with the way the ZN tables predict values that are a bit high for Ki
and Kd compared to what actually works .... if we could dig into that a bit more it would be potentially
interesting. It's possibly even on the boundary of asking does the kit work well enough, to withstand the
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kind of scrutiny it is getting, and if it doesn't, what does that say about the way in which we present nice
clean theories that slightly disagree with the real world).

2|2-9-21
PDF stitched out of sequence — “Remote Lab upgrades and triggers”

1,2]|24-9-21
Interview transcript

<preamble redacted>
<obtaining named consent redacted>

Okay, so with that, out of the way, quite a bit of the initial script doesn't make any sense as we've spoken
together before. You have a good understanding of what I'm about and what the research is about. So I'll
dive right into the part where | ask you about your laboratory. So what | would like to talk about is the
equipment and activities that the lab involves. Now I'm assuming that you're going to be talking about the
control systems lab but if there is another one that you prefer then we can talk about that as well. Butit's
about how the laboratory fits into the unit of study. Now | know that you're not the sole educator using
that lab but your understanding of how it does. What you believe the purpose of the laboratory to be and
how well it ran or sorry, not expected because it has run, but how well it went. So, yeah, they suppose to
start with the equipment and activities.

So, yeah, like an artificial contrast originally it was using Kwanzaar cube servo motors and the studies
effect that the practicals effectively about students measuring the characteristics of DC motors, the DC
motor plant with a weighted disc on it, figuring out the gain of that motor, the time constant of the motor,
and then using those. Measure values to get a theoretical idea of what the response to a step input would
be for position control and then tuning a PID controller in order to control that motor position within set
constraints, not going over 20% you know, beyond the step point and doing so in a certain time. So the
equipment we used is a remote lab. So they, we had relatively cheap DC motors bought in we had in
house constructed.

Well motors with stands and the discs on top all built in the <redacted>. And then they were connected
up with Arduino so an Arduino ran the firmware, the PID controller itself. And then that streamed
information from the DC motor, the position time, etc to Raspberry Pi, which then streamed it to servers.
And then students interact via user interface in order to control that. So, and the Ul provided kind of basic
means of setting the modes of the motor itself, and then quite a few different data analysis tools, so the
ability to display all the data streaming from the DC motor, but also graphing tools and tools for
selectively picking out certain snapshot data points, things like that. The, what was the next part.

So the equipment, how the laboratory fits into the unit of study.

Ultimately, the, in my mind, the practical was really about confirming theory. That was the real focus in it.
And to be honest, | don't think there was a huge priority given to skills development or anything like that.

Even before it was a remote lab. There was no real sense of student choice in terms of how they
construct the practical. There was no real sense of your investigating a variable and how it would affect
the outcome it was effectively that traditional follow the practical book in order to look at confirming the
theory you've been learning on PID controllers. So it was pretty much kind of, you know, set them all run
the controller, run the motor, collect the data and then use that data to identify the characteristics of the
motor. And then use your theoretical models and to get prediction and then see what the motor actually
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did and how far off it was from that prediction. So the real focus of the lab really was was that was, can
you confirm the theory you've been learning. | would say. Okay. Yeah, and a third part.

So the third part you've sort of covered already so that is what the purpose of the laboratory was. So
suppose all that's left is how well the laboratory ran.

Yeah, so there was 250 engineering students. So it was a relatively big cohort having to get them through
in a couple of months. We had 15 remote labs available, which seemed like a good number if students
were to can uniformly book the system out. But so we have few issues around the booking system just
because of that idea that the peaks and troughs at different times. So running up to the deadline, there
was large numbers trying to access it. So, you know, in terms of actually, there was a bit of a bottleneck
and getting them on there, which was a slight issue. But | think when students got on and were usingit, it
run, it worked well. | think perhaps the disparity between the theory they were learning and the practical
nature of the hardware box a little bit bigger than expectations were originally.

But that was the nature of kind of the relatively cheap DC motor and things we were using in there. But
students were able to accomplish all the tasks that were set. So | think from that perspective, it ran really
well. And marks are high. So | think students have done pretty well in terms of being able to answer the
course workbook and be able to collect the data. So, yeah, | can't say definitively, but | think it ran well if
we're judging it on did they get reports written? Well, because that was all marked.

Marked. And certainly, you know, upgrades and improvements to be made for the next run. | think things
like booking systems and maybe a number of pieces of kit available, but | think that will be lessened when
there's an advanced booking system in place. And perhaps a change of motor as well, just to ensure if the
intentions of the lab are to confirm theory and that is the main intention. And | think we have to make sure
the lab confirms theory a bit closer than we might have been expecting in the first place. But if the lab
instead was to change it in my mind, | would have a slight shift in it towards a huge few you've been
learning, but can you investigate his real system and understand why there's differences? Then | think it'd
be a bit more valid in that case. But you know, students got through this and, you know, from student
feedback, they seem to enjoy it. If that's important.

That's a discussion to have, | guess. And they felt like they were in control of the hardware. So | think from
a kind of usability perspective, it ran quite well as well.

Okay. That's great. Now, | know we've discussed this already, but on the record, as it were, you
mentioned a couple of other

things. So | think that's the nature of being a developer of a system, right, that you learn very quickly or,
you know, you force yourself quickly to know exactly how to use that system. You can't help it. You
designed it that way. So you use it that way. And then we've talked about the way that you use it. So | think
when you get feedback from people who have never seen that before and their instant response to it can
be a bit different.

So I think in the feedback, there's a, and most of the feedbacks say they work fine and great and they
could do it well, but there was a little bit in terms of just the relative positioning of elements on the
screen. And then quite a few students found relatively tricky. There were moments in the practical where
you didn't necessarily have to, but | understand why students wanted to kind of quite quickly start and
then stop the motor effectively to get as little time, but only the necessary time on the graph is possible
and things like that. So they were talking about having difficulties, say starting with a button position
down in the bottom left of the screen and then getting it stopped with a bottom position up in the right. So
there was a few issues surrounding kind of the relative placements of things. So because of that, and I've
tried to redesign it in order to make it as kind of customizable as possible. So nhow each of the different Ul
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elements, the graph or the controls hardware can be shifted around the screen. So students can move an
element to, you know, next to another one that they know they're going to be using in order to make that
much quicker to jump between the two of them. I've also split the left and right hand side of the screen so
that you can align something that you've got positioned on the left hand with something at the same
height or something on the right hand. And it will just make sure that buttons you're using or you know,
graphs you're looking at can always be positioned on the screen in a way that's going to be comfortable
for you to use and to make things visible as well. There was also, again, in using it myself, | was just doing
a testrun so | was collecting, you know, maybe a couple of hundred data points or something like that as
| was running it. And then viewing the table was fine, but students were running it and collecting the full
5000 data points and then trying to view that table on the screen was causing it to scroll massively down
the screen and they'd have to scroll all the way down to get to the bottom. So I've done things like limit
the size of those components there as well.

When you say, sorry, is that just from that feedback questionnaire that was at the end or did you have
other avenues of feedback from them?

That is 99% from that student feedback questionnaire. So the vast majority became from that there were
a couple of changes that were actually made during the course that kind of effectively became
necessary. Again, in testing it, we were not hammering the system right you were collecting the data need
to be collected viewing it looking at the idea this all worked. And just because of time, you know, we were
rushed to get this whole thing developed. The testing process probably wasn't as good as it could have
been. But when students were then using it, they were collecting tens of thousands of data points all at
one go and that was trying to display on graphs here and there all over the Ul and it was slowing things
down. And so they were getting a little bit freezing and things are juttering on the Ul. So during the course |
had to go in and limit the number of data points that can actually be collected and displayed on the
screen. So that was that was feedback got during the actual run quite early on maybe just a week or two
in.

So | don't think many students have actually used it at that point. But that was the one thing that we did
have to change. And | want that feedback you got at that point. Otherwise it's from the online survey that
we gave out at the end of the course. So after they'd all run through.

Yeah. So what I'm going to do now is share just a quick slide. Okay, let me know if you can see that. Yep.
It's a very basic black and white slide. So this is intended as a bit of a thought process intervention in the
way that people think about labs, the way that they model them in their heads and the way that they
design them. A lot of the description of the lab that you've gone through already fits onto this model itself.

So we've got things like the purpose that we've discussed already. There is you as a designer. There is
also the <redacted> and obviously <redacted> as well.

But also stakeholders. And what I'd like to do for this second half of the interview is to first give you my
interpretation of what bits of the discussion map onto what bits and what bits | might still have questions
about. And then to see what this idea of modeling the lab in this way and the different questions that it
asks how that might measure map differently to what you see as lab design and what questions it raises
or what possibilities it might be.

raise. So this model starts with the purpose. It's based on a purpose first approach to lab design.

And the PIPOV that labels it is purpose inputs, processes, outputs and validation, which is effectively an
idea for a pipeline of how a student is going to get into and through a laboratory teaching and learning
experience. So the, as | said, the designers and stakeholders that | know about from this discussion and
previous discussions are you, and <redacted>. Would you identify any other stakeholders in the lab?
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Yeah, | mean, stakeholders or designers, sorry. Stakeholders. | mean, well, students are stakeholders in
the lab as well, I'd say. And even | think in this, in this case, and maybe not necessarily the case in all
practical labs, but or even all remote labs, the actual mechanical designers off the hardware as well, |
think are part of this and have been a big part of this since the beginning.

So there are a couple of mechanical engineering technicians at <redacted>, they've been quite heavily
involved and will continue to be involved in the production of the hardware side of our remote lab system.
And so they have been certainly, you know, actually involved more than | might have expected in a really
positive way, as in they are interested in the outcomes of these remote labs. They are interested in how
we can iterate the designs of them to improve them.

And they've been putting a huge amount of time into developing better and better systems as we go along
with many, many different iterations as we say of the designs. So | think there's stakeholders in here as
well. But then on a larger scale, the, the, you know, management and lecturers and teachers as part of
the engineering faculty as well are definitely stakeholders.

They may not be that heavily involved at the moment. But if the purpose and outcomes of these remote
labs continues to be seen more clearly and to, and we really get good outcomes from these labs, then |
think they will start to be more involved as time goes on. And we started with this one lab just now. This
was our first run that we have subsequently attracted the attention of maybe two or three other courses,
one which I've built and designed and is ready to run this semester, and others that are going to start in
semester two.

So it's because of, you know, the people that are involved in this, this first run and the word of mouth and
thing that's gone on because of this first run that other people are now getting involved to. So | think it
runs through the full range down from from students up to the kind of upper echelons of the hierarchy in
the engineering department and potentially even up into the university wide as if engineering can show
that this system works and gets good outcomes than other other departments might take on as well.

One of the, | mean, obviously the central aspect of this model being the purpose. And we've discussed
that already in terms of the validation of theory side of things. Quite often, what I've found when people
are working with designing laboratories is that they have that sort of purpose which some people can and
some people can't point out and articulate. But there are other non learning outcome purposes that
people will know about and will incorporate into the design of the lab, but won't necessarily consider
when they're asked about the purpose of the lab. So there are two aspects of the laboratory that we've
discussed that actors constraints that | would probably include in a statement of purpose to do with time
and cost in particular.

So obviously you were rushed to the deadline, as you mentioned of this getting it up and running for a
semester. And you mentioned earlier with them, the discussion of <redacted> how the low cost of these
labs is distinct from from other labs. So one thing that this model tries to capture is the idea that all of
those different constraints exist within the purpose of the lab, which is important when we move into the
inputs of the lab and what you choose for those, because there's going to be certain inputs that you might
like to have. But due to some of those constraints that are not learning outcomes, obviously you couldn't
have either in this run nor in any run. So the inputs being the particular physical written things that are
provided. So the laboratory equipment, any lab guides that were provided.

So they're the obvious ones. I'd also like you to think about the way that the students accessit. So
whether that is an individual student doing individual work for a report, or if it's grouped, or whatever the
circumstances there are, what timing that the lab has. So obviously this comes right into play with a being
a remote lab, we have to ask more questions than normal. There's no scheduled lab time that they have
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to access it at. There might be differences when they have a lab demonstrator or someone to help them
available in a class, if they're able to access the lab at that time. So is there anything more that you can
tell me about the inputs to the lab? So what the students were given, what the context were?

Yeah, so again, this all has to be prefaced with the fact that it may be that I'm not correctin what I'm
saying, but this is my best guess, let's say. The hope of <redacted>, | think was to basically maintain what
he had done as in person lab. So the they were provided with the same lab workbook, modified just for
how to access the labs, etc.

and updated a little bit. But basically the tasks and questions things were all the same. So that was their
that was effectively the main input, | think, into the process was, here's your lab workbook. They again,
originally had had two 90 minute sessions. So the intention of this remote one was still for them to be
able to achieve the outcomes of the lab in two 90 minute sessions. | think it's clear, though, that a lot of
students spent a lot longer on it than that, though.

And that contributed to kind of the bottlenecking of getting it booked out. The <redacted>, obviously been
doing this in class in groups of four, | think, originally, but that shifted to them doing it completely
independently, well, but with no constraints, really assigned. So there was nothing stopping them from
meeting up together and running the lab. There was nothing stopping them from having each other on
zoom and having a chat as they were going along.

And so there was no limitations there on who they could work with and how they could work in order to
get the data. But | think most of them will have gone ahead working on their own in front of the computer.
The, the word, therefore, | don't think any kind of demonstrators available, you know, at set times for
them to chat to now | could be wrong about that. But | know that they were in communication with the
course organizer, fairly frequently when they were stuck. So they're able to email him. And | think he had
some drop in sessions where they could speak to him. And they were also given a contact for, for
<redacted>, and so that if they were having issues with it from more of technical kind of Ul perspective,
they could get in touch with us and we could provide some feedback. So that happens a little bit,
especially to begin with.

And then when students were struggling to get actually booked on the system, and they were contacting
them as well. The | also had produced a little website that gave more information on the user interface
and how to work and how to run it and what things should do and, and, and that kind of thing. So there
was that as an input as well on top of the lab book. There was this additional and resource that was
intended, | guess, to try and replicate being a, you know, demonstrator a little bit, that hopefully it could
answer some of the more basic technical questions as to how to get this data on a graph or how to use
this component that a demonstrator might have helped with if it was in person. Anything else? Not | can
think of right now.

So you've touched on one of the big splits. Any feedback from somewhere? So you touched on one of the
big splits between desired and actual in what you were talking about there with the no, they weren't
expected to do group work, but they could have.

So that's a big part of this model as well as this recognition that you can lead a horse to water, but he
might go on to side to a grass if he wants to. Did you have any way of observing what it was that they were
doing, whether it was individual or group or is that not something that was measured?

No, I'd, I'd them anyway. So there was I'm not trying to think. No, | originally, | actually originally had in the
survey a question about whether it worked as a group or not. And somehow it disappeared from the
survey.
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Or did it have to check that? No, basically no, | can't really tell from survey responses. And that's really
the only way I've got, I've got input into how they were working was in how they responded to the survey. |
can't tell whether they worked individually or as groups or contacted each other or, you know, got help
from each other. Really, no. Okay.

Did <redacted> have an input on individual or group design, you know, so was going to individual
something that they're after or something that they just didn't mention?

There was no discussion between me and <redacted> as to how the, how they intended, you know, that
element of work to go, whether they would be allowing them to work as groups or whether they're
encouraging to work on their own or anything like that. Or even if they were providing, you know, | don't
know if <redacted>, you know, identify the possibility of working in different ways to them. So,
unfortunately, | can't really give an input there. Okay.

Is that the sort of thing that maybe it was discussed with <redacted>? It just wasn't a factor.

I think probably again, my best guess would be the intention from the off was that they would just do this
independently.

Okay. So, | mean, the main reason that I'm querying that is just that idea of trying to nail down
unarticulated purposes to labs quite often that idea of team psychomotor is something that comes up
where people have it but might not write it down as the purpose and so on. So, the next step being the
processes. Now, part of that we've gone through with what you've observed with the queuing and the
conversations you would have had about troubleshooting and so on. Recognizing that there is that
planned process that they're going to go through.

So, | won't cover too much of that again, except to say that the processes that they go through obviously
are going to be driven by the inputs that they are given. So, not one to one. It's not a case of the workbook
says do this, therefore they're going to.

But it's going to be made more likely. The part of processes that will probably be more of a conversation
with the course organizer, but you may have some insight anyway, is the cognitive processes that the
students are going through, not the physical things that they're doing, the buttons they're clicking and so
on, but the thought processes that they're having. So, you may have observed some of that from the
feedback to the survey or from the questions that they're asking in the troubleshooting. But did you get
any insight into what the students were thinking about while doing the lab, what their focus was on, how
they were interpreting what they were seeing?

Hmm. Yeah, now that you've highlighted, it was effectively something | was hoping to do more of as part
of this study. | was wanting to have some post lab feedback sessions with individual students and | was
wanting to then sit with them and go through some of the tasks and ask them to actually discuss and
explain what they were thinking about. So, | was hoping to get some feedback from the students and
about as they were trying to achieve these tasks.

Now, COVID and exams came up and the lab was delayed by good few weeks and so that pushed into
their exam time. Those interviews just never happened. So, that aspect of trying to get feedback more on
exactly what they were thinking was effectively lost because although the survey asked them to reflect on
the experience, it doesn't really ask them to reflect on how they got for me to be and what they were
thinking in order to do that. So, unfortunately, there's probably not much | can actually give you in terms
of what they were thinking as they were doing it. There's a little bit in terms of, | think, a slight barrier and
we see this in some of the responses to the we asked them the question, why if you saw a difference
between theory and reality in your practical, why did you believe that that difference existed? And you can
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see a range of thoughts there, but quite a few of them referred to them not feeling like the lab could
measure as accurately wanted it to or there were some issues with the lab. So, by making it a remote lab,
| think there was kind of an abstraction or a layer of difficulty between them and getting to the answer.
And | think of quite a few times, and we found this in some emails we got from them early in the early
days, there was some element of they thought they were fighting with the system when really a lot of the
times they were getting the appropriate data, but they had difficulty processing that data in a certain way,
because they felt that they were it was a Ul or it was a remote lab system problem, rather than a problem
with their understanding of the theory or of what the response should be like. So, | think that didn't
necessarily and that's part of what I'm wanting to look at and study more remote labs as well, by giving
them a remote lab by putting an interface between them and the hardware, they start to think and get
worried more about what they're seeing and how they're interacting with the interface, rather than what
results are coming from the hardware itself or what they should really be thinking about. Yeah, otherwise
it's difficult, | think it's difficult for me to say necessarily what they were thinking about or were worried
about in there.

There was a few mentions in the survey as well about the lack of a demonstrator and the lack of team
mates to speak to and things of that as well. So, | think that was something they were concerned about as
they were working through the lab. But it obviously is not necessarily something they're considering as
they're trying to solve. Well, it's something they're considering to try and solve a problem, because | think
a lot of times they were thinking, well, | could have called someone over to speak to me to really help me
through this, whereas instead I'm sad on my own and unable to solve this problem for now. So, itwas a
concern of theirs as well, not being able to communicate with people as easily throughout the process.
But otherwise, in terms of kind of their thought process and getting from what they're seeing on the
screen to the theory they're supposed to be comparing it to, | don't have too much of an insight into that
side of things.

Okay, that's been really helpful. The last step before we look back, | already know quite a bit about both
from this discussion and previous ones. So, the outcomes of their marks that you indicated were high for
the report. There's the post lab survey that they've undertaken. So, you have an idea of the actual
outcomes that you've observed in both of those.

So, I'm assuming for the mark side of things, <redacted> obviously intended for that to be the case and
therefore that's a match between desired and actual outcomes. Was there anything in the observed
outcomes in the user survey that was unexpected or a surprise based on what you had thought the
processes were going to lead them to? Let me think.

Maybe if | actually have more survey information up. Well, one thing definitely that | wasn't really aware of
but then have no thought is quite an interesting aspect of the lab was this sense of where the nature of a
remote lab means they're not touching and manipulating and playing with hardware and | think that's the
thing that traditionally has been seen as a real weakness of remote labs. Students can't get their hands
on it. They can't change it.

They can't do this. But | was interested to see that students actually felt what seemingly seemed and
again, we've got small numbers really in the samples. We can't necessarily generalize to the whole group.
But at least the people answering the survey seem to feel that they were in control of the hardware.

They didn't really have an issue with that. So | thought that would be something that would come up.
Instead, what came up was this idea of, well, we don't necessarily feel in control of the interaction we're
having with the user interface.
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And that was interesting as well. Because | think again, traditionally, the interface has just been viewed
as a means of really being in control of the hardware. So as long as you can get that control of the
hardware aspect figured out and they're happy with that, then you're fine. But actually, the interface is
removing from the students a lot of the aspect of measurement, a lot of the aspect of data analysis is
doing things automatically a lot for them. So that was an interesting kind of unexpected outcome, | would
say that understanding that we have to really make sure the Ul is designed in a way to encourage the
skills that we're trying to develop. Now, in this case, as | said, the main kind of conceptual purpose of or
learning attention of the lab really was to confirm theory. So by having automatic data measurement, etc,
etc, that's not really limiting the intended outcome of learning, you know, learning the theory and
comparing it to that. But perhaps it's something maybe | should have mentioned earlier in terms of kind of
my purpose for <redacted>, | want to look a lot more carefully at how can we redesign labs to encourage
certain skills development.

So that was missing from the intentions for lab. And that's fair enough. That's not really a problem. But
that is within my purposes. And | think | could also see within the data that came out that there was a
disparity between the skills you might want a student to learn in a lab, and the skills that students at least
perceived or thought that they could achieve with that with a remote lab.

So I think that was an interesting and not not necessarily intended, but an outcome that came out for me.
This idea that I've mentioned already, the design of the Ul is going to be an important feature of remote
labs and particularly an important feature if we're thinking about skills and other aspects of lab and work
that's going on. Otherwise, otherwise, nothing, that's, nothing, that's it.

So you've sort of given me a nice segue for the, what is the final part, but the largest part of the model
itself, which is there, what sort of benefits is it intended to provide to people that are using it for labs. And
by identifying that your purposes are different to <redacted> purposes is in that sort of mindset, where
recognizing that each stakeholder is going to arrive to the lab with a different set of purposes that they
intend for the lab, whether that is the students who expect a certain thing and will react negatively if not
that's not there, even though that might not have been the educational purpose of the lab, thatyou as a
designer have a particular purpose that <redacted> has a particular purpose.

The university as a whole probably want something out of it industry might want something different out
of it and so on and so on. Where that so just by recognizing that and seeing that there's going to be
different purposes that flows on through the inputs that should be prioritized what processes you're going
to be seeking and so on. The part that | believe has the most value though is the recognition that
outcomes are not the only thing that can be or should be measured. If we're trying to identify the purpose,
sorry, if we're trying to identify whether the purpose has been met or not. So you mentioned that you
wanted to but didn't have the ability to have that post lab chat with students about their cognitive
processes. Do you know of or can you think of a way to try and measure that not as an outcome, butas a
process during the lab?

Well, one thing that I'm interested in you've written about this in the past as well. | think I've referenced
you in <redacted>. In fact, is we're using computers in order to perform these these labs. And we're one
thing that is a vast improvement in there and that we can't really do necessarily in an inface lab is actually
collect the data as they're running through these things. What are the interacting with on the screen?

How long are they taking to get from point A to point B? And have they are they actually accessing tasks in
the order that is laid out in the practical workbook and those kind of things. So one thing I'm interested in
upgrading these labs with is some element of data tracking in the background as students are actually
running it. And | think | think that combined with a discussion afterwards would be useful not only in
trying to confirm, you know, what students actually did or why they actually feel that way, but also looking
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at the contrast that will probably exist between how they actually try to process things during their lab
and how they felt about that afterwards as well. And the hope or the intention is that that kind of low level
data tracking of their interactions might reveal things about their beliefs in the control they have over the
experiment or in terms of other usability factors, but also in terms of will do the process. Are they
processing the task in the way we thought he would? Are they approaching the tasks in the way we
designed the lab to do? And that might be quite a rich data source for for them redesigning things to
ensure that either they can run more efficiently or we can, you know, have tasks in a different order or
whatever else. So | think that's going to be a useful way of doing that. You know, which is not really
possible, notin a remote lab environment.

Okay, thanks. I'm conscious of the time. So if you've got to run, let me know, | just have the one final
question for the end. And that is whether you've used frameworks, maybe not like this, but frameworks to
model what you're doing in the teaching and learning activity before, and how you believe this compares
or contrast to those.

Yeah, | mean, in terms of <redacted>, no, definitely not, not used anything like this. And | say because,
well, you know, as the designer, I'm a huge part of that that processing, you know, one key element along
the rest of them. So | feel absolutely that this should be more of a process that people are running
through as they are actually in development of the lab. That | think it takes a bit more communication
between the designers and other stakeholders off the lab for for these things to happen than happened in
our case. And that's for many reasons, you know, COVID, blah, blah, blah, etc. etc. And so | feel like as a
designer, along with the other designers, we've had our purposes and our desired inputs, but none of
them have really been communicated to each other.

And none of them have necessarily been thought about as how they would work together, etc. etc. So |
think it's really important that we do these things to a lesser extent as a <redacted>, whichlwas ina
previous career, a simplified version of this would be would be run through on the larger scale in terms of
planning whole schemes of work, you know, for a year group. But in that case, you know, well, in that
case, there are there are kind of desired and unintended outcomes in there as well, obviously. But also
then on a smaller scale in terms of individual lessons as well. Where, you know, we were constantly
thinking about, well, how did that go? And then how could we then feed that back into how we redesign a
lesson in the future? So, yeah, | don't even as a teacher, not kind of as clear cut.

But | think this this is a really good model. And | think it's important. And just discussing it with you now,
you know, has made it obvious that there were massive gaps in terms of our thoughts in running it. And
even if | was to be the sole designer and have come up with a lab, etc, etc, would | have thought about it
in this detail? Probably not. And | think that, you know, is an issue, actually. And something we need to
think about more.

Okay. Yeah, that's fantastic. Thank you very much. Cool. | might kill the recording.

Collab|8-9-22
What does ‘collaboration’ look like?

Axes of consideration:

e Wherein the process

Design of laboratory
Design of experiment
Control of equipment
Collection of data

o O O O

Analysis of data
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o  Write-up
o Follow-up
e Depth (? Nature?) of interaction

o Necessary shared work (2 people lifting a heavy thing)

o Independent shared work (2 people working in parallel on tasks that could be solo-
sequential)

o Enhanced shared work (2 people doing the ‘same’ task, but richer/faster/more reliably,
e.g. pair programming)

Timeshare (2 people repeating the same task, swapping)
Driver & Observer (1 person conducting work, 1 person observing —can blend into
timeshare with swapping, or enhanced if there are active observer tasks)

o Divide & Conquer (2 people take independent tasks and work on them individually. Can
be sequential where 1 task is an input to the next, or collating where the tasks are done
in parallel and then combined)

e  Proximity (student-student, not student-equipment)

o Proximal

o Remote

o ...simulated? Could be fun and novel, but unlikely to be practical

e Synchronicity
o Sync, both people actively ‘in’ the same space at the same time
o Async, students collaborating over a time gap

What considerations for a remote system supporting collaboration:

e Whatdrivers for collaboration have been removed in a remote setting?
o Constant, computer-aided data collection (measurement becomes passive rather than
active) — no need for enhanced shared work
o No equipment set up requirements — no need for extra hands to carry the bits and
pieces, hold the heavy thing while | screw in the fiddly bit, etc.
o No/reduced time pressures — squeeze a 3-hour traditional lab into a 2-hour timetable
slot, needs more people doing tasks in parallel. Remote can just take 3 hours.
e What dangers might exist?
o Roadblocks seen as annoyances, ‘childish’ gamifications — need for perception of
intrinsic benefit to collaboration
Could ‘spend’ benefits of remote labs seeking collaborative benefits of traditional labs
No strong evidence that there is a need for collaboration in labs (particularly the control
of equipment/collection of data steps that nearly all pubs appear to focus on) — strong
assumption, yes, but perhaps it can come in after the fact with a group written report?
e What opportunities exist?
o Certain types of collaboration are enabled by remote/computer-mediated labs —
particularly async
Better group interaction observation and management
Perhaps more ‘meat’ to the collaboration, if busywork is allowed to stay computer-
managed and more activities can be brought in for different students to conduct
o More authentic collaboration (presumably industry collaboration is not nearly so
focused on shared work as eng-ed lab research is - if divide & conquer gets the work
done, then great)
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Controls Engineering Remote Lab: Experimental Design
Overview

August 12, 2020

1 Overview of potential research questions

Although having in no way exhausted the literature, it seems relatively clear that most of the focus on
remote lab research so far has been either a) to demonstrate a particular system and explain the technical
aspects, b) to discover whether students find remote labs useful or ¢) to compare learning between a
traditional lab and a remote one. The overriding view appears to be that remote labs can do just as
good a job as traditional ones.

However, two key points stand out to me amongst the literature:

e Student perceptions of remote labs are quite different from traditional ones.

e Much of that could be due to the lack of direct involvement in the construction of a remote lab.

Students interact with a remote lab via the interface, not the equipment itself, therefore generating
a sense of control over the experiment could be supported by giving students more control over the
interface.

What also stands out in the literature is that few studies have considered how individual elements of
the interface could affect learning or perceptions. Most studies consider the remote lab as a monolithic,
unchangeable entity that is to be compared to a similarly invariable traditional lab. A major benefit of
remote labs could be the ease with which interfaces are tailored to student needs. Users should be at
the heart of the design process (see section 2).

1.1 Phase 1: PID controller remote lab

The following is a relatively vague list of general exploratory research questions. An attempt to make
them more specific can be found in section 4.

These questions are potential considerations for my work this academic year, including in the PID
Controller remote lab.

e Can the use of contextual media beyond that possible in a traditional lab help improve student
perceptions of a remote lab?

e Many studies find that students (unsurprisingly) feel isolated from the lab itself. How can student
perceptions of personal involvement be improved in remote labs?

e Studies seem to suggest students “believe” in the results from remote labs (eg [Lowe et al., 2013]).
What is the source of student belief in the veracity of results? If real and simulated data were
substituted would students be convinced?

e Can sensory input to and output from the user help improve feelings of immersion and presence?

— Does something as simple as a microphone in the remote lab improve physical “connection”
with the lab?

e How does student perception of the “remoteness” of a lab change when they are given more inter-
action with the lab interface?

e How can the interactivity available in remote labs be improved?

— Students making choices in terms of interface modules to include in their experiment.

— Ability for students to select different experiments to complete with the remote lab.



1.2 Phase 2+4: Beyond controls

The following is a list of general research questions that could be considered beyond the first year of my
PhD.

e What components of a remote lab interface most encourage student exploration of a practical lab?

e How can data analytics be used to improve the evaluation of remote labs and students using the
labs?

e How can collaborative learning be promoted within remote labs?

— Inclusion of a live messaging feature
— Data/results sharing

— Labs requiring simultaneous input from multiple users to accomplish tasks?

e How can we replicate some of the communication that students would receive in a traditional lab?

e Inclusion of student learning models to help evaluate student interaction with the remote lab and
their learning.

e What study designs will best help evaluate the direct impact of individual elements of a remote
lab and/or help quantitatively identify correlations between learning outcomes and the remote
lab/interface?

e How can remote labs help improve students’ sense of attempting “real” scientific enquiry; as opposed
to following set tasks with known results?

e Can ‘gamification’ help improve student involvement in remote labs? The inclusion of ‘accomplish-
ments’, for example.

2 Impact of Design Research on remote lab design
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Figure 1: Reproduced from [Faste and Faste, 2012].

Design research, rather than being a series of specific methodologies on how to “do design” is instead
a loose philosophy that puts importance on evaluating the design process rather than focusing solely
on the end product. [Faste and Faste, 2012] highlight the fact that design research “has come to mean
wildly differing things to different people” so they attempt to break down design research into more
concrete categories, of which the most important for remote lab design could be research through design:
a research process that culminates in an artifact that summarises the body of knowledge gained. In this



regard, a remote lab should not be built as a static artifact that can then be used in a study to decide
whether it works or not; but iterated over through a series of exploratory studies until the artifact
(remote lab and interface) match what the research says is necessary/useful /preferred etc. Key aspects
of attempting design research include (from [Faste and Faste, 2012]):

e Qualitative research observing people in context.
e Prototyping of forms to evaluate usability using field trials.
e Exploratory designs and tests to help inform future paths.

The creation of prototypes is essential to design research, as is the use of prototypes in the field to
garner feedback which informs new iterations of the design. There is no assumption of an ultimate,
best design, research can only help you tend towards more useable designs that meet user needs better.
There can also be no assumption of the theoretical user, user research is integral to good design and user
feedback is necessary at all stages.

Perhaps, overall, the evaluation of remote labs in light of design research suggests that how we assess
the impact of remote labs could be framed differently. Rather than the quest for scientific knowledge
(e.g. students achieve a greater increase in learning from pre to post test using remote labs compared to
traditional labs); we should be framing the research in terms of user experience and component design
(e.g. students believed that the interface was comparably complex to the real experience; students found
graphing to be an easier process in the remote lab in comparison to the traditional lab; how are data
collection times affected by varying interface design? etc. etc.)

3 Examples of current practice

3.1 Exploratory study of the acceptance of two individual practical classes
with remote labs

[Tirado-Morueta et al., 2018] use 98 engineering students in an exploratory, pseudo-experimental study
of two remote labs. There is no control or comparison group completing a traditional lab. The study
is between-subjects, with individual students only exposed to one remote lab. Results are gathered
through the use of a questionnaire, reproduced in figure 2. Students responded on a 5 point Likert scale
to questions on usefullness (Q1 and 2), usability (Q3,4 and 5) and student perception of “proximity” to
the lab (Q6 and 7).

Table 1. Questionnaire, descriptive analysis, and ANOVA.

EMRL PSRL ANOVA

Mean SD Mean SD F

Q1 This lab work allows strengthening the theoretical concepts? 400 087 415 069 072
Q2 The remote lab work makes easier the theoretical-practice understanding? 411 068 371 064 795
Q3 The exercise can be carried out without the professor supervision? 411 080 454 059 7.65%*
Q4 The access to the remote lab through the LMS is easy? 418 068 459 067 777
Q5 The time available to complete the tests is enough? 400 082 476 053 2478

Q6 The use of the interface is easy? 407 089 4.02 079 005
Q7 The interface allows carrying out the exercise in the same way as in the lab 389 095 437 053 7.89%*

classroom?
**p < 01, *¥p <001,

Figure 2: Questionnaire and student responses, reproduced from [Tirado-Morueta et al., 2018].

3.2 Pedagogical evaluation of remote laboratories in eMerge project

[Lang et al., 2007] again use engineering undergraduates undertaking a practical course in engineering.
They randomly assigned participants (all from one single population of engineering students on the
same course) to one of two groups: traditional practical work (control) and remote lab (experimental).
Students were not allowed to select their group in order to remove selection bias. The study proposes a
number of hypothoses including: “do students find experiments carried out on the internet useful?” and
“are the experiments considered positive and helpful to the learning process?”. A 6 point Likert scale was
used for student questionnaire responses. Results are given in figure 3.



Table 5. Mean values and standard deviations on items answered by students according to acceptance, usability
and usefulness.

Scale liem® MP SD
Acceptance I'would wish that other practical courses were put online. 3.77 1.17
I'would do this course again. 3.67 1.12
I prefer learning in the eLab compared to learning with textbooks. 3.67 1.49
If there is a choice between web-based learning and learning with 3.53 1.72
textbooks I will prefer the book. (—)
I enjoyed using the eLab. 3.97 1.03
It’s much better to see the experiments in reality than in the eLab. (—) 2.07 1.08
I would recommend a fellow student to take this course, too. 3.87 0.97
The eLab motivated me to learn more about the topic. 3.07 0.91
The fact of being in a PC room instead of a physical lab disturbs me. 4.29 1.46
(=)
Usability Much effort is required to learn how to use the eLab. (—) 4.77 1.36
I'would like to have a preliminary course for using each instrument. (—) 3.73 1.28
The instruction to make use of the eLab is sufficient. 4.17 1.29
The help functions are sufficient. 3.83 1.12
To get along with the notebook-tool is difficult. (—) 4.10 0.84
The use of the textbook tool is complex. (—) 4.27 0.91
Usefulness The eLab is a good preparation for my exams. 2.53 1.04
For my studies it was helpful to take this course. 3.10 1.24
The eLab is a good preparation for my future job. 3.07 1.26
Being in the eLab was a waste of time. (—) 479 1.21
Taking the course was the right step to achieve my professional goals. 3.24 0.95

#(—): polarity reversed for this item.

Panswer format from 1 = T totally refuse’ to 6 = ‘I completely agree’.
M: mean.

SD: standard deviation.

Figure 3:  Questionnaire results on acceptance, usefulness and usability, reproduced from
[Lang et al., 2007].

4 PID Controller remote lab

The remote lab is being designed with a number of possible benefits in mind: a) to replicate a teaching
resource for a course with increasing student numbers; b) to act as a test case for the continued introduc-
tion of remote labs at Edinburgh; c) to allow for my training through the lifecycle of design, construction,
deployment and evaluation of a remote lab; and d) as an exploratory study to provide jumping off points
for later study.

The ‘Control and Instrumentation Engineering 3’ course at Edinburgh has a practical lab element
that already utilises the Quanser QUBE and a LabVIEW interface for PID controller design (see figures
4 and 5).
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Figure 4: The Quanser QUBE unit.

The lab involves students tuning a PID controller using the Ziegler- Nichols method and to tune for
maximum overshoot of less than 10%. It then asks students to use these tuned parameters to setup a
steering control system on a simulated vehicle. The remote lab will be created in order to perform the
same tasks - details in the controls 3 course practical workbook.
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Figure 5: LabVIEW interface for the PID Controller practical laboratory in the ‘Controls 3’ engineering
course at Edinburgh.

4.1 Hypotheses and independent variables

In my, albeit limited, review of the literature the consideration of the remote lab user interface (UI)
as a potential contributor to student perceptions of the remote lab is a little lacking. I did not come
across any studies within the remote lab literature of UI studies - A/B studies presenting variations
of interfaces for example - although this is a standard research method within HCI research. I would
propose therefore that we look at how elements of the user interface itself can help promote student
perceptions of remote labs.

There are a number of hypotheses/questions that we could attempt to answer using the PID controller
remote lab. T have highlighted a few below for discussion:

e Students are more likely to believe that they have more personal involvement in a practical task
when they have increased control of the user interface on a remote lab.

— Different groups are presented with either: pre-designed static interfaces, limited choice in
variables etc. or full control of interface elements in use.

e A PID controller remote lab (with varying levels of UI interaction) provides the same perception
of usefulness and usability as the traditional hands-on lab.

e Student feelings of “immersion” within remote labs education improves with the use of contextual
media within the remote lab.

— PID controller with and without additional vehicle control interface.

e Student perceptions of having completed a ‘ready-to-go’ experiment are reduced when they are
given choice over interface elements to include in their practical.

e Do student perceptions of the ‘ease of gathering data’ and ‘reliability of results’ reduce when the
level of customisation of the interface is changed?

4.2 Methodology and experimental design

This will be an “in the field” intervention, with students completing the same lecture courses and labs
prior to the PID controller lab in which students will then be presented with alternative interfaces.

With a design research perspective, the experimental techniques employed could follow similar meth-
ods to UX/HCI research. A brief list of possible approaches is below:

e User feedback: utilising a number of exploratory studies, prior to the controls course, to gather
feedback on prototype variations for the interface and lab itself.



e A/B testing: different groups of students will be exposed to different interfaces.

e Interaction analysis: user data is tracked as they use the remote lab: time taken, elements opened,
options chosen etc.

o Field testing: students are observed while using the remote lab and asked to feedback on what
they are doing or struggling with.

e Usability data: are students able to complete the workbook tasks? How long does it take them?
Is there a difference in accuracy with each interface?

e User attitudinal questionnaire: modelled on [Lowe et al., 2013].
e User emotional response questionnaire: as in [Drysdale and Scoles, 2019].

e Pre and post test data: on either related engineering questions, questions from the lab workbook
or experimental skills in general.

With the intention of maintaining as natural a setting as possible, a between-subjects design is
necessary where groups of students are only exposed to one condition. This requires a larger number of
participants for statistical significance than within-subjects, but this shouldn’t be an issue if the number
of students in the class is approximately 150-200. A between-subjects design removes the learning effect
and reduces user fatigue having to complete the same task on multiple systems. However, it will reduce
the ability of students to compare their experiences with different interfaces. Ultimately, we may need
to provide students with opportunities beyond the study to access the alternative methods (open up the
remote lab to all and/or give students additional lab time).

Students all come from the target population as they are all engineering students taking part in
engineering practicals. They will be randomly assigned to one of the test conditions.

Practical work will follow the current syllabus and all students will be following the ’Controls and
Instrumentation Engineering 3’ practical workbook (practical 2 PID Controller). This will hopefully
reduce any confounding variables involved in different preparation materials etc. Data for evaluation of
the remote lab could include marked practical workbooks.

4.3 Variations on interface design

If we are studying how variations of interface customisation/interactivity affect student perceptions,
then multiple variations of the PID Controller interface will need to be designed. Figure 5 shows the
current interface used by students in this course. A similarly designed interface would be created as the
static/non-customisable version of the remote lab interface. Something nearing that has already been
created for a pure simulation version of a vehicle steering PID control, see figure 6. As a step from no
user control to complete user control, a second version could include additional vehicle setup parameters
(max speed, max steering angle, mass etc.) and the ability to vary what is plotted (distance error, angle
error, speed, steering angle etc.). The third variation, with most user control, could effectively start with
a blank screen and provide options for interface elements to reveal, including additional elements that
are not necessarily useful for this practical.
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Remote Lab PID Controller: Experimental Design

September 2, 2020

1 Research question

The general research question is: how do student perceptions of remote labs vary with increasing levels of user interface
interactability.

Perceptions include student belief that they are completing a “proper” experiment; that they are collecting reliable results;
that they are personally involved with the experiment; and how easily they can gathering data. Where possible, quantitative
measurements of trackable interactions (task time etc.) could help support survey responses on student perceptions.

2 Participants

Approximately 250 3rd year engineering students taking part in the ‘Control and Instrumentation Engineering 3’ course at
Edinburgh University. These students will be randomly assigned to one of three test conditions in a between-subjects design.
The literature commonly has examples of studies with between roughly 10-60 participants per condition (although a small
minority have over 100).

3 Hardware and software

Remote lab hardware of DC motor and spinning disk with encoder for measuring position and angular velocity. Interaction
with the remote lab is through an online web app. All users will require a large screen and mouse to ensure that differences
due to varying interaction technique or visibility of UI elements is controlled. No mobile phones or tablets to be used for
this study.

4 Tasks

Students are following the ‘Controls and Instrumentation Engineering 3’ course and the remote lab is substituting for the
original Quanser/LabView practical. As such, the intention is for students to complete all tasks from that original practical.
A brief outline of each task is given below:

Task 1: Static characterisation of a DC motor. Plot angular velocity against input voltage.

Task 2: 1st order step response of motor with rotating mass. Vary transfer function coefficients to match real response of
system for 2 different rotating disks. Calculate gain and time constant from output graph.

Task 3: 2nd order step and ramp response. Input step and ramp signals to set position of disk. Calculate peak time and
percentage overshoot for step reponse. Measure steady state error for ramp response.

Task 4: PID Controller. Use the ‘Ultimate gain’ Ziegler-Nichols method to tune the PID controller parameters.
Task 5: Car speed control: Exploring a “real” PI controller.

Task 6: Car steering control: Exploring a “real” PD controller.

4.1 Possible issues

The current practical utilises 6 different LabView interfaces to complete the full practical. This is potentially a lot of new
interfaces to develop, particularly if comparing multiple versions of each.

The remote lab will need to be designed with two separate motors as the original lab asks students to use two different
disks.

Lab material provided to the students will need to be re-written and ensure it is not biased towards any particular interface.
General tasks need to be given, rather than specifics on how to perform the task with the interface. The same lab material
needs to be provided to each student no matter the interface used.



4.2 Completing tasks

As this is an ‘in the wild’ evaluation of the remote lab, complete control over when and where students complete tasks is
not possible. They will be given access to the web app at the appropriate time(s) during their lecture course. They could
be given a time frame within which the lab work must be completed and appropriate data submitted. They will be asked
to complete tasks on a desktop PC (any OS) with keyboard and mouse. Hardware used as well as time and location (home,
university etc.) could be logged.

5 Variables

5.1 Independent variables
Factor: user interface. Levels: Basic, customisable, exploratory.

Description of levels: Basic - a static page (as with the LabView interface) with only the necessary tools, inputs and outputs
for PID tuning. Customisable - interaction elements can be switched on/off, only necessary elements exist. Exploratory
- additional elements exist, also connected to data collection/input/output, but are additional tools to help exploration of
data.

5.2 Dependent variables and collecting data

Student perceptions will be collected through a questionnaire(s). Student interviews could also be undertaken with a random
sub-sample of students. Field testing can also be performed, asking students to provide live feedback on what they are doing
with the interface as they use it.

User Ezxperience Questionnaire (UE(Q) measures across 6 scales: attractiveness, perspicuity, efficiency, dependability, stimu-
lation and novelty.[Laugwitz et al., 2008]

A student survey of opinions after using the remote lab, similar in design to [Lowe et al., 2013].
Pre and post assessments on “emotional response” as in [Drysdale and Scoles, 2019].

Interaction analysis: data can be tracked on a) task completion time b) number of elements interacted with (i.e. do students
with the more exploratory interfaces actually explore the interface?) ¢) accuracy of calculated coefficients during tasks.

5.3 Control variables

Students may use personal devices as well as school computers, but need to ensure reasonable size screen and use of
mouse.

Same lecture series attended and same lab material provided for completing tasks.

Random assignment of students to Ul conditions.

5.4 Confounding variables

Do students have prior experience with LabView? Do lab materials benefit one interface over another? Has location or
hardware used affected perceptions?
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Remote Lab PID Controller: Experimental Design
I

September 14, 2020

1 Research question

The general research question is: how do student perceptions of remote labs vary with increasing levels of user interface
interactability.

Perceptions include student belief that they are completing a “proper” experiment; that they are collecting reliable results;
that they are personally involved with the experiment; and how easily they can gathering data. Where possible, quantitative
measurements of trackable interactions (task time etc.) could help support survey responses on student perceptions.

2 Participants

Approximately 250 3rd year engineering students taking part in the ‘Control and Instrumentation Engineering 3’ course at
Edinburgh University. These students will be randomly assigned to one of three test conditions in a between-subjects design.
The literature commonly has examples of studies with between roughly 10-60 participants per condition (although a small
minority have over 100).

3 Hardware and software

Remote lab hardware of DC motor and encoder for measuring position and angular velocity. Interaction with the remote lab
is through an online web app. The web app should be responsive to screen size and designed with both desktop and mobile
use in mind. However, a keyboard and mouse is desirable for more fluent manipulation of the interface. In order to control
for differences in interaction technique, it will be important to log users screen sizes when they are using the web app. They
will also be encouraged to use a large screen, keyboard and mouse.

The current intention is to have two variations on the PID remote lab to cover the tasks. Tasks 1-3 will use a variable
governor in which the position of two rotating masses can be changed to vary the moment of inertia of the system. This
hardware covers the 1st order angular velocity problems. The second version, a variable length robotic arm, will be used for
the second order PID position controller tasks (4-6 below).

A virtual model (virtual twins) of the system(s) will be developed (in three.js and ammo.js) for prototyping purposes. This
will allow interface design to begin before all the hardware is completed. It may also offer students a system to explore
outside of any time/scheduling contraints of the remote lab.

4 Tasks

Students are following the ‘Controls and Instrumentation Engineering 3’ course and the remote lab is substituting for the
original Quanser/LabView practical. As such, the intention is for students to complete all tasks from that original practical.
A brief outline of each task is given below:

Task 1: Static characterisation of a DC motor. Plot angular velocity against input voltage.

Task 2: 1st order step response of motor with rotating mass. Vary transfer function coefficients to match real response of
system for 2 different rotating disks. Calculate gain and time constant from output graph.

Task 3: 2nd order step and ramp response. Input step and ramp signals to set position of disk. Calculate peak time and
percentage overshoot for step reponse. Measure steady state error for ramp response.

Task 4: PID Controller. Use the ‘Ultimate gain’ Ziegler-Nichols method to tune the PID controller parameters.
Task 5: Car speed control: Exploring a “real” PI controller.

Task 6: Car steering control: Exploring a “real” PD controller.



4.1 Possible issues

The current practical utilises 6 different LabView interfaces to complete the full practical. This is potentially a lot of new
interfaces to develop, particularly if comparing multiple versions of each.

The remote lab will need to be designed with two separate motors as the original lab asks students to use two different
disks.

Lab material provided to the students will need to be re-written and ensure it is not biased towards any particular interface.
General tasks need to be given, rather than specifics on how to perform the task with the interface. The same lab material
needs to be provided to each student no matter the interface used.

4.2 Completing tasks

As this is an ‘in the wild’ evaluation of the remote lab, complete control over when and where students complete tasks is
not possible. They will be given access to the web app at the appropriate time(s) during their lecture course. They could
be given a time frame within which the lab work must be completed and appropriate data submitted. They will be asked
to complete tasks on a desktop PC (any OS) with keyboard and mouse. Hardware used as well as time and location (home,
university etc.) could be logged.

5 Variables

5.1 Independent variables
5.1.1 Iteration 1:
Factor: user interface. Levels: Limited choice vs full range of choice.

The main vehicle for student exploration within the remote lab is the moment of inertia of the spinning governor/robot arm.
One version of the UI could include only 2 or 3 pre-set positions for the governor accessible via a simple button/dropdown
selection. A second version could expose the full range of governor positions, with students in complete control of where
they want to position it.

5.1.2 Iteration 2:
Factor: user interface. Levels: Students given measurements vs students perform measurements.

In the traditional lab, students are required to make measurements of the disk dimensions for calculation of the moment of
inertia. Hands on measurement with the equipment could be a major contributing factor to students’ perceptions of having
undertaken a “real” experiment. In a remote lab this capacity to perform physical measurements is often not present. One
UI could simply provide the students with the physical dimensions of the governor/robot arm. A second variation could
provide on screen tools for making the measurements themselves (see Fig 2).
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Figure 1: Screen grab of the ‘pendvueino’ remote lab interface with protractor and ruler measuring tools.



5.1.3 Iteration 3:

Factor: user interface. Levels: Single graphical output of key variable (angle or angular velocity) vs choice of variable

to plot and/or other graphing tools (displaying tabular data, gradient calculator, function plotter and exporting to CSV
file).

A potential major aspect of student belief in the reliability of an experiment is in terms of the data collection and analysis.

Many remote labs currently display data automatically and provide the basic tools (and nothing more) for processing the
data.
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Figure 2: Screen grab of the ‘pendvueino’ remote lab interface with graphing tools including graphing different quantities,
gradient calculation tool and function plotter.

5.2 Dependent variables and collecting data

Student perceptions will be collected through a questionnaire(s). Student interviews could also be undertaken with a random

sub-sample of students. Field testing can also be performed, asking students to provide live feedback on what they are doing
with the interface as they use it.

User Ezperience Questionnaire (UEQ) measures across 6 scales: attractiveness, perspicuity, efficiency, dependability, stimu-
lation and novelty.[Laugwitz et al., 2008]

A student survey of opinions after using the remote lab, similar in design to [Lowe et al., 2013].

Pre and post assessments on “emotional response” as in [Drysdale and Scoles, 2019].

Interaction analysis: data can be tracked on a) task completion time b) number of elements interacted with (i.e. do students
with the more exploratory interfaces actually explore the interface?) c¢) accuracy of calculated coefficients during tasks.

5.3 Control variables

Students may use personal devices as well as school computers, but need to log the interaction method used (keyboard +
touchpad, keyboard and mouse, touchscreen, 17 inch desktop monitor, 13 inch laptop....)

Same lecture series attended and same lab material provided for completing tasks.

Random assignment of students to Ul conditions.

5.4 Confounding variables

Do students have prior experience with LabView? Do lab materials benefit one interface over another? Has location or
hardware used affected perceptions?
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Remote Lab PID Controller: Experimental Design

October 5, 2020

1 Research question

The general research question is: how do student learning and perceptions of remote labs vary with increasing levels of user
interface control?

Students will complete the same tasks on the same remote hardware, but differences will exist in the level of control that
users have over a) setup of the remote apparatus, b) measurements being made and/or ¢) data analysis and variables.

Perceptions include student belief that they are completing a “proper” experiment; that they are collecting reliable results;
that they are personally involved with the experiment; and how easily they can gathering data. Where possible, quantitative
measurements of trackable interactions (task time etc.) could help support survey responses on student perceptions.

Possible relationships that could be explored with the data collected (section 5.2) include:
e Is the level of control a student has over the Ul correlated with a belief in the reliability of data?

e Is the level of control a student has over the Ul correlated with student belief in having completed an experiment with
unknown results?

¢ Do students with more controllable Uls have higher levels of satisfaction when completing the practical?

e Do students with more controllable Uls have greater learning gains as measured by the control theory question/lab
report grade/submitted task answers?

e Do students with more controllable Uls rate the usability lower or higher than those with less controllable Uls?
e Is the usability of the Ul correlated with learning gains?

e Is usability of the UI correlated with satisfaction?

e Does feeling of immersion have a negative correlation with usability?

e Which UI features do students use most in completing the practical tasks?

e Which UI features to students believe had most impact on their learning?

2 Participants

Approximately 250 3rd year engineering students taking part in the ‘Control and Instrumentation Engineering 3’ course at
Edinburgh University. These students will be randomly assigned to one of three test conditions in a between-subjects design.
The literature commonly has examples of studies with between roughly 10-60 participants per condition (although a small
minority have over 100).

3 Hardware and software

Remote lab hardware of DC motor and encoder for measuring position and angular velocity. Interaction with the remote lab
is through an online web app. The web app should be responsive to screen size and designed with both desktop and mobile
use in mind. However, a keyboard and mouse is desirable for more fluent manipulation of the interface. In order to control
for differences in interaction technique, it will be important to log users screen sizes when they are using the web app. They
will also be encouraged to use a large screen, keyboard and mouse.

The current intention is to have two variations on the PID remote lab to cover the tasks. Tasks 1-3 will use a variable
governor in which the position of two rotating masses can be changed to vary the moment of inertia of the system. This
hardware covers the 1st order angular velocity problems. The second version, a variable length robotic arm, will be used for
the second order PID position controller tasks (4-6 below).

A virtual model (virtual twins) of the system(s) will be developed (in three.js and ammo.js) for prototyping purposes. This
will allow interface design to begin before all the hardware is completed. It may also offer students a system to explore
outside of any time/scheduling contraints of the remote lab.



The interfaces will be designed using Vue.js.

4 Tasks

Students are following the ‘Controls and Instrumentation Engineering 3’ course and the remote lab is substituting for the
original Quanser/LabView practical. As such, the intention is for students to complete all tasks from that original practical.
A brief outline of each task is given below:

Task 1: Static characterisation of a DC motor. Plot angular velocity against input voltage.

Task 2: 1st order step response of motor with rotating mass. Vary transfer function coefficients to match real response of
system for 2 different rotating disks. Calculate gain and time constant from output graph.

Task 3: 2nd order step and ramp response. Input step and ramp signals to set position of disk. Calculate peak time and
percentage overshoot for step reponse. Measure steady state error for ramp response.

Task 4: PID Controller. Use the ‘Ultimate gain’ Ziegler-Nichols method to tune the PID controller parameters.
Task 5: Car speed control: Exploring a “real” PI controller.
Task 6: Car steering control: Exploring a “real” PD controller.

The practical workbook will need to be adapted for use with the remote lab. An additional, final task could be added,
asking students to plan and run a brief experiment of their own. Does the more exploratory interface encourage more
exploration?

4.1 Possible issues

The current practical utilises 6 different LabView interfaces to complete the full practical. This is potentially a lot of new
interfaces to develop, particularly if comparing multiple versions of each.

The remote lab will need to be designed with two separate motors as the original lab asks students to use two different
disks.

Lab material provided to the students will need to be re-written and ensure it is not biased towards any particular interface.
General tasks need to be given, rather than specifics on how to perform the task with the interface. The same lab material
needs to be provided to each student no matter the interface used.

4.2 Completing tasks

As this is an ‘in the wild’ evaluation of the remote lab, complete control over when and where students complete tasks is
not possible. They will be given access to the web app at the appropriate time(s) during their lecture course. They could
be given a time frame within which the lab work must be completed and appropriate data submitted. They will be asked
to complete tasks on a desktop PC (any OS) with keyboard and mouse. Hardware used as well as time and location (home,
university etc.) could be logged.

5 Variables

5.1 Independent variables

The following sections highlight three possible variations on the UI study. Each considers a relatively small element of the
overarching idea of interactability. The first considers increased student choice on the experimental parameters; the second
changes the level of “physical” measurements that can be done with the interface; and the third deals with the level of
interaction possible with displayed data.

5.1.1 Iteration 1:
Factor: user interface. Levels: Limited choice vs full range of choice.

The main vehicle for student exploration within the remote lab is the moment of inertia of the spinning governor/robot arm.
One version of the UI could include only 2 or 3 pre-set positions for the governor accessible via a simple button/dropdown
selection. A second version could expose the full range of governor positions, with students in complete control of where
they want to position it.

5.1.2 Iteration 2:
Factor: user interface. Levels: Students given measurements vs students perform measurements.

In the traditional lab, students are required to make measurements of the disk dimensions for calculation of the moment of
inertia. Hands on measurement with the equipment could be a major contributing factor to students’ perceptions of having
undertaken a “real” experiment. In a remote lab this capacity to perform physical measurements is often not present. One



UI could simply provide the students with the physical dimensions of the governor/robot arm. A second variation could
provide on screen tools for making the measurements themselves (see Fig 2).
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Figure 1: Screen grab of the ‘pendvueino’ remote lab interface with protractor and ruler measuring tools.

5.1.3 Iteration 3:

Factor: user interface. Levels: Single graphical output of key variable (angle or angular velocity) vs choice of variable

to plot and/or other graphing tools (displaying tabular data, gradient calculator, function plotter and exporting to CSV
file).

A potential major aspect of student belief in the reliability of an experiment is in terms of the data collection and analysis.
Many remote labs currently display data automatically and provide the basic tools (and nothing more) for processing the
data.

The UI can be built with all these elements and then hiding or exposing them for specific conditions is straightforward.

5.2 Dependent variables and collecting data
Background data on students:

e Year

o Gender

e Engineering school: mechanical, electrical etc.

e Student academic achievement will be collected: previous module results or previous lab results? This is a measure of
student prior achievement before the lab.

Student emotional responses and perceptions: A student survey will cover student perceptions, beliefs and emotional
responses to the remote lab work. Example survey questions given in section 6. A pre and post survey should be given to un-
derstand how perceptions change. Survey will be similar in design to [Lowe et al., 2013] and [Drysdale and Scoles, 2019).

Student learning during remote lab:

e A short control theory question related to the practical work should be completed as a measure of learning during the
remote lab. Questions should cover the range of learning intentions and necessary skills to complete the lab tasks.
Perhaps this could be delayed to a short time after completing the lab tasks to measure learning retention.

e The overall result of their lab report.

e Questions in the practical workbook can be coded as demonstrating knowledge, understanding, measurement, analysis,
investigation etc. Differences in Ul can then be correlated with the types of question.

e Submission of calculated values during tasks. The task can be selected via a dropdown and an answer submitted.
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Figure 2: Screen grab of the ‘pendvueino’ remote lab interface with graphing tools including graphing different quantities,
gradient calculation tool and function plotter.

¢ An additional task to investigate their own relationship between variables. An open tasks to assess whether certain Ul
configurations encourage or allow better exploration of the data.

Student exploration of the UI: Interaction data can be automatically logged during use of the remote lab interface. This
can help understand the extent to which students actually explore the interface; the Ul features that students focus on using;
the time taken for students to complete tasks; and identifying whether students select the wrong tools for a task or attempt
different methods when provided with additional tools? Collect data on:

e The task that a student is currently working on, via a dropdown selection box or that automatically changes once an
answer is submitted.

e The Ul elements hovered over or clicked with a timestamp and associated task.

e The interface features that are optionally added to the interface e.g. do students access the table feature whilst
completing a task or not? Did they use the ruler tool? Did they download CSV data?

e Submission of calculated values for tasks. Are there differences in the range of submitted answers when students have
more exploratory interfaces? Or are asked to make measurements on screen?

Student interviews: The potential exists for running smaller tests with a few students during the development process
and completing short field trials with them, asking them to explain how they are using the interface to complete short
tasks.

5.3 Control variables

Students may use personal devices as well as school computers, but need to log the interaction method used (keyboard +
touchpad, keyboard and mouse, touchscreen, 17 inch desktop monitor, 13 inch laptop....)

Same lecture series attended and same lab material provided for completing tasks.

Random assignment of students to Ul conditions.

5.4 Confounding variables

Do lab materials benefit one interface over another? Has location or hardware used affected perceptions?

6 Survey questions

Survey questions should cover a range of student perceptions and beliefs about their learning. 5 or 7 point Likert scales will
be used where appropriate.



6.1 Rating Ul features

Rate the following UT features on their usefulness in completing the practical tasks (1 - Did not use, 2 - Not useful 3 - Useful
4 - Very useful 5 - Vital

e Video feed

e Data graphing tool
e Data table tool

e Data download tool
e Inertia control tools
e Measuring tools

e ctc

6.2 Student emotions

Before the remote lab practical session what emotions are you feeling about the session: [tick boxes] surprised, curious,
inquisitive, interested, happy, bored, puzzled etc etc.

After the remote lab session........

6.3 Student perceptions

Rate the following statements on how much you agree with it. (1 - Strongly disagree, 2 - Disagree, 3 - Slightly disagree, 4 -
Neither agree nor disagree, 5 - Slightly agree, 6 - Agree, 7 - Strongly agree.

I found it easy to navigate the interface.
I found it easy to collect the appropriate data for the tasks.

During the practical, the practical workbook encouraged me to explore the topic rather than being limited to specific
tasks.

During the practical, the user interface design encouraged me to explore the topic rather than limiting me to the
tasks.

I think there was only one way to complete tasks with the web app.

I believe that I completed an experiment with unknown results rather than finding out already known values.
I discovered something surprising during the practical work.

I feel more confident with the content of the lectures after having completed the practical work.

I believe that the results of my experiment are accurate (i.e. I have calculated the true value of quantities.)

I believe that the results of my experiment are reliable (i.e. if I repeated the experiment or someone else attempted the same
practical they would measure the same as me.)

I would prefer to be in the same location as the physical hardware.

I felt motivated to explore my own ideas whilst using the remote lab.

I am normally enthusiastic about practical lab work.

I was enthusiastic about completing the remote lab practical work.

I am satisfied that I have learnt what I needed to during the practical work.
I enjoyed the remote lab practical work.

I prefer thought experiments compared to real experiments.

6.4 General/Open questions

What size of group did you work in for the remote lab practical? Individually, 2-3, 4+.

Did you return to the remote lab to help with your report write up? Yes/No

Are there any additional features that you would like to have had to help you complete the tasks?

Was there anything that limited you from performing your own investigation during the practical work?



References

[Drysdale and Scoles, 2019] Drysdale, T. and Scoles, J. (2019). Performing engineering digital literacies in context. In
Submitted to the 47th SEFI Annual Conference, Budapest.

[Laugwitz et al., 2008] Laugwitz, B., Schrepp, M., and Held, T. (2008). Construction and evaluation of a user experience
questionnaire. In HCI and Usability for Education and Work.

[Lowe et al., 2013] Lowe, D., Newcombe, P., and Stumpers, B. (2013). Evaluation of the use of remote laboratories for
secondary school science education.



References

J. REDACTED DATA — FIELD VALIDATIONS

Stupy 1

Context note: This data was compiled collaboratively through an initial in-person workshop/review, with
follow-up zoom sessions, from April 2022 through November 2022

COMMUNICATIONS SUMMARY
Participants:
e Joshua Burridge (the author)

e Inperson: 3 academic practitioners — 2 senior teaching academics, 1 junior teaching academic
e Online: An additional 2 teaching academics

REDACTED
PIPOV notes

PIPOV CHEATSHEET

PURPOSE: WHY ARE YOU DELIVERING THIS LABORATORY ACTIVITY?

e Forstudents to learn:

o instrumentation
Students learning components of real industrial processes

o models
Matches theory across multiple subjects
Intending to develop digital twins (note — not that sort of model)

o . .
Experimental equipment setup provided and carefully managed — processes used to be
developed by students, but these are largely managerial/safety processes. Future use of
the equipment to be student designed, but the equipment is fixed and not at all easily
moved.

o dataanalysis
Combination of in person observations and digitised data

e—component/system-design
Not a feature, system is designed and built in-place

o from failure
Several guards against failure of equipment, but students can get up to those barriers.
Lab technicians will ‘catch errors’ in between the students making them and the
equipment exploding. Good to give them a safety net and fail here first.

o creativity
Limited in the labs, time pressures are significant and they are in early years for the two
current use cases. The student club use of the equipment is where the creativity comes
in.

o psychomotor (expertise with tools/equipment)
A mix of physical use and digital use — none of the major components can be operated
by hand by students. Measurements/readings can fit here though.

o Safety
A big component, the equipment is significant and there are risks. Students need to
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prove to the techs that their intended uses will work safely. Need a lot of induction into
spaces.

communication

Not linked to the equipment, will be part of the units using. Reports like in an industrial
context.

teamwork

2 levels here, students working in groups in the lab, and students working in the student
club together.

ethics

Not sure it’s given explicit treatment, comes up under compliance with legal and safety
maybe? Environment and sustainability?

sensory awareness

Not too sure what this is referring to? They make recordings of data in the lab.

e Engagement/Satisfaction
This is probably the biggest motivation for the creation of the lab —that and longitudinal use to
link units together.

e Purposes other than student outcomes

Costs will go up, so it’s not a cost or time saver. Visibility or student recruitment might be a valid

reason? Probably engagement is the main one though.

INPUT: WHAT IS GOING INTO THE ACTIVITY?

e Experiment

@)

Discipline
Chemical engineering
Phenomenon under study
A pilot plant for industrial processes that can be configured to run different water
processes. Case study example being filtration.
Equipment
= Degrees of freedom
Loads of configuration options, but the equipment setup is fixed — pipes fixed to
walls, specific modules in the process. Configuration is through opening valves
to branch in different ways between modules.
= Data source
Combination of in-person readings and digital sensors — intending to develop a
digital twin.
Nature of activities/instructions (Didactic <-> Inquiry)
Used differently across year levels — didactic for early years, opening up as their
understanding of the equipment and theory increases. They should become more
familiar with the lab as they use it year by year.

e Coordination

o

With Other Material

Still pending - the classes will be developed later.
With Other Students

Groups will go into the lab together.

e |nterface

o

With the equipment
Combination of physical and digital (remote). Could it be a remote lab? Probably, and
for overseas students this is an interesting question.
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o With other students
This will most likely just be in person. Possibly some local/overseas interaction, but
probably not.
o With educators
Localwill be in person, overseas will have somebody local and the technicians
obviously here with the equipment.
e  Synchronicity
o With equipment
Haven’t considered ‘batch’ control — maybe. It would probably help with anything that
needed to sit in a module for a while. Mostly synchronous, though it’s chemical
processes, they take time anyway.
o  With other students
The student groups will probably self manage, they are in class and they’ll have their
own chats.
o With educators
In person with the lab, but they can contact asynchronously as well
Side note —sync questions are a bit hard to think through for an in-person lab.
e Student Attributes
o Prior knowledge
The students will have different theory understanding — the lab will run over a few weeks.
Order will be differentin unit 1 and unit 2. Need to consider how to manage that order
split.
o Learning preferences, habits, ability
Not sure here - students have asked for more labs, they seem to want that hands-on.
COVID has obviously been a problem.
o Demographics
Mix of local and international students, and a local and international campus too.
e Locations/Proximity
o Student to student
Proximal, they can be remote if they choose to outside of class
o Student to equipment
Proximal and remote mixed — overseas only remote
o Studentto educators
Proximal for the in person use, remote access available (esp. for overseas)
e Extraneous
o Institutional context
Institution wants more in person experiences and better student affective survey
results. Funding and industry connection appetite is definitely there.
o Geographical context
Need to service both students here in Australia and overseas.
o Chronological context
Going to stretch across multiple years and they repeatedly use the lab.

PROCESS: WHAT SHOULD OCCUR DURING THE ACTIVITY?

e Physical actions
o Equipment manipulation
They can’t move things around, cause you can’t do that with this sort of equipment. They
can open this valve, or that valve, and it flows from this piece to this piece or the other
way. They need to putin the right instructions for the filtration process to work the way
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it’s supposed to with the right valves and things opening at the right times, and the
equipment set to the right processes.

Observation recording

They will be able to see the outputs on the equipment, and they’ll need the digital sensor
data as well. They’ll need to use those to evaluate how the process has worked.

Report writing

An ‘industry simulated’ report with exec summary etc.

e Discussion actions

o

With other students

This isn’t being specified, they will work together how they decide to. They might divide
and conquer, but there’s one process and one report, so they should all get a feel for the
different parts. They have an exam on the unit later, so they should all be motivated to
participate.

With educators

This is an interesting question. They will engage with the technicians with their plan, and
if their plan isn’t going to work or is unsafe the technician will talk them through why.
That’s the main pre-planned discussion, but they can always talk to their tutors or
lecturer.

e Mental actions

@)

Combining with theory
They need to take the different pieces of theory and build it up into a real process end to
end. Students struggle with this, they nail the little bits but connecting them is harder.

OUTCOME: WHAT ABOUT THE STUDENTS SHOULD BE DIFFERENT AFTER THE ACTIVITY?

e Knowledge/Understanding of

o

Theory

| think this one will be the same understanding, but a better understanding? How they fit
together and how they work in the real world will be better. The equipment won’t match
the theory 100%.

Equipment

This is the big one, they have so little exposure to industrial equipment otherwise, this
lab involves real equipment they might use in their careers.

Analysis

The students need to understand what they’ve done, so they can’t just report the data.
They will need to analyse that and fit it to their theoretical process. So they should be
developing skills here.

Inquiry/Design

They need to design the process, within the pre-specified equipment. So part of this?
They design what flows into what, how long, what settings.

o Affective

o

Motivation/Satisfaction

They keep asking for more hands-on, even before COVID - so this should be an easy win.
The engagement with the student club has been fantastic, they should hopefully bounce
off that and have a great relationship with the lab over a few years.
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VALIDATION: HOW CAN YOU OBSERVE WHETHER THE INPUTS/PROCESSES/OUTPUTS
GIVEN ABOVE ACTUALLY OCCURRED? HAS THE LABORATORY DELIVERED ITS PURPOSE?

Lab report or written assignment

They have a report on their process, that’s the main assessment.
Quiz or exam

They do have an exam, but that covers the whole unit.

Survey or questionnaire

Direct observation

Interview

Haven’t decided on any specific research validations yet. The learning analytics dashboard idea
sounds interesting. We’re already planning on having the sensors, so we can definitely see what
their configurations are.

Internal notes:

3rd year unit using the lab
Assessment driven - not just a lab report
EA Accreditation reqs eng competencies - alignment and purpose from these
Assessments demonstrate skills - notin a lab report
Link between theory and practice
"Practice is not authentic on single equipment"”
Process control vs Heat & Mass, two different units
Explorative vs linked theory by experience
First virtual, 2 hands-on (split by team?)
Only 1 pilot plant equipment
Around 70-80 students for control
120 students - 68 local, some <redacted> for heat & mass
What 1st year labs - still open
AR module benefits
Whiteboard activity at start - prelab activity
In 2 weeks pre-lab, team meeting AR lab, address questions
AR for safety induction
Interim oral examination for safety, gated
Reverse
Cookbook process to set up
Reverse being investigate existing lab
1 page - concise, clarity | memo to boss
ESO failure? Australian. Honeywell? - drives relevance
Groups of 2, all in 3 weeks. 4 per week, 4 apparatus
1 lab 3-4 weeks
Practice runin first run

STuDY 2

Context note: This data was collected through an in-person workshop/review, November 2022

COMMUNICATIONS SUMMARY
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Participants:

e Joshua Burridge (the author)
e 2 academic practitioners — one experienced with remote laboratories, one novice

° REDACTED

<redacted - laboratory design specifications and student guides>

e Electrical circuit analysis
o Prac comp. - Simulation
o Using <redacted> (limited current)
=  ?number of labs. 3 <redacted> pracs — maybe more on different equipment
= 1 formative
= 2 bigpracs, 2 big lab reports (measured vs calced)
20ish students - first run online
<redacted> unit code
= 2ndyear, Not first sem
e Haspre-regs
e Core unit for electrical engineering
e Partelective
<redacted> coordinator
F2F (50ish students) as well - using <redacted> as well, same design
= Replacing sim with netlab - 1, perhaps 2
= 5practical
e 2net,3sim
= 1 hands-on using pre-built (probes, wires, using oscilloscopes etc.) First.
=  Pre-covid, still no F2F labs, all <redacted>
o March 2023
e Purpose:
Messiness
Sim there to practice analysing a circuit.
Prebuilt circuit, implement it, measure elec params.
Getting a sense of how the circuit works
Limited experience - fleshing out
No room for improvement aspects targeted
Need to provide the opportunity for things to go wrong
Error-finding and handling
= Another dimension

0O O O O O O O

e |dentified issues
o 1 ohm resistor overvoltage not seen by students
o Misconceptions and lack of surrounding knowledge
o Learning from mistakes
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