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Abstract

This research is focused on understanding the role of virtual laboratories and physical
laboratories, specifically in the context of the electrical engineering discipline. It is important to
emphasize that the research is not aimed at replacing physical laboratories as they form an essential
part of the education of electrical engineers, but rather to supplement them using virtual laboratories.
In the literature, there are different perspectives on the implementations of virtual laboratories. Virtual
laboratories can be effective for students, particularly those with limitations, either physical or time-
based, who may have difficulties accessing physical laboratories or scheduling laboratory time.
Instructors and technical staff may find virtual laboratories useful, but with additional challenges for
set-up, maintenance and integration with coursework. At the university level, there may be cost
considerations that affect decisions about supplementing and/or replacing physical laboratories with
virtual laboratories. Throughout the literature, there are multiple studies that argue the effectiveness of
virtual laboratories is equivalent to learning in the physical laboratory. Disadvantages found included
insufficient realism, ineffective groupwork capabilities, maintenance of the systems and a lack of
appropriate skill set development for real-world situations. Advantages included flexibility for
students, more time for experimentation, fewer overcrowded classroom and lower costs than physical
laboratories. There were gaps in the literature identified related to virtual laboratory design, such as
consideration for learning objectives as defined by the Accreditation Board for Engineering and

Technology (ABET).

A mixed method approach was used in the research that included both qualitative and
quantitative methods. A detailed literature review was performed, supplemented by multiple surveys
of both students and faculty. A virtual laboratory was designed and implemented using the input of the
students to better understand what users desire in their virtual laboratory and students provided helpful
input to the development and refinement of the virtual laboratory. The results of surveys, along with
findings in the literature and findings from developing and implementing a working virtual laboratory

were combined to answer four research questions. These questions were:

Research Question 1 — What is the relative capacity of virtual laboratories versus physical
laboratories to enable the desired learning objectives of engineering laboratories, especially those
viewed as important by students? In this research teamwork and learning from failures were identified

as the most important learning objectives.



Research Question 2 — Based on a trial virtual laboratory deployment, which design features
of a virtual laboratory are important from student perspectives? In this research realism, online tools
for communicating with tutors and a preference for real-time interaction were identified important

design features. A flexible, and easy-to-use interface was also important.

Research Question 3 — What are the advantages and disadvantages of virtual laboratories as a
supplement to physical laboratories compared to serving as a replacement for physical laboratories?
This research found that students used the virtual laboratories to prepare for exams, as well as prepare
for classroom exercises. Students indicated the need to use virtual laboratories to prepare for real-
world scenarios where more and more, particularly in hazardous situations, remote access is preferred.

There was also a contingent of students who did not want to use the virtual laboratory at all.

Research Question 4 — Given the experiences in this trial deployment as well as insights from
other virtual laboratory deployments, what is a useful set of design guidelines for virtual engineering

laboratories? The design guidelines developed in this research are as follows:

* Design Guideline 1 — Enable sharing of knowledge and real-time feedback.

* Design Guideline 2 — Enable options for individualized learning and group scheduling.

* Design Guideline 3 — Provide consistent and useful responses to errors.

* Design Guideline 4 — Provide access to tutors, preferably in real-time.

* Design Guideline 5 — Provide additional online help, in the form of tutorials and/or videos.

* Design Guideline 6 — Provide realism in the system.

* Design Guideline 7 — Ensure that the virtual laboratory supports learning in the physical
laboratory.

* Design Guideline 8 - Involve students in the design from the beginning.

* Design Guideline 9 — Explicitly consider the desired learning objectives in the virtual
laboratory design.

* Design Guideline 10 — Provide a user interface that is intuitive, simple and easy to use, as
well as easy to learn.

* Design Guideline 11 — Provide for speed and reliability of the system.

This research presents a detailed understanding of the learning objectives, user preferences and uses for

virtual laboratories from the perspectives of both students and faculty. In this novel research, design



guidelines and a framework for implementation consider the learning objectives and user preferences to

help fill the literature gap and provide useful material for future designers.
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1 Introduction

Like many global industries, post-secondary education has seen a significant evolution over the
past half century due to the influence of information technology. Higher education at both
undergraduate and postgraduate levels has seen considerable innovation in the means through which
teaching is provided. While traditional delivery mechanisms such as lectures, laboratories involving
real-world equipment and classroom examinations are still employed to a significant degree in higher
education, they are being supplemented or replaced by technology-enhanced means such as online
streaming of lectures, timed online examinations and virtual laboratories that provide interactive online

environments for conducting simulated experiments.

Such modern digital resources serve as tools for educators to enhance the quality of education
whilst catering to the individual learning preferences of students. For instance, through traditional
means of teaching, students may be limited geographically to the location of the classroom, whereas
streaming of such lectures online frees them from such a restriction. This in turn, allows students to
save time, manage their learning around a busy schedule with family and work and minimise
commuting. However, location is only one of the many limitations that digital education resources
solve. Given the scalability of modern media, educators can provide teaching with reduced effort to
large numbers of students. As a result, the fees for education can be lowered since delivery costs per
student are reduced. Students can rewind or repeat lectures, whilst accessing other resources on the
Internet without losing track of the lectures. The digital domain provides an enhanced delivery of
education through visual, audio and information-gathering resources that are difficult to replicate

otherwise in a purely non-digital domain.

On the other hand, there are some learning activities which are difficult to effectively replicate
in an online environment. Engineering laboratories are one such activity, where on-campus delivery is
still the dominant mechanism, and online delivery is in its preliminary stages. This thesis undertakes a
deep investigation of the advantages, disadvantages, pathways and obstacles in online, virtual
laboratories. In [1], virtual laboratories are described as “essential educational tools which provide
students real-simulated experiments that can be conducted at any time, without instructor surveillance

or guidance.”

The research deliverables discussed in this thesis advance the use of such digital technology

through the development of design guidelines aimed at addressing various education-related factors



that are currently under-addressed in the literature. While various manifestations of education
technology are highly capable from a functional point of view, the design itself must also address

factors that are crucial to the learning process.

The technology for advanced Internet-based digital learning (technologies such as 2G-4G
Internet speeds, convenient streaming of video, interactive Internet communication tools) has been
available for just over a decade and less advanced remote-learning tools such as DVDs, computer-
based training and correspondence learning for much longer. While the number of tools available to
educators is ever-increasing in the face of the exponentially growing capability of technology [2] and
given the variety of advantages offered through online education [3], educational technology adoption
in higher education institutions is still limited [4]. The mix of conventional and digital education varies
depending on the educational scenarios. For instance, streaming of lectures although common in
Massive Online Open Courses (MOOC) is less common in university education where in-person
classroom lectures are still the norm [5]. On the other hand, simulators are used quite extensively in
university laboratory modules particularly in engineering, but often these are used in classes conducted
on university premises as opposed to remotely through the internet. While certain tests and
examinations are conducted through timed tests online, the main examinations are still carried out by
conventional means to reduce the potential for cheating in examinations. Therefore, the inference that
can be made from these observations is that there are advantages to conventional on-campus activities

that are currently under-addressed through digital education.

The importance of research in the furthering of digital technology for education cannot be
overstated. There are several recent developments that corroborate the perception of increased
importance of the matter for stakeholders in education at various levels [6] , [7]. There are not only
benefits for students, but also commercial benefits for universities, government bodies and investors
alike [6] , [7]. The University of Queensland in 2016, provided 15 MOOC courses online registered to
and available via edX [8]. Similarly, University of New South Wales provides a total of 7 courses
through the FutureLearn platform [9]. Venture capital investment into digital platforms is equally
indicative of the importance of this area. The Andreesen Horowitz VC firm portfolio comprises of 8
digital education start-ups, most notable of these include Udacity, AltSchool and Kno [10]. Currently,
distance learning through MOOCs and education through degrees at universities are perceived quite
differently by students, with the former being a cheaper alternative to the latter [11], and with

university degrees being perceived as more valuable in the job market [12]. However, this distinction is



increasingly being blurred through the adoption of virtual and digital resources for university education
itself. Thus, research into virtual environments and remote online learning are crucial to the progress

pushed for by key stakeholders in education.

1.1 Motivation

In bridging the gap between the current state of higher education and the envisaged future state
of education employing a significantly greater level of digital resources, the focus of efforts is rightly
placed in the development of virtual environments for dissemination of information (data gathering, e-
books, articles, access to online papers), interactive media as alternatives to conventional lecturing
(audio, video streaming and recording) and for virtual substitutes for specialised education
requirements such as simulation tools and 3D modelling. While considerable progress has been made
on all three fronts, there is considerable room for progress on the development of virtual environments

to facilitate specialised requirements such as those encountered in engineering education.

More importantly, there are several nuances of the learning process that need to be addressed in
the development of such virtual environments for them to be effective. There is a significant body of
research on the technological aspects of the development of virtual laboratories. However, there is
considerable scope for further research into the considerations behind the design process of virtual
environments in improving their effectiveness as tools for learning. This thesis investigates under-
addressed aspects of the educational process and contributes to the body of research on the subject by
suggesting additional considerations that designers should consider when developing virtual

laboratories.

There are three main motivations for this research. Firstly, there is a clearly a gap between the
capability of technology in addressing education and its current rate of implementation. Given the
potential effectiveness of digital technology, research into improving the effectiveness of virtual
environments is of significant value to the field of education. Secondly, conventional face-to-face
means of education are often preferred despite the potentially lower cost and better scalability offered
by on-line delivery. This is an indication that there are under-addressed aspects of the design of digital
tools such as virtual labs that are currently better addressed through conventional means. Thirdly, as
will be discussed in Chapter 2, the literature on the subject identifies clear gaps for further research.
This is further substantiated through evidence gathered over the course of the research project as

discussed in subsequent chapters of the thesis.



1.2 Scope

This thesis primarily addresses design guideline for virtual laboratories based on student
feedback from the use of a simulation laboratory tool for an introductory university course in electrical

engineering. Each of these terms is explained in more detail below.

Laboratory is a term that can mean many things. This thesis specifically deals with university
laboratories for coursework teaching in engineering. '"Laboratory" can mean both the physical
premises and equipment used for experimentation, and it can mean the set of learning exercises that are
carried out in those premises with that equipment. Primarily, in this thesis, laboratory is used to mean
the particular set of specialized equipment that is used for a set of experiments, and the location where
those experiments are conducted. The term "experiment" will be used for a particular learning activity

in that laboratory.

Virtual laboratories are defined in [13] as “computer simulations with typically high
visualization and interaction capabilities, aimed to help students perform a given (simulated) scientific
or engineering experiment” or more succinctly in [14] as “a laboratory experience without the actual

laboratory.”

Virtual laboratories can take three forms. Firstly, virtual laboratories can be based on remote
interactions with physical hardware in a remote laboratory. For example, remotely controlled
electronic switches could configure a real network of components, and te resulting real currents and

voltages could be relayed back to the remote user. In this thesis, these are called remote laboratories.

Secondly, the equipment and components in a physical laboratory could be replaced by high-
quality computer simulations of the equipment. For a simulated electronic circuit, the user can connect
simulated components together and observe the simulated current and voltage outputs. These are called

simulation laboratories.

Thirdly, the virtual laboratory may add additional calculated information to a simulated or
remote laboratory which would not normally be visible in a physical laboratory. For example, in the
circuit experiment, every single current, voltage and power value in the circuit could be viewed
simultaneously, superimposed on the view of the circuit. This could be in a real, physical laboratory
with augmented reality displays used to superimpose the information, or it could be additional

computer display in virtual laboratories. Such a laboratory is called a mixed-reality laboratory.



In this thesis, one simulation laboratory tool is used to gain insights into the principles that
might be applied more generally to the design of different types of virtual laboratories for the
investigation of different engineering principles. In particular, this virtual laboratory simulates first
year electrical engineering coursework experiments in DC circuit design which are part of the first-year
course ENGG1300 at the University of Queensland. In the physical laboratory, components are placed
on a circuit breadboard, connected to a power supply and the resulting currents and voltages measured.
The tool created in this thesis provides a visually realistic simulation of a breadboard, which also
simulates the electrical operation of the constructed circuit. The prototype tool developed to facilitate
student feedback is a single-user tool, since substantial additional development resources would be
needed for a multi-user tool. However, in both the surveys of students and in the subsequent
development of guidelines, the need to support collaboration is considered. This includes both
collaboration between groups of learners working together on a problem, and tutor support of learners

while doing experiments.

The purpose of this investigation is then to develop a tentative set of guidelines to assist the

designers of virtual laboratory tools. Development of such guidelines is a multistage process.

Firstly, it is necessary to investigate the educational objectives of existing engineering
laboratories. This is undertaken by reviewing the existing literature to identify a meaningful set of
learning objectives for engineering laboratories. At this stage, students are surveyed to understand
which of these learning objectives they feel are best served by the existing physical laboratories. This
is augmented with theoretical analysis of how well the affordances of virtual laboratories match the

desired learning objectives.

Next, the understandings of the capabilities of virtual laboratories to implement effective
laboratories are used to influence the design of a prototype virtual laboratory for first year DC circuit
experiments. The tool is deployed as an optional aid to be used by students who are also undertaking
the ENGG1300 course, and it is also deployed for similar electrical engineering students at an overseas

university (in the author's home country, Saudi Arabia).

Both groups of students are surveyed on their impressions of the tool and asked to comment on

strengths and weaknesses of the tool, and their preferences compared to physical laboratories. A small



group of academic staff are also surveyed about their impressions of this tool, and of virtual

laboratories in general.

The inputs from the previous stages, including insights from the review of other researchers'
deployments of similar tools are then used to develop a tentative set of design guidelines. The purpose
of these guidelines is to encapsulate the learning and experiences gained through the deployment of this
tool for this one group of experiments, as well as experiences reported in the broader literature. While
there have been many guidelines for how to design computer software, including design of educational
software, there has not been any consolidated list of design guidelines published for virtual

laboratories, and such a list represents a new and significant contribution to the field.

It is worth mentioning what is not in the scope of this thesis or claimed as a significant
contribution. The designed tool is a prototype used to give students a practical flavour of virtual
laboratories to gain their feedback on their advantages and disadvantages. It is not a mature tool ready
for wider deployment. Indeed, use of this prototype tool has identified many enhancements that would
be needed for such a tool to be most effective as an adjunct or as a replacement for existing labs. This
thesis does not quantitatively explore the relative effectiveness of virtual laboratories versus real
laboratories in achieving particular learning outcomes by comparing (for example) exam performance
of different groups of students using different laboratory realizations. This thesis does not answer the
question of whether virtual laboratories are better or worse than physical laboratories. Instead it
addresses the question of what issues need to be considered in virtual laboratory design and expresses

these issues in the form of a set of design guidelines.

1.3 Overview

This thesis is organised into the following chapters:

Chapter 2: Literature review: In this chapter, the breadth of literature on the subject over the
past 15 years and with emphasis on more recent literature in the last 3 years are discussed. Pros and
cons of existing solutions are discussed at length, and in doing so the research gaps are identified which
forms the focal point of all the original contribution that follows in subsequent chapters.

Chapter 3: Research Questions and Methodology: The relevance of the research objectives

in terms of the research gaps identified in the previous chapter is discussed. A formal description of the



research questions is presented for each of the research objectives. The methods pertaining to each
research question are discussed, and the research methodology is explained.

Chapter 4: Virtual Laboratory Software Tool: In this chapter, the design of the software tool
is discussed including the project design, the project implementation and the functional testing of the
simulator. The results from a pre-development survey are included.

Chapter 5: Survey Results: The results of additional surveys are presented with descriptive
statistics in both table and graph form. This chapter explores the input of the students and how they
impacted the design, as well as the findings in the data.

Chapter 6: Answers to Research Questions: Using the findings from the literature search and
survey results, the answers to the research questions are presented.

Chapter 7: Design Guidelines: Using the findings and results, as well as the analyses
developed to answer the research questions, design guidelines and a design framework for virtual
laboratory development are presented.

Chapter 8: Conclusions and Future Work: The chapter firstly summarises the research
project. The research contributions made in terms of each of the research objectives are assessed
separately. The original contributions from the thesis are presented, including limitations. The scope

for future research and development as possible extensions of this project are discussed.



2 Literature Review

2.1  Background and Scope

This research investigates the topic of virtual laboratories for engineering education and looks at
developing a set of design guidelines that can assist in the future design of virtual engineering

laboratories.

2.1.1 Scope of the Literature Review

This research starts with three observations, which guide the initial directions of the

investigations, and which will form the basis of the research described later in the thesis.

Firstly, the implementation of virtual laboratories often assumes that the purpose of including
engineering laboratories (physical or virtual) within engineering education programs is clear. The
literature review will show that in fact there is limited exploration of the educational justification for
engineering laboratories in general, and that clarifying the purpose of laboratories is a necessary first

step in designing virtual laboratories.

Secondly, published examples of virtual laboratories are designed by educators, with limited
input from the users of the virtual laboratories (students). The literature review will survey existing
deployments to discover the issues that designers find important, and then later the research in this

thesis will look at what new investigations might be useful to add student perspectives to the design.

Thirdly, and most significantly, there has been limited research on how one would go about
designing a virtual laboratory. By undertaking a detailed literature review of previous examples of
virtual laboratories and extracting insights from those previous deployments, previous research can
provide the starting point for some guidelines for designing virtual laboratories. In addition to this
critical analysis of previous work, specific research in this thesis will add student perspectives to the

development of these guidelines.
2.1.2 Organization of the Literature Review

This review aims to survey the breadth of existing work that has been done on virtual

laboratories for engineering education. In Section 2.2, an overview of online learning and learning



management systems is presented along with types of systems and benefits. In Section 2.3, the concept
of laboratories is presented along with their purpose, use in engineering education, and their
relationship with collaborative education. The evolution of laboratories is then presented, followed by
a discussion on several types of laboratories. Section 2.4 focuses on virtual laboratories, reviewing the
characteristics and types of virtual laboratories. The steps required to implement virtual laboratories is
presented, followed by a comparison of physical and virtual laboratories. Learning outcomes are then
explored as well as research into the methods used to measure the effectiveness of laboratories in

general and virtual laboratories in particular.

2.2 Online Learning and Learning Management Systems

Tertiary education has embraced new technologies whenever they emerge.  Early
correspondence courses allowed remote learners to access written materials and custom designed
exercises. The availability of electronics, multimedia communications (recordings, radio, television,
movies) provided additional support for remote learners. Computers, especially personal computers,
further enhanced educational opportunities by allowing interactive educational programs, or Computer
Based Training (CBT). However, the development of the World Wide Web in the 1990’s allowed an

explosion in interest in remote, computer-mediated education.

In [15] , the author notes that one of the earliest forms of online learning was computer-based
training (CBT). CBT systems in the early stages were mostly text-based programs. By the early
2000s, web-based training had emerged [15]. Developments for Information and Communication
Technology (ICT) allowed for computer assisted learning and online learning systems to become more
mainstream in higher education organizations (HEOs), allowing for new systems such as Blackboard

and Saba to evolve [16].

Educational institutions are providing more resources to students through online learning
opportunities [17]. Based on results of an annual survey of university senior managers, the importance
of providing online learning opportunities has increased from around 49% in 2002 to over 70% in 2014
[18]. With technology advancements, E-learning has become a viable option for providing learning
opportunities to a broader range of students [19]. Computers are more affordable and Internet

connectivity speeds have boosted developments in online learning [15].



Online learning resources have become increasingly important for both remote and on-campus
students. Learning management systems (LMSs) which provide unified access to learning resources
such as lecture notes, recorded lectures, and assessment submission have become common using tools
like Moodle and Blackboard [20]. Online systems such as Intelligent Tutoring Systems aim to provide
customized personalized feedback to learners with minimal intervention by teachers. Third-party
discussion forums such as StackOverflow [21] allow learners to interact with industry practitioners.
Learner-driven sites, such as RateMyTeachers [22] allow learners to share solutions to past exams, or

to provide feedback on learners’ experiences of specific teachers and courses.

Online learning systems can be classified as open-source, proprietary and cloud-based systems
[16]. Blackboard Learn is a proprietary system, while Moodle and Sakai are considered open-source
systems. Docebo is an example of a cloud-based system. Other popular systems are Desire2Learn and
Canvas [20]. Online learning tools for content delivery have steadily expanded over time, however the
use of cloud-based systems for performing examinations has been approached cautiously [20]. Online
systems are used for activities such as providing course material, discussions and chats, and assigning

homework, as well as providing laboratory exercises.

Another way to categorize online learning systems are in terms of their features for
communication, interoperability and learning context [23]. First generation online learning systems
were not interoperable and provided no communication between teachers and students. Second
generation systems provided communication between the teacher and student with some add-in
features, and third generation systems, or current systems, are fully interoperable and provide more
communication capabilities. Features that are important to the success of online systems include
accessibility of the system and high-quality material that is useful, consistent and accurate [17].
Usability of a system, in terms of its interoperability with other computer-based tools is also important
[20]. Researchers have also found that an easy-to-use user interface leads to higher intentions to use

the systems [23].

Overall, online learning has been found to provide benefits to students [19]. In [20], students
found that doing laboratory exercises was more efficient when using an online system. When students
have a positive experience with online learning, they tend to continue to use the system and improve
their learning outcomes [17]. Online classroom discussion forums have been found to help students

learn more about course topics [24]. Low motivation and satisfaction levels have been associated with
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attrition rates that are higher [18]. In [19], the authors argue that while students are open to innovation,
they are not as adept at using the online learning tools as they are their other technology devices, such
as smartphones and tablets. They also note that students are only using the most basic functions of
online learning systems. One of the biggest benefits for both teachers and students is better and more
efficient communication [20]. Another benefit to teachers is better organization of course material.
Teachers also have found that scoring laboratory exercises is made easier, however instructors also
need to continually review and update the content [17]. Teachers are tasked with finding exercises that

already exist or creating new ones and adapting the material to the technology [13].

Skills in developing unanimity, individual accountability, positive group leadership, team
support, and clarity of instructions are considered as important requirements for effective online group
collaboration [25]. Lack of these positive factors, technology related issues, difficulties in virtual
communication (because of the use of only written language), and differences in time zones are factors
that hinder online group collaboration [25]. E-Learning, or the use of the internet for education, helps
overcome the physical obstacles to cooperative learning. Virtual laboratories based on Cooperative
Electronic Forums are particularly effective [26]. If cooperative learning activities are well designed
then they can stimulate discovery learning, and at the same time they can develop thinking and

reasoning [27].

2.3  Laboratories and Engineering Education

This section describes the purpose of engineering laboratories and how they are used in
engineering. By “laboratory” we mean equipment and facilities which allows the experimental use of
engineering equipment and processes to provide practical demonstration of how physical systems
respond to external stimuli. Typically, such experiments are conducted in a purpose-designed room or
space, and this facility is also sometimes referred to as a laboratory. Finally, the experiment itself is
sometimes called a laboratory. We will call the experiment a laboratory exercise, and the real or

simulated equipment for conducting the experiment is the laboratory.

Laboratory exercises can be conducted individually by students, or the students can work
together in groups (often 2 or 3 students) to undertake the experiment. Cooperative learning is an
important part of laboratory exercises when work is performed as a group and research on cooperative

and collaborative learning is described later. Laboratories have evolved with the introduction of new
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technologies resulting in both traditional laboratory settings and newer virtual, remote and simulation
laboratories. This section also includes a discussion of the evolution of laboratories and the different

types of laboratories.
2.3.1 Purpose of Laboratories

Laboratories provide an environment for performing experiments and engaging in tasks or
practical work related to the topic of study. Laboratory experiments support learning by reinforcing
knowledge of concepts, helping students develop experimental skills including experimental design,
data collection, analysis and interpretation of results, as well as helping students develop problem-
solving and critical analysis skills [28]. Pedagogical reasons for laboratories include learning
analytical concepts, preparing for professional practice and situations that are not ideal, learning the
instruments, and developing teamwork skills [29]. Lectures and demonstrations are considered
“Instructivist” approaches that emphasize the delivery of an explanation while “constructivist”
approaches emphasize learning tasks where learners can build their own knowledge [30]. After being
presented with a theory or concept, the laboratory provides an opportunity for students to perform tests,
or experiments, that enhance their learning allowing for their reconceptualization of the theory or
concept. In [30], vicarious learning, or learning through dialogue with other learners and instructors
can also benefit learners. Collaboration and dialogue are integral to laboratory environments and

improve the effectiveness of learning [31].

The various purposes of laboratory experiments, as perceived by students are described in [32].
They define the purposes of laboratories as allowing students to see how things work in real life,
designing and following a flow chart, gaining experience through practice, learning the important
aspects of experimental work (such as techniques and report writing), and understanding theory. Skills
like cooperation and communication with others, as well as understanding scientists’ work styles and
how experiments are designed while learning how difficult it is to move from theory to practice, are
also important objectives. Conclusions from laboratory experiments appear stronger compared to those
drawn in classroom demonstrations of experiments, however in [33], the author indicates that the
findings of laboratory experiments are sometimes difficult to transfer out of the laboratory.
Instructional laboratories have been quintessential in providing education in undergraduate programs

because they help students cope with real-world problems and gain hands-on experience [34].
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In the context of laboratory experiments, conceptual understanding implies how much a
laboratory activity can help the learners understand and solve problems which relate to the basic
concepts of the discipline and apply theoretical knowledge to problems in the “real world” [35].
Different skills are required to be learnt. Students learn how to solve open-ended problems and engage
their design skills. Social skills refer to how students learn engineering-related tasks in groups, while
professional skills refer to the skills required to practice the profession [36]. Learning during the
practical work of laboratory exercises may be physical or mental. Instructors may focus on content of
the practical task, on scientific inquiry, or both [37]. Laboratories offer more control; the field offers
more realism. Laboratories using newer technologies, and incorporating virtual experiments provide
both realism and control. Now that more people interact in the virtual world in their daily lives, the

realism of the virtual world, including laboratories, has increased as well [38].
2.3.2 Laboratories in Engineering Education

Engineering is unique in that it is both an objective hard science as well as one that often
requires practice-based learning using physical equipment [39]. Examination of students in disciplines
pertaining to engineering requires them to demonstrate their ability to correctly use equipment to
perform experiments. Engineering is a field that relies on physical experiments [40]. Therefore, a
significant part of the curriculum for engineering students involves laboratory sessions requiring
physical work with equipment. In [41], the authors explain that engineers who have good design
capability have the ability to tolerate ambiguity, take a macro view of the system, possess the flexibility
to manage uncertainty, have decision making ability, have developed teamwork skills, and have
developed the capability to visualize and communicate design ideas. In [42], the author explains an
important goal of technology education is to develop critical thinking. Critical-thinking involves
analysis of information, synthesis of information, and assessment of the concepts. The engineering
profession is a practical discipline which works on materials, energy, and knowledge for the benefit of

humanity. This practical knowledge is reinforced by undertaking experiments in laboratories [35].

Courses that are typically a part of the curriculum in the first year of electrical engineering
include network theory, transformers, AC-DC circuits, and electrical power generation and use [43].
Laboratories help students to understand complex structures and circuit designs by means of
experiments that allow readings on actual systems and to compare these readings with theoretical

models. Hands-on laboratory exercises also improve the quality of teamwork among students when
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they perform in groups to learn the experiments. It improves the interactivity of the students and
increases their interest in the subject of the experiments. The need for laboratory practical exercises in

engineering that teach students to acquire skills in real world use of equipment is unquestionable [44].

Engineering laboratories can be for development, research and/or education [35]. Engineering
professionals utilize the development laboratory for gathering experimental data for design,
development, testing and upgrading products. Research laboratories are utilized for obtaining more
information about general concepts. Design or development of specific products is not the primary or
immediate objective in educational laboratories. Engineering students use laboratories primarily for

educational purposes [39].
2.3.3 Collaborative and Cooperative Learning

While engineering laboratory exercises can certainly be undertaken individually, there has been
significant research on the advantages of the cooperative learning that occurs when learners work
together in groups, or when they engage with teachers during laboratory exercises. Since providing
support for group learning is a significant challenge in virtual laboratories, it is worth exploring the

advantages of cooperative learning.

Engineering education, specifically electrical engineering, includes laboratory intensive courses.
Experimentation is considered essential in scientific and engineering learning [45]. A laboratory
environment is used for experiments and facilitates interactions among the students as well as between
teachers and students. This interaction improves the effectiveness of the learning in laboratories. Prior
research has shown that cooperative, collaborative, active and problem-based learning are beneficial

for learning in laboratories [46].

While performing cooperative learning, work groups need to be well-structured, including
responsibility allocation, and timeline for the tasks. The purpose must be clear, the workload should be
distributed fairly, and students should be a part of the assessment process [47]. Even the faculty
members need to have cooperation amongst themselves to ensure success of cooperative learning [48].
However, idiosyncratic factors, such as styles of learning, students’ perception about self, previous
experience with laboratory equipment and laboratory work, inter-relationships amongst group

members, and teaching style are factors which affect the magnitude of the impact [49].
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Laboratory-based coursework plays a vital role in scientific and engineering education. Like
many other industries, education is impacted by advances in automation and the Internet, allowing
engineering laboratories to be accessed online. Online technologies have improved collaborative
learning and student learning experiences [35]. The benefits and challenges of online education have
been widely explored but extending online education to laboratories brings extra challenges as well as

different benefits.

Generally, the laboratory environment is conducive to facilitating interactions among students
as well as between teachers and students. Not all experiments are collaborative in nature, yet
interactions help improve the effectiveness of the learning which takes place in the laboratories [31].
Studies have also provided evidence in favor of cooperative, collaborative, active and problem-based
learning [18]. The instructional method of active learning can engage students in the learning process.
In cooperative learning, cooperative incentives are given importance, while competition is not so
relevant. In problem-based learning method, problems are given at the beginning of the teaching
process, and they form the context to motivate the students to learn. While problem-based learning may
or may not improve students’ grades, it has been found that retention, attitudes, critical thinking, and

study habits are likely to improve [50].

Cooperative learning has always been a part of engineering education and has even gained
popularity compared to the traditional lecture-based classroom methods [18]. Learning, achievement,
retention and learning attitudes are positively impacted [49]. Cooperative learning can be defined as a
learning process where small groups learn in an instructional-environment so that students can
collaborate to improve their own learning as well as other group members’ learning. There are three
common structures of cooperative learning: informal cooperative learning, formal cooperative learning
and base-group cooperative learning [48]. Cooperative learning, when combined with methods such as
role play, can serve as educational tools for enhancing student active-learning and communication
skills [51]. Research has also highlighted that using active learning in a cooperative environment can

help to improve the learning of higher-order skills.

The environment, including the technology and the ecosystem, within which this collaboration
takes place, is vital and some environments do not have sufficient realism [35]. Factors that have been
found to motivate participants to collaborate include managing the interplays between variables related

to cognition, social factors, emotional issues and the context [52]. Apart from asymmetric
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collaboration, problems associated with organization of the group, absence of common goals amongst
participants, differences in commitment levels of students and the differences in quality of contribution
by the participants are obstacles hindering effective online collaboration. Further, assessment related
issues and communication problems are other negative factors [53] . Students consider factors, such as
clear objectives, teamwork, motivation, time management, accountability of students, and feedback of

instructors as important for supporting online group work [54].

However, teams which communicate online are not necessarily able to do better than the teams
physically present together [55]. Working in a group online is more difficult than working face-to-face
in a group [54]. Some students feel frustrated during online collaborative work [53]. Some students do
not prefer the group work method and prefer to work alone, and some perceive that giving one grade to
the entire group is not fair as all members do not do the same amount of work [56]. The problems
commonly associated with online group work include students’ opposition, issues related to selecting
members in a group, insufficient skills for group-work, presence of students who do not contribute to
the team, differences in learning abilities of students, withdrawal of some participants, and concerns

about the fairness of assessment [57].

2.3.4 Evolution of Laboratories

Over the past few decades, widespread use of computers and an increase in distance learning
over the internet have impacted laboratory education significantly. Concepts such as simulation,
automatic acquisition, analysis and presentation of data, and the ability to remotely control equipment
have changed the laboratory paradigm [39]. Improved capabilities of desktop computers mean that the
use of simulations has been increasing [34]. Studies have highlighted the need of developing remote
laboratories which can help to perform laboratory tasks from remote places, as an integrated system

into the engineering curriculum.

In [58], the authors claim that the advancement of technology from analog systems to digital
systems, from macro size to micro size, from wired systems to wireless systems and other
developments have reduced the appeal and relevance of physical laboratories compared to virtual
laboratories. Newer concepts of mobile virtual laboratories, where students perform experiments using
mobile devices, may ultimately move traditional education from e-Learning to m-Learning [59]. In

addition, the financial pressure which universities face have forced them to look towards simulation
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and remote access laboratory systems as alternatives. While universities aim to leverage the
technological advancements, there are voices in favour of providing students with exposure to the real-
world environment rather than the simulation world [60]. However, despite a recent increase in
popularity, the virtual laboratory is still considered by some as an adjunct to traditional laboratories,

and not as a substitute for them [61].
2.3.5 Types of Laboratories

Conventional, face-to-face laboratories are referred to here as physical laboratories, and those
accessed via the Internet are referred to as virtual laboratories [62]. These virtual laboratories include
remote access to physical laboratories (remote laboratories), or Internet access to simulated

laboratories (simulation laboratories).

There are also combinations of these laboratory types, such as mixed-mode laboratories,
which might combine remote access to a physical laboratory, with computer-enhanced visualization of
the responses in those labs. For example, in [63] animation is used to provide an exploded view of the
inside of mechatronics experimental equipment (an inverted pendulum), where internal sensors in the

equipment drive this animation with data streamed in real-time from the equipment [63].

Advances in virtual reality (VR), such as headsets for display and gesture recognition, allow
fully immersive experiences which can simulate experimental spaces that are not normally observable.

Freina and Oft [64] review recent use of VR in educational settings.

Computer games have evolved from standalone single-user games on a single PC to complex
simulated worlds where remote players can interact in a single virtual universe. In the same way,
virtual laboratories can not only provide access to remote or simulated equipment, they can also
simulate the social experience working in groups of leaners supported by tutors in a single work area.

Such collaborative virtual environments are called multi-user virtual environments (MUVEs) [65].

These different laboratory styles — physical and virtual laboratories - have been investigated for
their effectiveness in achieving different learning objectives. Physical hands-on laboratories emphasize
design skills, whilst the virtual laboratories focus on conceptual understanding and convenience of use
[35]. Computer simulations can replace expensive, specialized laboratory equipment and provide

visualization, as well as interaction capabilities [13]. However, computer screens cannot always
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replicate the “look and feel” of many laboratory instruments. Many instructional technologies as well
as computerized simulations and models are used in virtual laboratories, which can help to replace
many of the physical laboratory activities. Some laboratory experiments can only be done with the
learners physically present and some require work in the physical laboratory in addition to the virtual

laboratory [24].

One method of performing experiments in the laboratory is to use simulation. Simulation
technology can represent complex structures on a computer, or even a mobile device and allows
students to access remote laboratories. In [66], the authors present a study on the analysis of using
simulations as a replacement to real equipment in undergraduate laboratories. The findings indicate that
students were positive about simulations and preferred to use them over real light bulbs and resistors.
Students using simulation were better at grasping the topics compared to the students using real
equipment. A simulated engineering laboratory can provide laboratory experiments, irrespective of the
physical location of the learner [66]. Tablet PCs enhanced student learning by representing complex
laboratory programs and assignments and allowed the students to make transition from written form to

the digital form of laboratory assignments [67].

In essence, the simulators are based on mathematical models of engineering phenomena [34] ,
[39]. They execute the relevant equations, and hence can be used for creating laboratory environments.
They help in giving a pre-laboratory feel and experience of the experiment. With time, the realism and
the flexibility of the models have improved as technology has improved. The feeling of isolation
associated with working in simulation laboratories has also been mitigated by making the students
work in teams and encouraging evaluation by the students themselves. Students have found that social
skills and teamwork skills improved using a simulation laboratory [24]. Simulations can help students

test hypotheses, or simply help them learn to use measuring instruments [39].

In the context of control engineering, virtual environments do not allow the students to operate
the instruments or use instrument-specific software. Further, some simulations do not replicate the
impact of noise and disturbances. The level of general competencies and collaborative learning

achieved is considered by some to be less potent than the levels achieved in physical experiments [68].

Remote laboratories are similar to simulation systems as experiments can be designed and
executed over the Internet. However, physical equipment is used, and remote laboratories provide real

data by accessing hardware through a graphical user interface [13]. The equipment is controlled
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remotely [60]. Remote laboratories are not just restricted to students of the same university but can be
shared between universities. This allows universities to collaborate and setup common shared

laboratories, thereby reducing the investment of each university for setting up remote laboratories.

A recent study builds a federation protocol for sharing laboratories amongst universities,
thereby creating a whole new set of opportunities for bigger laboratories, and better experiments.

Recent work discusses the integration of remote laboratories with Content Management Systems

(CMSs) and LMSs [69].

Remote laboratories also can be combined with simulation laboratories in a mixed-reality
approach [70]. Virtual laboratories can incorporate augmented reality, or a blending of real and
virtual components. In [71], web-based information is augmented with 3-dimensional visualizations
of teaching material where students can pan and rotate objects to examine how components interact
with each other. Laboratories using virtual reality and augmented reality allow for a broader range of
experimentation possibilities and can enhance effectivity of learning through increased immersion and

interaction with multimedia content [71].

The advantages and disadvantages of these different types of virtual laboratories can now be
summarized. Simulation laboratories are typically the easiest to deploy. The major cost is software
development, and perhaps a centralized server to implement the simulation if it is complex or requires
specialized software licences. The number of users is largely unlimited, especially if the software runs
on a client machine. Expensive equipment can be simulated at the same cost as low-cost equipment.
Additionally, simulations can display system responses that are not possible in real laboratories, such
as radioactive decay rates over centuries being displayed in a few seconds. On the negative side, it is
more difficult to incorporate features such as faulty equipment, or noisy measurements that are

associated with real experiments.

Remote laboratories most closely mimic the physical laboratory, since real equipment in used.
Responses are similar to what would be measure in the laboratory. On the negative side, modifying
equipment to operate remotely requires significant expertise, specialized scheduling software is needed
to queue student access to the equipment, and scaling up to more users is likely to require a
proportional investment in additional equipment and the space to house the equipment. The equipment

requires maintenance, replacement and updating.
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Mixed-reality simulations which add additional visualisation information to a remote laboratory
inherit the requirements of both simulated and virtual laboratories. They require physical equipment at
a scale that can service users in a timely fashion, and also require the development of sophisticated
software to provide the additional visualization information. On the positive side, they can provide a
richer educational experience which combines the benefits of the real physical equipment with the

ability to “see” what is happening inside that equipment.

Immersive VR laboratories are still largely at the experimental stage, and the high cost of the
user equipment (headsets, etc) means they are currently not suitable for deploying laboratory
experiments to remote learners. Instead, they are currently most suitable for on-campus simulation of

experiments in virtual worlds.

Given these different requirements, this thesis will use the example of a simulation laboratory to

investigate virtual laboratories more generally.

2.3.6 Summary of Laboratories and Engineering Education Literature

Laboratories are an important part of engineering education. As technology has progressed, so
have the capabilities of laboratories. Laboratories exist primarily to allow experimentation in a
controlled environment, or in a sense, laboratories allow engineers to practice. Collaboration and
cooperation are an integral part of the learning process and have been shown to help improve the
effectiveness of the learning process. There is concern that online learning may interfere with the
collaboration which could then affect learning effectiveness. While academics have defined several
different types of laboratories, others have acknowledged that as technology improves, there is a
merging of the physical and virtual laboratory environments as well as incorporation of virtual and

augmented reality components.

Several of the reviewed papers present information that discuss the concept of physical
laboratories incorporating more technology and allowing more online learning opportunities. The
importance of cooperative learning activities to engineering education and the effectiveness of
cooperative learning activities on student achievement is well-documented. While the literature
discusses the online learning and the transition of traditional laboratories, the view of how online

learning can appropriately replace or enhance traditional laboratories is not well-documented. More
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research is needed to understand the impact of transitioning to more online learning activities and the

impact on engineering education.

Within an engineering education, laboratories serve a distinct pedagogical purpose. As
mentioned earlier, laboratory experiments support learning by reinforcing knowledge and concepts,
helping students develop experimental skills including experimental design, data collection, analysis
and interpretation of results, as well as helping students develop problem-solving and critical analysis
skills Pedagogical reasons for laboratories include learning analytical concepts, preparing for
professional practice and situations that are not ideal, learning the instruments, and developing
teamwork skills. However, there is limited literature on the specific learning outcomes that are
expected from engineering educational laboratories and how these are best achieved. In particular,
there has not been an explicit analysis of the strengths and weaknesses of virtual laboratories in

achieving these learning outcomes, and one of the aims of this thesis is to investigate this area.

2.4  Virtual Laboratories

Over the past few decades, virtual laboratories have gained popularity. They have assumed
supportive or even substitutive roles in the context of physical laboratories [72]. Students feel that
computer experiences cannot totally replace the physical laboratory experience completely, but they

have acknowledged that computer experiences can play a complementary role [73].

2.4.1 Characteristics of a Virtual Laboratory

The concepts of physical and web-based laboratories have been defined by several scholars.
The term physical laboratory refers to the traditional laboratories which are built upon real estate and
have physical equipment [72]. In contrast, a virtual laboratory is a laboratory experience without the
physical laboratory [14]. Virtual laboratories are programmed systems that can simulate the features
and activities of the real experiments that are done inside a real laboratory [74]. Virtual laboratories can

be categorized and differentiated based on different characteristics.

2.4.1.1 Presentation

Virtual laboratories use heterogeneous formats that include interactive multimedia objects.
These formats include texts, sound, hypertext, images, videos, animations and graphics [72]. The

virtual learning environment can be located on internet sites [61], and the students or users can control
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and work with graphical units representing experimental objects. The experiments are conducted via
the internet using input devices such as keyboard and mouse [75]. In a virtual laboratory, experiments
are conducted and controlled partially or totally by using computers, simulation and animations, and
more recently with the use of mobile devices [76]. The access is local or remote but uses the internet.
In such laboratories, experiments are viewed via graphical models of the real experiment. The user can
observe the process and the end result through the animations [77]. Virtual Reality Systems (VRSs)
support creation of tools which allow students to simulate educational environments on their computers

[78].

2.4.1.2 Immersion and Engagement

Various models of virtual laboratories differ in their level of replication of reality [72]. The
types and levels of virtual laboratories include software sharing, equipment sharing and remote-control
laboratories. In the software sharing type, the local simulation software is shared by the server. It
processes commands from clients and reports the results of the experiment. The instrument sharing
type involves commands from the users to control the instruments which conduct the experiment. The

software helps analyze the results. Here, immersion and engagement are low.

In the remote-control virtual laboratory, the users can control the process of the experiment,
however, this requires more real-time interaction between the client and the system [75]. The ability of
the virtual laboratory to replicate reality can impact the level of immersion, or sense of “being there” or
“sense of presence” for the users of the laboratory [70], [79]. Here, immersion is still relatively low but
engagement is enhanced because users understand that they are manipulating physical instruments and

components.

Virtual environments that promote a sense of “being there together” allow for a shared realism
or co-presence in MUVEs [79]. Virtual Reality Systems (VRSs) support creation of tools which allow
students to simulate educational environments on their computers [78]. Such systems can potentially
provide much higher immersion and engagement, but to date the development and deployment of such
systems are very high. As computer gaming becomes more immersive, the availability and cost of

such systems may decrease.

2.4.1.3 Source of Data
Based on the data used for experimentation, virtualizations of experiments can be classified as

numerical simulation based, measurement data based, real time data based, remote trigger based,
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remote control-based and hybrid-based [58]. While numerical simulation is purely theoretical,
measurement data-based virtualization provides a real feel of the experiment. It is based on the
capability of the system to include various combinations of input parameters to replicate the real
experiment environment. Virtualization with real time data uses real experiments on real time basis.

The user has no control over the experiment apart from the fact that they gather the data online.

The remote trigger-based virtualization is similar to the real-time based type, but the user has
the capability to trigger the start of the experiment. Remote control-based virtualization offers the user
more flexibility to trigger and control the experiment. This gives a better feel of the real experiment.
This system is costlier to design and may involve physical movement and manipulation of objects [1].
It is difficult to scale-up as only one person can use it at a time. The hybrid-based virtualization aims to

incorporate the positive features of all the above-mentioned systems [58].

2.4.1.4 Examples of Virtual Laboratory Environments

The “MIT iLab” system is an open-source software framework which supports online (usually
remote) laboratory experiments [80]. It was first developed for batch-mode remote experiments (where
the whole experimental configuration is first specified, and then later results are returned), but has been
extended to support interactive experiments with the addition of a highly configurable service of the
laboratory resource scheduling, a huge and strong data storing system, and capability to support high

bandwidth communication systems between the laboratory server and the client.

At the University of Belgrade, Serbia in the School of Electrical Engineering, a Virtual
Laboratory for Robotics was developed focusing on the notion of dynamics in industrial robots.
Students can modify motors, transmission systems and control parameters using a modern user
interface while having flexibility in how feedback is provided [81]. In [81], several other initiatives in
developing state-of-the-art virtual laboratories are described, including the TriLab at Loughborough
University (UK), the Virtual Electric Machine Laboratory at Firat University (Turkey) and the Virtual
Laboratory Environment at the Stevens Institute of Technology (USA). Potkonjak et al [81] present a

detailed review of recent virtual laboratory deployments.

The International Federation of Automatic Control (IFAC) has been studying virtual and remote
laboratories for over a decade, including a control education remote laboratory [13]. The remote
options at the RobUALab include robots, servers for the network and teleoperation, camera, and

software for modelling, access control and the robot interface [1]. Some of the earliest work with
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remote laboratories and robotics was developed at the University of Western Australia along with
remote robotics developed in the Mercury Project (industrial robot arm with a camera) and the
Telegarden Project [1]. In [82], the authors present a comprehensive review of other similar remote

laboratory systems.

2.4.2 Comparing Virtual Laboratories to Physical Laboratories

Findings of an extensive study of physical, simulated and remote laboratories conducted by [62]
suggested that many physical laboratories today are mediated by computers, thus making them partially
equivalent to simulated and remote laboratories. This observation bridges the gap between physical,
simulated and remote laboratories. Their study suggests that experiences and beliefs of students could

be determined better by the interfaces’ nature than the laboratory technology’s objective reality.

Developers create and offer virtual laboratories, and the laboratories are also available on CDs
[72]. One of the key affordances of virtual labs is that all user interaction is via the computer interface,
and so can be captured and analyzed. Virtual laboratories replicate the environment of physical
laboratories and have interactive data collection features to support learning and collaboration.
Student’s activities can be channelled to measure their performance, and to support their learning. The

software can have features for student guidance, support, monitoring, and evaluation [14].

In general, physical laboratories can be costlier compared to virtual laboratories, though the
‘realism’ of reality is difficult to completely replicate [18] , [13]. Monitoring can be more rigorous in
virtual laboratories as students input data in the system, and recordings of their activities are available
for the teachers to see. Further, a virtual environment offers more flexibility as far as the adjustment of
variables is concerned, for example, one could simulate very high-power circuites that are not possible
in a physical lab. Virtual laboratories can help perform those experiments which are dangerous and

costly to conduct through traditional methods.

Another key affordance of virtual labs, especially simulation labs, is that the responses that are
presented to a user are not restricted to those that are observable in physical labs. In a virtual laboratory
it is possible to simulate and visualize variables that are difficult to physically measure in the physical
laboratory, such as magnetic fields or the inside of a nucleus, or changes in radioactive decay that occur
over long periods. Such observations can improve learning outcomes and understanding and may

encourage the students to develop an exploratory approach [18]. Compared to the physical laboratories,
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virtual laboratories are more flexible and open allowing different experiments with different
components to be created easily [81]. There is integration between the theoretical and the practical
aspects, the learning is continuous, and the methods of teaching can be varied. The learning is

necessarily based on multimedia or similar tools [61].

The infrastructure and maintenance requirements are also different as virtual laboratories need
updating of software, while the physical laboratories need physical maintenance [72]. The tangible
aspects of experimentation, e.g. the feel and sight of substances, are missing in the simulation
environment and it is difficult to practically incorporate all possible scenarios in any virtual laboratory
system. Consequently, it is possible that students may encounter something totally different when
applying the learnings in the real-world scenarios [14]. Physical laboratories generally require high

setup and teardown time [60].

Virtual laboratories can substitute or complement physical laboratories when there is paucity of
space, funds or there is some problem in the equipment [72]. Apart from being economical, virtual
laboratories offer a safer environment [14]. The experiments can be conducted selectively, thereby
channeling students’ energies to their areas of interest. The freedom enhances the interest and
motivation levels and increases the interaction. The process is relatively less time consuming [75].
Within their limitations, such laboratories are excellent for design and testing, provided users can cope
with the level of abstraction. Virtual laboratories help in easier sharing of the laboratory resources
amongst various teaching organizations and multiple students can access the equipment simultaneously
[81]. Even members of public can gain access to experimental equipment virtually. This can encourage

people to pursue studies in science and technology [34].

Virtual laboratories can help disabled students or distance learning students [18]. Students, who
need comparatively more flexible or visual learning style, may be able to customize the remote
laboratories to be more suitable for their learning process. Even a sense of social presence can be

created if the students are aware that others are working in the remote lab [60].

Virtual laboratory environments reduce the need for regularly updating the knowledge of the
technical staff handling sophisticated and expensive physical instruments and allow for the possibility
of sharing instruments between universities [18]. They help in repetition of experiments several times
without involving the technical staff or teaching staff. Importantly, such devices can be brought to

theoretical classrooms. Hence, if required, theory and practical experiments can be conducted
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simultaneously within the classroom [59]. In physical laboratories, time pressure can force students to
focus on data gathering rather than understanding the fundamental concepts. This problem is overcome
in virtual laboratories, and data sharing is easier [83]. Virtual laboratories require less logistical
planning and can help in monitoring of students in classes which are overcrowded. They can help
overcome deficiencies in physical infrastructure which may exist due financial and other constraints

[84].

There are disadvantages to using virtual laboratories. Using physical equipment helps students
develop practical skills e.g. malfunction of equipment and solving such problems [18]. Further, they
can get exposure to the experiment design and planning problems faced by scientists, especially in
long-term experiments. Measurement errors also need to be experienced. Real life delays and the
process of thinking about the next steps in case of failure of the experiment design are all part of the
learning process. The tangible aspects help in the development of conceptual knowledge. The choice

between virtual and physical experimentation may need to be on a case to case basis [85].

It is pertinent to mention that any comparison between the physical and the virtual laboratories
requires that the objectives of the laboratory exercise should be decided first. It is also possible that
new methods of testing the hypothesis or experiments for development of a design etc. may be devised
which are especially suitable in the simulation environment. This will obviate the need for direct
comparison between the effectiveness of physical laboratories and simulation laboratories based on the

same experiment [39].

Technology can be considered a means rather than an end. Technological applications in
teaching do not mean simply using technology to teach in the traditional method. New methods for
teaching the topics can be developed by leveraging the technology [73]. It is also accepted that,
whatever the approach or the type of lab, teaching should remain student centered so that the learning

objectives are achieved [84]. Pedagogical considerations should always remain paramount [72].

In summary, Table 2-2 provides a comparison of physical and virtual laboratories on the factors
of availability, experimentation, cost, user experience and interaction. Virtual laboratories are
available at any time and provide a safer environment for experimentation. Physical laboratories can
be costly, but also can provide a better user experience. Virtual laboratories can provide a good user
experience and allow for performance of the assigned experiments without the need for physical

equipment. Of the types of virtual laboratories, simulation laboratories tend to have lower costs than
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remote laboratories. The personal interaction and experience of using real equipment in a physical

laboratory is an advantage over virtual laboratories.
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Table 2-1 Comparison of Physical and Virtual Laboratories

Factors Physical Laboratories Virtual Laboratories

Limited in time and space - need

Availability sharing Designed for remote, anytime usage
Limited to experiments that can
be conducted safely with available | Provides wider & safer options for
. . equipment e.g. High- Power out of the box experiments.
Experimentations laboratories. Ability to simulate entities infeasible
Limited to physically observable in physical laboratory.
responses.
Need to build laboratories and
need to be updated with updates in | Considerably lower cost-simulation
Cost timely manner. laboratories
High upgrade and maintenance Medium cost — remote laboratories
cost.

Second Best- Quick and easy way to
perform experiments without
physical equipment.

Support teamwork and dealings | Idealized data and no interaction with
Interaction with real world physical real equipment, more difficult to

equipment and real outcomes support teamwork

Best- Actual feelings of physical

User Experience . .
equipment and experiments.

2.4.3 Implementing a Virtual Laboratory

Like many computer systems, the effectiveness of virtual laboratories depends on the quality of
the user experience. This section reviews some of the literature on the requirements that different

designers have identified in the implementation of virtual laboratories.

The implementation of a virtual laboratory begins with an understanding of the affordances of
laboratories. In [85], educational affordances of laboratories in general include the promotion of
conceptual understanding, the development of inquiry skills, the cultivation of an interest in exploring
science and the development of teamwork skills. Physical laboratories provide the affordances of
trouble-shooting equipment, setting up equipment and observations and tactile feedback. The fact that
virtual laboratories mediate access via a web interface provide additional HCI affordances. The authors
in [85] note that virtual laboratories provide more flexibility by nature of their ability to adapt reality.
For example, confusing information can be removed, time scales can be adjusted, and unobservable

phenomena can be explored such as electric voltages and currents at arbitrary points in circuit,

28



chemical reactions and thermodynamics. Time scales can be accelerated or decelerated. User
interactions can be logged for later processing by learning analytics programs. Equipment “failures”
can be explicitly scheduled or prevented. Experimental conditions can be closely controlled. These

affordances provide greater control over the students’ learning experiences.

The development of a virtual laboratory requires an analysis of the required hardware and
software infrastructure [13]. For a remote laboratory, the specific equipment must be chosen so that it
can be controlled remotely, and the responses to stimuli need to be able to be captured. Software is
needed to allow students to design the experimental inputs, schedule their use of the remote equipment
and retrieve the results. The user interface should also be able to create an adequate level of realism.
The system should allow flexibility in defining experiments to allow creativity and open-ended

exploration.

Individual differences amongst students and relative openness of the laboratories are important
factors to be considered while designing experiments [46]. An experiment’s complexity may influence
or encourage the choice of technology, and synchronous or asynchronous communication can be used
based on the requirements. Quality of interface and level of social interaction are important aspects to
be considered to meet the student needs [46]. It is important that while designing such laboratories the
perceptions of the relevant students should be considered. This is because the perception of realism can

be manipulated to improve the effectiveness [60].

The design of online group work and the teaching method should be conducive to improving its
effectiveness [54]. Features of the online environment, personal attributes of the learners, and the
teaching strategies employed by the instructors impact the learning process [54]. Frustration with
working in online groups can lead to situations where members drop out of the interactions [55]. Other
important barriers hindering participation of students in online group work include lack of availability

of time and students’ preference for reading compared to discussing matters online [86].

The design of virtual laboratories needs to account for different user interface devices, such as
PCs or tablets [46]. There are setup and management issues associated with laboratories. For example,
the level of access can be different for tutors, students or visitors. The support staff involved in virtual
laboratories need to have a proactive attitude towards building knowledge, encouraging students,

guiding students, and understanding and responding to their concerns [61].
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The programmers of these virtual laboratories need to be highly skilled as there is generally
custom development required even with off-the-shelf packages [87]. They should also be familiar with

the process and objectives of the experiment, as well as the needs of the student users.

The process of conducting an experiment on the system should be explained in simple terms
and be easy to understand [88]. The software needs to have a good interface, should have multi-
platform portability, and should offer modularity by allowing development of the program in parts.
Further, it should be compatible with the available hardware and should align with the existing code
[88]. Debugging and help options are important. Features, such as extendable program libraries,
increase the flexibility of the system. Multimedia features are particularly important [58]. However,
ease of use of the interface is more important in the context of learning and cognition compared to
smoothness of navigation [72]. Modularity and customizability of the system are important, and the
virtual laboratories should cater to individual differences in students and their levels. Help features can

provide real-time guidance and support [14].

Ideally, a virtual laboratory must include a real-life scenario from which the student can collect
data in a realistic environment [88]. This is because, in effect, working with a simulation is like
exploring an algorithm which tries to imitate the real world. The discoveries made in the process of
experimentation may be those related to the algorithm. One approach makes the system appear to
control like a real lab [14]. The laboratory responds with a video of the experiment. Students can
remotely control the system, watch the video and gather data at various points in the video. The
software collects and presents the data gathered or generated by the students. This is different from the
simulation where the data is already fed into the algorithm [14]. Animation techniques, videos, and 3D

models help make the system more attractive for the students [61].

Representational fidelity and learner interaction are defined as distinguishing characteristics of
3-D virtual learning environments [79]. Representational fidelity consists of a realistic and smooth
display of the environment with consistent object behavior, a user representation, spatial audio and
kinesthetic and tactile force feedback. Learner interaction includes embodied actions, verbal and non-
verbal communication, environmental control and construction of objects and scripting of object
behaviors. Representational fidelity and learner interaction support the creation of a realistic

environment.
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In [89], student feedback was obtained on attitudes towards computer-based laboratories and
experimentation. When students were asked to rate important aspects of laboratories, the authors found
teamwork to be the highest rated item by the students. Besides rating teamwork highly, students also
felt that having assistance from a supervisor or technician was important. In [90], seven elements for
design of a remote laboratory were presented including tailoring instructions to skill level, supporting
both linear and non-linear presentation of content, limiting the number of sound-based instructions,
displaying content in various forms, including interactive content, limiting the amount of text-based

content and providing a useful feedback system.

In summary, the design features identified in the literature that are important for a virtual
laboratory revolve around ease-of-use, helpfulness and providing realism. These features are

summarized in Table 2-3.

Table 2-2 Design Features Identified in the Literature

Design Feature Source

User interface — quality and [46], [88], [72]
ease-of-use

Realism [88], [14], [79]
Individualized [46]

Storage capacity, hardware, [13], [88]
software

Social interaction, Teamwork | [46], [89], [79]
Simple to make experiments | [88]
Multimedia, 3-D features [58], [61]
[
[

Help features 141, [89]
Qualified technical staff 61], [87]

2.4.4 Measuring Learning Effectiveness in Online Systems

Learning effectiveness has been defined as “how well individuals have achieved their goals in
terms of the knowledge gained from a particular course” [17]. Effective learning is demonstrated by
the ability to achieve the required results [91]. A more popular learning approach is called
constructivism that supports a concept of learning-by doing as the method for learning and retaining
knowledge. Traditional learning design focuses on presenting instructions with predictable outcomes
in a more controlled setting while constructivism focuses on presenting instruction that enables the

learning process [92].
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Student work can be “formative”, where the instructor provides constructive feedback to the
student, or “summative”, where feedback to the student consists of only a grade or mark [93]. In [94],
the authors note that online formative assessments (OFAs) improve student achievement and learning.
When class sizes are large there are administrative and time burdens imposed on the instructor to
provide formative feedback, however online submissions can automate the feedback process and
provide information to the instructor regarding student submission behavior [93]. Other benefits of
online assessment include lower costs, flexibility, improved reliability and instant feedback to the
student [95]. Online assessments can be administered interactively, on demand and can be presented to
many students simultaneously, however students are required to have the necessary computer literacy
to complete the assessments and their level of literacy can impact their scores on online assessments
[95]. Common methods for delivery of OFAs include e-portfolios, online web tools (discussion

boards, blogs, wikis), multiple-choice tests and the one-minute paper (short reflections or journals).

Online feedback helps students develop self-regulation (management of academic behavior)
and results in higher learner satisfaction [94]. In [94], seven principles are noted for good feedback
practices including clarifying what constitutes good performance, encouraging dialogue, encouraging
positive motivational beliefs and self-esteem, facilitating self-assessment, delivering high quality
information to students regarding their learning, providing information to instructors to help shape
teaching, and providing information to students that will assist them in achieving their desired

performance.

There are many methods presented in the literature for measuring learning effectiveness. In
[17], the authors argue that learning effectiveness has typically been measured using student perception
and whether learning goals are achieved. In their study, they used student perception and student self-
evaluation to assess learning effectiveness. For measuring the effectiveness of remote laboratories, a
student perception survey measuring how the remote laboratory efficacy approaches that of a physical
laboratory has been used [96]. The authors note that other researchers have found there is a high
correlation between learning effectiveness and satisfaction with the laboratory. Other authors are less
conceptual, advocating the importance of Moodle quizzes with automated evaluation and correction in
an online learning environment [20]. They argue that computer-based assessment does a better job of
evaluating the student’s abilities for computer programming. In [97], effectiveness was measured as
the student’s ability to completely achieve a task with accuracy. Other measures were error rate,

amount of assistance that was needed and the percentage of task completion.
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In [92], the author developed an e-learning system for component inspection and circuit-wiring
practice for automotive engineering students. The three main components of the training system are
introduction, content and achievement, where the achievement section is used to evaluate learning
results. Learning effectiveness was evaluated using the web-based practices and answers to questions
at the end of each learning section. There were also two tests given that covered the textbook used for
the course. The objectives of the learning exercises were for students to be able to explain the skills
and demonstrate the skills. A satisfaction questionnaire was also used to evaluate the field of learning
material (clear objectives, well-organized, easy to understand programs, and helpful), field of learning
environment (easy to use interface, documented procedures, online discussion forum for
communication) and field of learning achievement (suitable questions that were well-defined, questions

relate to content, test confirms the learning condition of the learner).

Some studies have identified motivation, self-efficacy, ease of use, seniors’ support, continuous
learning culture, email exchange, training contents and ease of use as contributors to learning
effectiveness in a training setting [91]. Other researchers have advocated that course feedback and
student perception is sufficient. Constructivists have proposed that student faculty contact, active
learning, prompt feedback, high expectations, respect for diverse learning methods, cooperation among
students and time on task define effective teaching. In [91], the author combines concepts from earlier
models in the literature to present a new model of measuring learning effectiveness in an e-learning
environment. Using results from student surveys on learning preferences can be combined with

student performance and course statistics to evaluate learning effectiveness.

In [98], the author notes that measuring effectiveness “is not simple.” Typical factors
impacting teaching effectiveness in a face-to-face learning environment include grading policies,
course organization, class size, student abilities, breadth of coverage, type of course, and instructor
enthusiasm. There are also environmental factors and the student desire for social engagement.
Measuring effectiveness presented by researchers has included perceived learning, satisfaction,
performance, participation, and interaction. A version of the Student Evaluation of Teaching (SET) or
online surveys are commonly used for students to evaluate the online learning experience in higher
education. These tools have some weaknesses as they generally measure the teaching effectiveness and
may not capture concepts related to the teacher engaging the students or showing flexibility. Grades

are commonly used to measure effectiveness, or pre-post testing.
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For online delivery effectiveness, user satisfaction is important and perceived learning and
satisfaction has been used to measure study effectiveness for online classes [98]. To create the
effectiveness model for online learning, the author includes learning experiences, mentor inspiration
(motivating), hindrances (roadblocks), technology (design and usability), facilitator (make student want
to continue), interaction participation (social communication with instructor and group). The learning
experience consists of the degree of understanding, degree of changes in thinking, behavior, belief or
attitude, the degree of appreciation for the value, the level of confidence in the concept, and level of

confidence with real-world applications.

In summary, there are multiple ways learning effectiveness is measured, including tests and
quizzes, but often student surveys, satisfaction, perception and self-reporting measures are used. Some
authors have expanded the traditional thinking about effectiveness to include concepts in the online
environment, such as the field of learning concept in [92], that includes ease-of-use of the interface,
online discussion forums and quality system documentation. The effectiveness model presented in [98]
1S a more comprehensive model that also includes the concepts of technology and social
communication while incorporating the degree of understanding, as well as broader notions about

appreciation for the value of learning and confidence of the student.

2.4.5 Measuring Learning Objectives of Laboratory Systems

The parameters to measure the satisfaction with the virtual laboratory system can include time
required for experimentation, feelings of immersion, ease of use, scheduling and access, and clarity of
instructions [60]. One way to approach the assessment of performance of laboratories is to view it from
the perspective of the objectives of engineering instructional laboratories. Basically, it is a
consideration of what the students should be able to do after completion of the curriculum. A
comprehensive list of such objectives emerged from discussions in a colloquy organized by the
Accreditation Board for Engineering and Technology (ABET) in 2002. The colloquy was comprised of
experienced engineering educators who attempted to determine the basic objective or purpose of
engineering-instructional laboratories irrespective of how the instruction was delivered. The objectives

are elaborated below.

1. The first objective relates to instrumentation. It states that after completing the course, the
laboratory students should know how to take measurements of quantities using instruments and

sensors using the instruments.
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10.

The second objective pertains to the theoretical models. It requires that the students should be
able to assess the capabilities and the limitations of the predictive powers of models. The
students should be able to evaluate whether the theory explains the practical observations or the

data gathered.

The third objective relates to experimentation. The students should be able to design an
experiment, specifying therein the equipment and processes. They should be able to conduct the

experiment to gather data and interpret it to achieve the objectives of the experiment.

The fourth objective relates to analysis of data. The students should be able to draw conclusions
and substantiate those conclusions. They should also be able to make judgments about the order

of magnitude, use the units, and the conversion systems and methods.

The fifth objective assesses whether the students can design a product or a system. They should
know how to use methods, equipment and materials to create a system or a product as per client

requirements, and to test and debug the system or the product.

Since failures are a part of the learning process, the sixth objective requires that if any student
fails then he/she should know how to learn from their failures. The students should be able to
identify what went wrong, and where? They should be able to re-design or develop the product

based on what they may have learnt from the mistakes.

The seventh objective requires that the students should develop a demonstrated level of

creativity to solve real-world problems.

This objective requires that the students should be able to develop psychomotor skills to select,

modify and operate the right tools and resources for completion of the tasks.

The ninth objective relates to identification of HSE (health, safety and environmental) concerns
emanating from the experimentation, the design and the development processes, and address

those concerns appropriately.

The tenth objective pertains to development of verbal and written communication abilities of
the student. Depending upon the level and the requirement, the student should be able to

generate documents and reports which convey the message to the intended audience.
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11. The eleventh objective requires that the students should be able to develop teamwork skills so
that the duties and responsibilities can be clearly defined, and the objectives of the experiment

can be achieved.

12. The twelfth objective relates to ethical aspects of working in a laboratory. This requires that
students should inculcate the spirit of proper reporting of data and consider all relevant ethical

aspects.

13. The thirteenth objective requires that the student should be able to develop sensory awareness

to gather data from the real-world about real-world problems.

Student retention and satisfaction surveys can be used as an assessment for motivation.
Students’ comparative performance in various laboratories settings is considered the most relevant

method of judging the efficacy of any laboratory system [39].

According to [99], the assessment of effectiveness of virtual laboratories can be measured in
three phases. The pre-lecture assessment assesses the existing knowledge is the first phase. The post-
lecture assessment and the pre-laboratory assessment of the learnings during the lecture is the second
phase. The post-laboratory assessment of learnings during the laboratory experiment and the recall of

the concepts taught during the lecture is the final phase [99].

The factors which are considered while designing online laboratories can be used as parameters
for evaluation. For example, the depth and speed of interaction, clarity of objectives clearly, speed of
feedback, and speed of access can be considered as some parameters while asking the students to
evaluate their experience of working with virtual laboratories. On a broader level, the effectiveness can
be judged from the viewpoint of cost, access and satisfaction amongst students and faculty members
[100]. In [79], the factors of spatial knowledge representation, experiential learning, engagement,
contextual learning and collaborative learning are identified as the expected learning benefits of a

virtual learning environment and could be used as parameters for evaluation.

Specifically, in the Australian context, it is important to assess any engineering education
system based on the letter and spirit of the accreditation program of Engineers Australia. The
assessment of any engineering program for accreditation requires an evaluation of the learning and
teaching environment, program’s structure and content, and the quality-assurance framework [101].

Also, it is also important to follow the competency standards for professional engineers laid down by
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Engineers Australia. The 16 elements of competency laid down in the three Stage 1 competencies are
particularly relevant. The three competencies relate to the base of knowledge and skill, ability to apply
engineering, professional attributes, and personal attributes. The first category requires that the
engineers should have a profound knowledge of the basics, and of the relevant speciality. Elements of
the second category of competencies relate to problem solving skills through the engineering
knowledge gained. Among other things it requires employment of the design process and executing
and managing the engineering projects with systematic approaches. The elements of competency
related to personal and professional attributes relate to ethics, communication ability, creativity,
appropriate conduct and ability to work in teams [101]. The parameters mentioned in the preceding
paragraphs can be used to build a scale for assessment of relative effectiveness of different types of

laboratories.

2.4.6 Learning Outcomes in Virtual Laboratories

Many researchers have promoted the use of virtual laboratories as a means of enhancing the
effectiveness of laboratory-based learning. In [102], the authors claim that the goal of web-based
learning is to further develop and execute the Virtual University (VU) concept. Web-based laboratories
help remove the restrictions of time and place in learning and support online engineering education.
They offer interactivity amongst learners located at different places [72]. They demonstrate the relation
between theoretical concepts and their practical applications and help motivate students [39]. Virtual
laboratories help in learning the scientific concepts and remove misconceptions [74]. Apart from the
actual conduct of experiments, such laboratories also help to develop the students’ ability to analyse
and interpret information and data, using modern engineering equipment, designing experiments and
solving engineering problems. They enhance the capability of the students to work in groups [60].
Asynchronous and synchronous exchanges are common features, and the interactions help improve

motivation, engagement, and facilitate testing.

The steps in the process of virtual laboratory experimentation may broadly include writing a
prediction, choosing an experiment to test the prediction, viewing the experiment, collecting data in an
interactive environment, conducting the analysis, and, ultimately, accepting or rejecting or amending
the hypothesis [14]. The remote experiments can be introduced to the students gradually by preparing
them. Firstly, they may be asked to refresh or rejuvenate their understandings of the basic-concepts,

experimental equipment and experiment requirements. The system itself has help sections to support
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the familiarization process. Secondly, instructor supervised experimentation may be conducted with
time limitations. In the last stage, the students can conduct the remote laboratory experiments more

extensively [60].

In [99], it is argued that students working with virtual laboratories learn as much as they do
while learning in theoretical lectures. Simulations can be equally or more effective in supporting the
learning process [39]. Apart from providing flexibilities related to time and space, the virtual
environment helps enhance student enthusiasm due to collaboration. Virtual laboratories may help
simplify complex procedures to facilitate conduct of workshops. Such laboratories offer options for
easier assessment of students [77]. Virtual laboratories can help increase adaptability of the students,
and the time-consuming parts of the physical laboratories can be replaced by the virtual laboratories
without any adverse impact on the learning [102]. Virtual laboratories can be adapted more easily and
made simpler by highlighting the relevant features. Virtual investigations can achieve the same level of
success as physical investigations in the context of building comprehension of main concepts,

operations, and their relations [85].

In [77], the authors report that students consider physical laboratories easier to operate and
more satisfying than virtual laboratories. The authors argue that virtual laboratories are more suitable
for senior students who already know the basics, however virtual workshops may discourage students
from working with real equipment. The curriculum for virtual laboratories should incorporate such
assignments and discussions which facilitate collaboration and interaction to help improve the

transferable skills of the students [77].

In [35], the authors evaluated the attitudes of students towards their prior and preferences
knowledge, experiences on computer usage and simulation software, student’s cognitive-style, and
acceptance of laboratory exercises in simulation laboratories among electronic and telecommunication
engineering students. The result showed positive outcomes using simulation-based laboratories; it
showed that different cognitive styles or processes among the students had no effect on their thoughts
or attitude towards computerized systems and adoption to simulation laboratories. An alternate study
showed that physical and remote laboratories were effective for engineering course students of junior
level who were studying mechanical engineering subjects. Their study showed that both the physical

and remote laboratories were equal regarding learning laboratory content information, the students
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learn equally well; the students also had a realistic understanding as well of the advantages of the

remote laboratories [35].

A study conducted by [103] revealed that virtual instruments provide students with an
opportunity to analyze the instrument in more complete detail down to the circuit schematic level as
compared to only the anatomic appearance visible in the physical laboratories. Further, the functional
diagram of the instrument is also available to provide a better understanding of how the instrument
works. Similarly, an empirical study reveals that students working in simulation-based laboratories
tend to spend longer fixation time on the screen focusing on the equipment and experiments [104];

which reflects their deeper cognitive activities related to instruments and equipment.

Virtual laboratories increase the speed of the process of experimentation as they increase the
degree of flexibility in design, observation and enable the collection of instant results [105]. Such
immediate feedback allows the students to adjust theoretical models and help create an active learning

environment to evaluate the error more quickly [106].

Studies suggest that virtual laboratories allow students to focus more on data analysis as
compared to traditional laboratories [107]. Primarily this is because the data is automatically collected
by the computer freeing the student for greater manipulation and analysis [103]. Similarly, [36] suggest
in their literature review that half of their reviewed articles highlighted design skills as a major mission
of physical laboratories. Contrary to this, [107] claims that the environment of virtual laboratories

allows students to focus more on design as compared to physical laboratories.

The learning outcomes identified in the literature are summarized in the following table. Much
of the literature supports the overall theory that learning objectives can be reached in a virtual
laboratory, however studies are not available that show the evaluation of virtual laboratories across a

comprehensive list of objectives, such as the ABET list.
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Table 2-3 Learning Objectives in Virtual Laboratories from the Literature

Learning Objective | Finding Source

Learning Students learn as well as they [99], [39], [102], [35]

Concepts do in physical laboratories

Motivation Students are more motivated [39]

Instrumentation Students can analyze [103], [104]
instrument in detail

Theoretical Relate theoretical to practical [39], [85], [74]

Models

Experimentation | Virtual laboratories increase the | [105]
speed of experimentation

Analysis of Data Better focus on data analysis [107], [103]

Design Better focus on design as [107]
compared to physical
laboratory

Learning from Students can evaluate errors [106]

Failures quickly

Communication Data sharing is easier in virtual | [83]
laboratories

Teamwork Enhance ability to work in [62], [72]
groups

As seen in the above review, there are considerable suggestions in the literature about what are
important issues in the design of virtual laboratories. However, there has not been any published work
which attempts to bring all these varied insights together in order to provide a simple set of guidelines
that a new designer of a virtual laboratory can use to guide their design. One of the aims of this thesis

is to develop such a set of guidelines.

2.5 Summary of Virtual Laboratory Literature

The existing literature provides an understanding of the benefits of using virtual laboratories
and important factors for their implementation. There is evidence that virtual laboratories have some
disadvantages and are not without complications, but overall, they provide positive experiences for
many students and have been shown to enhance collaboration and cooperation in student learning.
There are a variety of remote and virtual laboratories that are currently used by various educational

institutions that make use of new technologies.
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The primary disadvantages of virtual laboratories found in the literature include:

* Students encountering totally different situations when they apply skills in real-world
scenarios

* No skill development for handling equipment malfunctions of physical equipment

* Measurement errors need to be experienced as well as real-life delays

* Time zone differences hinder group collaboration

* Some environments have insufficient realism

* Assessment is more difficult

* Students get frustrated with online collaborative work

* May not appeal to all learning styles

* Software updating required

* Skills needed to develop the software
The primary advantages of virtual laboratories include:

* Can be less expensive

* More flexible and open

* Can be shared

e Safer

* Helps with overcrowded classes

* Exercises can be done more efficiently

* Less time spent on calibration, more time spent on experimentation

Determining whether student outcomes in virtual laboratories match learning outcomes in
physical laboratories depends on various perspectives. For students that have disabilities or are
working, virtual laboratories may be determined to be highly effective due to constraints of certain
classifications of students. From an instructor perspective, managing the technology involved with a
virtual laboratory, may be more challenging than managing the setting up and maintenance of a
physical laboratory. From a university perspective, costs may play an important role in whether virtual
laboratories are considered effective. Information in the literature presents some of the different

perspectives, but a clear definition of measuring learning outcomes depends on the perspective.

41



There are many descriptions of virtual and remote laboratories available in the literature that
describe the components involved, including hardware and software, but the literature fails to present a
detailed analysis of how the affordances of virtual laboratories match the desired learning objectives of

engineering laboratories.

Many different virtual laboratory implementations have been reported in the literature, and
there have been evaluations of the experiences of students in using these implementations, but there is
limited evidence that student perceptions and experiences have been used in the initial design. In [79],
the authors note that there is a need to establish best practices and guidelines in the development of

virtual laboratories, but currently no such set of design guidelines has been produced.

In the next chapter, these research gaps will be explored in more detail, leading to a set of

research questions for the thesis.
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3 Research Questions and Methodology

This section reviews the research gaps in the literature, poses the research questions to be

evaluated and presents the methodology used to answer the research questions.

3.1 Research Gaps

The previous chapter has demonstrated that there is a considerable literature that explains the
design, deployment and evaluation of individual virtual laboratory deployments, or in a few cases, the
design and deployment of virtual laboratory frameworks that can support a range of different

laboratories.

Individual systems have been evaluated in terms of student learning outcomes and student
satisfaction with virtual laboratories. Different researchers have identified different strengths and
weaknesses of the individual virtual laboratory deployments. There is limited scope, especially within
the confines of a single PhD project, to undertake new research which identifies the quantitative
changes in student achievement through using virtual laboratories in comparison to physical

laboratories.

However, the literature review has identified some research gaps which can be addressed in the

thesis. These gaps are as follows.

Firstly, the existing virtual laboratory deployments do not seem to have been based on a clear
set of learning objectives that either the existing physical engineering educational laboratories, or their
virtual replacements are meant to achieve. System designs may emphasise one or two possible
learning objectives, although these are rarely explicitly stated. There has been some work from a
faculty perspective in identifying a set of learning objectives (in the form of the ABET list of
objectives in Section 2.4.5). However, there has not been a comprehensive analysis of how well virtual
laboratories can achieve these objectives, and there has not been significant investigation of which of
these objectives are seen by students as important or relevant. The first research question investigates

this research gap.

Continuing the theme of student input to virtual laboratory design, significant examples of

student input to the design of virtual laboratories were not found. It is now considered good practice to
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involve the end users of any IT system in the design process of that system. While there have certainly
been studies which ask students about their satisfaction with using virtual laboratory tools, significant
research about what features students find important was not found. This research gap will be covered

by the second research question.

In almost all the literature, virtual laboratories are proposed as a replacement for physical
laboratories. There has been limited examination of what roles virtual laboratories might play as a
supplemental learning source, in addition to existing physical laboratories. The exploration of this

research gap leads to the third research question.

Finally, and most importantly, there is a lack of a unified set of guidelines that a new designer
of a virtual laboratory could consult when starting the design of a virtual laboratory. Individual papers
may provide one or two suggestions. There are general design guidelines that one might follow in
designing any computer-based tool. Many of the tools that are described in the literature appear to start
from a specification that tries to replicate the physical laboratory experience in a virtual laboratory tool,
but without any deep examination of which aspects of the laboratory experience are being replicated.
Except by undertaking a detailed literature review, as described in the previous chapter, there is little
help on where to start the design process. This research gap will be examined in the fourth research

question, which draws together material from the other three research questions.

3.2 Research Questions

Overall, the literature related to the learning outcomes using virtual laboratories was very
positive. The ability to include students from multiple locations with different backgrounds gives more
students the opportunity to participate. Students using virtual laboratories were found to be motivated,
learning concepts, designing experiments and analyzing and interpreting data, while learning as much
as they might in face-to-face settings. Students found virtual laboratories to be easy to operate.
Collaboration was enhanced by working in diverse groups. In the literature, it was pointed out that with
new technology, differences between virtual laboratories and physical laboratories are becoming less

apparent.

As noted earlier, most evaluations describing how virtual laboratories meet learning objectives
are very subjective and lack a clear evaluation framework. The only well-constructed set of laboratory

learning objectives that are publicly available seem to be the set of ABET objectives mentioned above.
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There is little evidence that even this list is widely used in the design or evaluation of engineering
laboratories and its development predates modern virtual laboratories. The evaluation literature is very
subjective in this area of virtual laboratories — individual authors tend to argue their own point of view
which depends on whether they are looking to promote or refute the use of virtual laboratories. In their
review, [62] state “The debate over different technologies is confounded by the use of different
educational objectives as criteria for judging the laboratories: Hands-on advocates emphasize design

skills, while remote lab advocates focus on conceptual understanding.”

It is not enough to simply use faculty input for the design of virtual laboratories even though the
learning objectives are typically defined by the faculty. It is also important to consider issues that

students feel will impact the ability of the tool to support their learning.

Because technology is changing, and online learning methods are more popular, it is important

to revisit the learning objectives, which leads to the first research question:

Research Question 1 (RQ1) — What is the relative capacity of virtual laboratories versus
physical laboratories to enable the desired learning objectives of engineering laboratories,

especially those viewed as important by students?

Necessary competencies of critical thinking, design, creativity, and the ability to work in teams
have been identified as important for engineering accreditation. Other literature discusses different
aspects of learning objectives in laboratories and tends to focus on design skills, conceptual
understanding, instrumentation and teamwork and it is expected that these learning objectives will be

important to both students and faculty.

Realism in the implementation of the virtual laboratory is important. A well-designed user
interface with available help allows students to work more comfortably with their assignments. The use
of multimedia, videos and animation is important and having proactive technical staff was found to be
a central factor in a virtual laboratory success. While the research presents characteristics of virtual
laboratory implementations, little information is available that discusses the challenges and
complications involved in establishing and maintaining virtual laboratories. There is no existing
literature related to using the input of students to design and implement a virtual laboratory. A second
weakness in the current literature are few technical guidelines for how to develop effective virtual

laboratories. Such guidelines should necessarily be tied to the desired laboratory learning objectives. A
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second research question will be developed around these technical issues which evaluates what
technical capabilities of virtual laboratories are important from the viewpoint of the students that are

using the virtual laboratory.

Research Question 2 (RQ?2) - Based on a trial virtual laboratory deployment, which design

features of a virtual laboratory are important from student perspectives?

It is expected that realism will be a key design feature, as well as an easy-to-use interface and
the capability to do groupwork. These are commonly cited features in the literature along with the

availability of online assistance.

It 1s expected that students and faculty will utilize the laboratory to supplement assignments,
where the online laboratory can allow additional time for experimentation and understanding of

instrumentation.

A key research issue in virtual laboratories is understanding how well virtual laboratories
achieve the desired learning outcomes of engineering laboratories in comparison to physical
laboratories. Understanding the strengths and weaknesses of physical laboratory and virtual laboratory
settings is important. While the literature provided sufficient background on the advantages and
disadvantages of virtual laboratories, there was scant literature related to using virtual laboratories in
addition to physical laboratories. The third research question revolves around an examination of how

virtual laboratories can best be used as a complementary activity to physical laboratories.

Research Question 3 (RQ3) — What are the advantages and disadvantages of virtual
laboratories as a supplement to physical laboratories compared to serving as a replacement for

physical laboratories?

Different sources in the literature describe different aspects of features included in virtual
laboratories, however the existing literature fails to produce a comprehensive list of design guidelines
for the implementation of a virtual laboratory that includes input from the users (students). Features
such as an easy-to-use interface, realism and multimedia help have been identified, but broader design
guidelines have not been constructed to incorporate learning objectives and student input in the context
of using virtual laboratories to support physical laboratory use. Each new developer starts from scratch

in terms of understanding good design features. Using the findings from the literature and the findings

46



related to the prior research questions, the fourth research question is focused on developing a list of

design guidelines for virtual laboratory development.

Research Question 4 (RQ4) — Given the experiences in this trial deployment as well as
insights from other virtual laboratory deployments, what is a useful set of design guidelines for

virtual engineering laboratories?

The goal of this research is to determine which learning objectives and design considerations
are important, and how virtual laboratories can supplement physical laboratories. The goal of this
research is not to evaluate differences in learning outcomes between students using the virtual
laboratory and students using a physical laboratory, or to measure the extent that the virtual laboratory
helps students achieve the learning outcomes. While student perception can be used to measure how
students felt about achieving some learning objectives, such as instrumentation, a comparative study of

students using/not using the virtual laboratory is outside the scope of this research.

3.3 Methodology

In this research, a mixed methods approach is used that consists of both qualitative and
quantitative methods [108]. Firstly, a detailed critical analysis of the available literature is performed
using a scoping study approach where a systematic review of existing literature related to virtual and
physical laboratories is undertaken. Scoping studies are defined as “a process of summarizing a range
of evidence to convey the breadth and depth of a field” and can be used to summarize findings as well
as identify literature gaps [109]. Secondly, an experimental approach is employed by developing an
example virtual laboratory to better understand the challenges related to the laboratory implementation.

Thirdly, survey data are analyzed including the quantitative data and qualitative data. .

One particular physical laboratory and a corresponding virtual laboratory have been chosen to
examine the design process for development of a virtual laboratory tool. The first year Electrical
Engineering program at University of Queensland includes the course ENGG1300. The course has a
significant laboratory component which covers AC, DC and operational-amplifier circuit labs, and the

DC circuit laboratory component of the course has been chosen as an example laboratory.
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3.3.1 Research Question One (Learning Objectives and Virtual Labs)

Theoretically, learning outcomes serve as a primary input into the design of a virtual laboratory
along with the intended use of the virtual laboratory. Based on the learning outcomes, design

principles and features, as well as the intended usage, design guidelines can be determined.

The first step in answering RQ1 is to identify the general learning objectives of laboratories.

Here I will use the only clear list of such objectives, which is the ABET list described in 2.4.5.

Secondly, the effectiveness of virtual laboratories in being able to achieve these objectives will
be investigated. The existing literature on virtual labs will be used to identify particular learning
objectives which have been demonstrated in previous studies to be well supported by virtual labs. In
addition, there are many of the learning objectives, such as safety and ethics, which have never been
explicitly analysed in the existing literature on virtual laboratories. For these objectives, the
affordances of virtual laboratories will be analysed in the context of the particular learning objectives to

see how easy or difficult it would be for virtual laboratories to achieve these objectives.

Thirdly, as the learners in these laboratory settings, it will be useful to get student input into
how well students feel that these objectives are covered by existing physical laboratories. This
includes student input into their preferred working style. Many engineering laboratories have learners
working in groups, and group work is one of the ABET laboratory learning objectives, so it will be
instructive to understand students’ preferred working style. This student input will be collated from
answers to an on-line survey, the details of which are described below in Section 3.3.5.1. This first

survey is called the Pre-Design Survey.

3.3.2 Research Question Two (Important Features of Design Tool)

To better understand the design, deployment and use of a virtual laboratory tool, an important
experimental component in this thesis is a virtual laboratory system which replicates the physical

laboratory used for ENGG1300 DC circuit theory laboratories.

The existing literature suggests that an important issue for virtual laboratories is the
functionality and reliability of the software, and how much it resembles real equipment. Moreover,

important features include an intuitive user interface, with high speed, responsiveness, stability, and
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accuracy. An important aspect in physical laboratories is that students have support and immediate

feedback from their tutors.

This research question specifically looks at what design features are important from a student
perspective. So on-line surveys of student users will be used to understand their preferences. Firstly,
students will be queried about what they believe would be important features of a remotely accessed
virtual laboratory tools. The survey questions to gather this data will be part of the same Pre-Design
Survey, as described in 3.3.5.1 below. The input from the student survey, plus insights from other tools

surveyed in the literature review, will then be used to design the tool.

Then the tool will be made available for students to use for one semester as a supplement to
their existing physical laboratory exercises. The first version of the experimental laboratory software
(Breadboard Simulator) was deployed and components were installed on University of Queensland
servers. In addition, a trusted domain at EAIT was registered for our tool at University of Queensland

virtual-laboratories.eait.uq.edu.au.

A second survey will then be conducted to get student feedback on the first prototype of the
tool. This is called the Post Deployment Survey. In this second survey, students will be questioned

about whether they were satisfied with the tool, as explained in 3.3.5.2 below.

The virtual laboratory tool will then be refined further to include student feedback, and the
improved tool will be deployed to a new cohort of students and be available for an entire semester for
students to use as an adjunct to their regular physical laboratories. Again, the students will be surveyed
about their experience with using the tool, and surveyed about how and when they used the tool. This
is called the Post-Production Implementation Survey and is explained in 3.3.5.3 below Additionally,

semi-structured interviews with teaching faculty will also be conducted to get their feedback.

Results from the teacher and student feedback and the experimental implementation are
combined to highlight the features and preferences of students and teachers in the design of a virtual
laboratory. These results will feed into RQ4 which examines relevant guidelines in the development of
virtual laboratories and thus contribute to the literature on this subject for future research, design and

development of virtual laboratories.
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3.3.3 Research Question Three (Supplement versus Replacement)

Since the virtual laboratory tool was deployed as a supplement to existing labs, rather than as a
replacement, information in the above three surveys will be used to examine how students prefer to

work, and how they use the tool.

This will be combined with analysis from RQI1 about the match between virtual laboratory
affordances and desired learning objectives for identifying ways virtual laboratories can effectively

supplement the use of physical laboratories.

3.3.4 Research Question Four (Design Guidelines)

The design, deployment, use and evaluation of the prototype virtual laboratory provides
valuable input to the development of design guidelines in two ways. Firstly, as the tool developer, the
steps undertaken during the design to assist in identifying important issues in the tool design can be
critically analysed. Secondly, student feedback on the prototype tool gathered from the usability
surveys will provide additional information about what are important design considerations from a
student point of view. Additionally, analysis of issues described in the existing literature will identify
other important issues. Together, these different sources of information can be critically analysed and

important issues translated into an initial set of design guidelines.

3.3.5 Survey Implementations

As indicated above surveys will be conducted before tool design, in response to a rough initial
design, and after a full-semester deployment of the improved tool. The general survey details are as
follows. The exact questions to be asked will be described in the subsequent chapters regarding the

surveys.

In the second semester of 2014, an initial qualitative survey was implemented among the first-
year electrical engineering students at the University of Queensland. The survey was exploratory in
nature for collecting student input to use in the design of an initial Breadboard simulator. The survey
revealed the respondents’ feedback and opinion about (a) the relationship between group work and
laboratory work; (b) work objectives in laboratories; and (c) the most important features they look for
when developing simulation software. Based on the responses, an initial virtual Breadboard simulator

(virtual laboratory) for electronic circuits (DC) was developed.
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A second survey was done in the second semester of 2015 after the first prototype of software
was developed. The questions were both educational and technical; in the survey, the respondents
described what they liked and disliked about the Breadboard Simulator so that the tool could be further
improved. Students were happy and interested to use the virtual tool in their course and provide input

for improvements to the tool.

A third survey was performed at the end of the 1% semester 2016 after students had been
exposed to using the simulator to optionally supplement their laboratory coursework. This survey
requested input from students who had used the Breadboard Simulator and were familiar with the UQ
laboratories.  The survey consisted of questions regarding student experience with physical
laboratories, the Breadboard Simulator and asked the students to rank the advantages of using the
Breadboard Simulator and to rank how the Breadboard Simulator best fit with their personal working
style. Additionally, semi-structured interviews were held with teaching staff at the end of semester 1,

2016, to allow faculty input into the project.

3.3.5.1 Pre-Design Survey

The first survey (Semester 2, 2014) consisted of three questions and an open response, to give

input to RQ1 and RQ2. The three questions, as input to RQ1, included:

* Ranking the advantages of working in groups (best to least advantage)
* Objectives of working in laboratories (5-point Likert, strongly disagree to strongly agree)

* Ranking preferred working style (most to least preferred)

The open response requested input on the most important features for a web interface software
that would allow access to laboratory equipment remotely, as initial input to tool design for RQ2. An
open response was provided to allow for the maximum flexibility in response so that student input was
not constrained by the questioning. The open responses were grouped into like categories and ranked

by distribution of responses using a conventional content analysis approach [110].

3.3.5.2 Post-Implementation Survey

The second survey consisted of questions that were developed using the responses from the
initial survey as well as questions derived from the ABET framework. The survey questions were
developed to provide a comprehensive framework for evaluating the virtual laboratory tool, the

Breadboard Simulator. This survey was conducted after the initial implementation.
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The survey consisted of questions related to expertise level, hours of usage and browser type.
Additional questions were related to user-friendliness, system crashing or freezing, documentation
requirements, advantages of online experiments, capabilities of virtual laboratories, instrumentation
capabilities, creativity capabilities, overall reactions, and questions relating to the screen, terminology,

learning, system capabilities and usability.

3.3.5.3 Post-Production Implementation Surveys

The Breadboard Simulator was refined and made available to students as additional resources
and was posted on Blackboard (LMS) in the first semester of 2016 in a production implementation.
The virtual laboratory versions of experiments were available at any time for students in addition to
their regularly scheduled physical laboratories. Students could use the laboratory if they missed some
of the laboratories in the first DC part of the course, use the tool to do or redo those experiments. If
students failed to complete the experiments, they could finish off the incomplete parts, or they could

use the laboratory to revise circuit concepts or explore new circuits.

Students could engage with the virtual laboratory software as much or as little as they wished.
The students’ use of the virtual laboratory was monitored online during the semester and recorded for
further investigation like when and how they spent their time spent using the virtual laboratories. The
virtual laboratory experiment did not comprise any assessment component of the course as it is entirely

optional. Non-participation in the study did not affect the ability of students to take part in the course.

After using the tool, students and faculty were surveyed. The student survey consisted of a list
of identical questions on 13 different items for both physical laboratories and the Breadboard
Simulator, based on the ABET list of factors for measuring the learning objectives in experimental
laboratories. The questions relate to understanding theory, design, experiment, teamwork, safety,
analytic abilities, procedure, career, tutors, equipment usage, online learning, and autonomy (5-point
Likert, strongly agree to strongly disagree). Additional questions requesting users to rank the
advantages of working in groups (best to least advantage) and rank preferred working style (most to

least preferred) were included.

The faculty survey allowed faculty to rank the importance of the 13 ABET list of factors. Open
response questions were provided regarding which learning objectives could be served by virtual
laboratories, suggestions for other learning objectives, advantages and disadvantages of virtual

laboratories related to learning objectives, economic and organizational benefits, and assessment.
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Scheduled interviews with academic staff and students were conducted to supplement information in

the survey and learn more about the issues.

3.3.6 Ethical Considerations

The participants for the main experiment and both surveys comprised of first year Electrical
Engineering students at the University of Queensland (especially those enrolled in ENGG1300), as
approved by the Ethics Committee at Ethics Committee at School of Information Technology and
Electrical Engineering ref: EC201409ALT and EC201516ALT. To fulfil this requirement, it was
explained to the participants what the purpose of the research study is and that they may voluntarily

approach researchers if they need more information about this project.

It was also explained that all information would kept confidential and anonymous unless
mutually agreed otherwise. All records (survey data and data analyses) were kept in password-
protected hard drives and servers, or locked filing cabinets and will only be accessible to the project
researcher and supervisor. Electronic data was password protected and stored a secure disk drive; any
hard copy data was stored in a locked filing cabinet in a designated office at UQ. While the developed
simulation laboratory was being evaluated, it was important to ensure that participants were not

disadvantaged in terms of their learning experience.

3.4  Survey Design and Statistical Analysis

Surveys are a useful tool in engineering research, particularly where that research is concerned
with the relationships between technology and human users of that technology [111]. Often in
educational settings, surveys are used to understand the impact of an educational intervention. For
example, one could use a survey before and after the deployment of a new educational method (such as
a virtual laboratory) to judge whether users feel positively towards that intervention. For such
comparative surveys, to meaningfully tell whether changes in user’s perceptions of the revised course
delivery are due to the intervention, it is necessary to keep all other aspects of the course delivery the
same (these unchanged aspects are called control variables) and to only vary the one item under
consideration (this is called the independent variable). The outcomes of changing the independent
variable (such as use of virtual laboratories) will result in changes to the dependent or response variable
(such as student satisfaction). Such surveys are designed around the standard experimental scientific

method, which is to apply a stimulus to a system and measure its response.
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While the literature review has described in detail some of the claimed benefits of the use of
virtual laboratories, it is not the intention of this thesis to undertake such a comparative study of
learning outcomes from virtual laboratories. This would require quite a different research design
methodology. It would firstly require identification of how to measure learning objectives, perhaps
through course assessment results, or through surveys. The demographics of the survey respondents
would need to be carefully chosen to match the demographics of the class. Then a second class
(perhaps in a subsequent year) would need to be taught using virtual labs (if that was the chosen
intervention) keeping all other aspects of the course the same, and a similar cross-section of the class
would be chosen and surveyed. Alternately, the class could be divided into two groups — one using the
virtual laboratories, and one not — and comparative performance on assessment items and survey results
measuring less tangible outcomes could be compared. In a “live” university course, such experimental
interventions are possible, but require considerable care to ensure no students are disadvantaged and all

the control variables are held constant.

The results from surveys always incorporate some measure of statistical uncertainty, since the
survey respondents are a subset of the total population under consideration (such as all first-year
electrical engineering students). Statistical techniques are necessary to establish the confidence that
changes in performance are due to the intervention and are not just statistical variation. Techniques
such as a paired t-test (if the same population is surveyed before and after the intervention) or an
unpaired t-test for different groups (one with the intervention, one without) can be used to identify the
confidence that a change in performance or perception is due to the intervention. For example, if the
average score on a test was 80% in the group with an intervention, and if based on the statistics of the
test scores, the 95% confidence interval was 75%-85% on the test scores, this means that if the test was
repeated many times, with many different cohorts of the same size, then in 19/20 cases, the average test
score would be in this range. If the 95% confidence interval for students without the intervention was
60% to 70% with an average of 65%, then the intervention made a statistically significant difference. If
the 95% confidence interval for students without the intervention was 70% to 80% with an average of
75%, then the improved average may just be normal statistical variation. Small improvements in
performance due to some intervention are difficult to confirm without very large sample sizes, and

careful detail to removing other sources of error.

There are multiple sources of error in survey data, where error refers to uncertainty in the data

and the ability to make inferences from the data. As the level of uncertainty increases, the certainty in
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confidence in the results decreases. Sources of error include errors due to sampling and coverage as
well as a lack of response (non-response error) to the survey which distorts the cohort membership.
Errors of observation include errors in the design of the survey that can affect the responses, for
example biased or unclear questions. In [112], a specification error is defined as measuring an incorrect
concept and arises when the survey question differs from the concept that should have been measured
and can lead to invalid inferences. Measurement error can result from respondents incorrectly
answering questions, ambiguous questions on the survey. There can also be errors in processing of
survey data, such as coding, entry and tabulation errors. All of these sources of error make such
analyses of educational interventions problematic. To reduce the error in the survey design, several
techniques can be used [112]. These techniques seek to minimize the total survey error (TSE) by
improving accuracy, credibility, comparability, usability, relevance, accessibility, timeliness,

completeness and coherence.

Our research team has neither the expertise nor experience to organize such educational
interventions in a way that can definitively evaluate their educational impact, and we do not have
access to an existing set of high-quality virtual laboratory tools to deploy such an experiment. This is
not intended to be a thesis which establishes (or not) the educational advantages of virtual laboratories

in improving learning objectives.

Instead, this project uses surveys in a different way. Surveys are used to gather more general
information about the perceptions of students towards virtual labs, as a component of engineering
software design. Good software design draws on at least three sources of information that drives such
software design. Firstly, there are general principles or design guidelines for software design, such as
intuitive interfaces and low cognitive load. Secondly, the intended purpose of the software needs to be
understood. Thirdly information should be gathered from the intended users of the software about
what is important, and in many cases, this includes using an early mock-up of the software, often with

limited functionality.

This thesis looks at these three issues from the viewpoint of virtual laboratories. As shown in
the literature review, there is limited discussion about what the desired learning outcomes of
engineering laboratories are, and hence limited analysis of how virtual labs can support these.

Secondly, there is limited analyses of the needs and wants of student users of such virtual laboratories.
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Finally, there is not consensus on design guidelines for virtual labs, or even any published lists of the

issues that such guidelines should address.

In this thesis, then, surveys are not used to measure changes in student performance or
perception. Instead they are used more informally as inputs to the development of design guidelines

for virtual labs. These are what Thiel refers to as usability surveys [111].

Firstly, first year electrical engineering students will be surveyed about their understanding of
the learning objectives of (physical) laboratories as input to which learning objectives should be
prioritized. At the same time, students are also surveyed about their thoughts on what aspects of a

virtual laboratory software tool are likely to be most important to them.

Based on this initial survey, a prototype virtual laboratory tool for electrical circuit design will
be developed and made available to students. As is common in modern software design, receiving
feedback from a prototype implementation gives much richer feedback than simply asking about
preferences for a program that is not yet built. After using the prototype virtual laboratory tool, the
first-year electrical engineering students will be again surveyed about the usability of the tool, to

understand their impressions of the tool.

Since engineering teachers are key stakeholders, their inputs can also be valuable. Semi-
structured interviews will be held with faculty so that their inputs can also be fed into the suggested set

of design guidelines.

Several surveys will be created that contain Likert-type questions, open-ended questions and
relative rankings of importance. Likert-type questions allow for comparing respondent perception on
different aspects of virtual laboratories to neutral responses (responses that display no tendency
towards a negative or positive perception). Open-ended questions allow for any response to a given
prompt. Some questions are formatted as rankings, that allow respondents to rate a given set of

responses in relation to each other.

Likert-type questions are used in the surveys in this research and are different than Likert scale
questions [113]. Likert scale questions are generally composed of several (four or more) Likert-type
items that can be combined into a composite score or variable in a survey that measure aspects of a
consistent concept. Likert-type questions are similar in structure to Likert scale questions, but each

question stands alone, and the intention is not to necessarily group the questions into composite
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variables. Typical analysis techniques for Likert-type questions include descriptive statistics, such as
frequencies, median or mode, and the standard deviation to measure the spread of different responses.
In [96], a technique is presented for analyzing Likert-type data items in the context of assessing
responses from surveys used in the assessment of remote laboratory characteristics. This analysis
technique will be used for analyzing the Likert-type questions from the surveys developed in this

research.

Of course, even though the surveys in this thesis are not trying to evaluate changes in
performance due to experimental interventions, the results still are subject to statistical uncertainty, and

it is necessary to give some level of confidence in the results.

Where respondents rank different options, then each response will achieve a certain percentage
of the vote as most preferred. Similar to estimating election results from a sub-sample poll, such
survey results have some statistical uncertainty, which is normally referred to as margin of error
(MOE). The margin of error depends on the Confidence Interval that is required (typical values might
be 90%, 95%, 99%), it depends on the sample size, and it depends on the total population size.

Consider a survey where the raw score is a percentage, p, of the total that selected a particular
response, and the number of survey respondents is #n. Then margin of error uses a value called z*-

value, which in turn depends on the confidence interval, as shown in Table 3-1.

Table 3-1 Margin of Error Confidence Intervals

Confidence Interval (%) z* score
80 1.28
90 1.645
95 1.96
98 2.33
99 2.58

Then MOE for the percentage score is

1—
MOE = z* u
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So, for example, if a response was received from 23% of 100 respondents, for a 90%

confidence interval, the MOE would be:

MOE = 1.645 | 2227077 _ gy,
- oo 7
The sample percentage is 23%, and with the margin of error of 7%, it assumed that the response

of the whole population lies in the range 16%-29%.

Because of the relative informality of the tests, and the limited resources available running the
surveys, the respondents will be self-selected from the cohort of first year electrical engineering
students enrolled in the first-year circuit theory course at University of Queensland, ENGG1300. All
students in the course will be emailed inviting participation in an on-line survey, and those that elect to
participate will answer the survey. No demographic information will be collected, since it is assumed
that the students in the class will be relatively uniform in their demographic characteristics, and so the
selected sample will be indicative of the entire class. The number of respondents will be used to
evaluate the margin of error, as described above. Details of the survey content will be covered in the

subsequent chapters, along with the analysis of the results.
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4 Pre-Design Survey and Virtual Laboratory Software Tool

In this chapter, the design of a prototype virtual laboratory environment based around a simulation
tool is described. In Section 4.1, the results of a pre-design survey of students to identify some key
design requirements are presented. Subsequent sections describe the software system design, the

detailed simulator interface design, and the testing of the tool.

4.1 Pre-Design Survey

This section describes the design of the survey implemented prior to the development of the
simulator tool. This discussion is followed by the results of the closed and open-ended responses from

the students and how this information was used in the development of the simulator tool.

4.1.1 Survey Design

An initial survey was conducted to inform the design of the software tool to be implemented as
part of RQ2. This survey is used to provide input to RQ1, particularly in gaining insights about which
learning objectives are significant from a student point of view. This survey was aimed at gathering
insights regarding the students’ preferred working styles, the objectives of working in laboratories and
the advantages of working in groups. The initial survey was conducted prior to the implementation of
the Breadboard simulator using questions developed in consultation with the course coordinator for

ENGG1300.

As listed in the methodology section above, the survey first seeks to provide additional input to

the analysis laboratory learning objectives in RQ1. This was done by asking three survey questions.

Firstly, as described earlier, many engineering laboratories use group work, and one laboratory
learning objective is teamwork. However, there is less information about student impressions of the
usefulness of laboratory group work, so the first questions ask students to rank the following potential

advantages of group work (best to least advantage) that were identified from the literature:
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* Sharing knowledge

* Better understanding of the subject

* QGetting real-time feedback and developing critical thinking
* Looking at concepts from a different perspective

* Supporting creative thinking

* Developing teamwork skills

As described in Section 2.4.5, there is a published list of laboratory learning objectives from a
workshop involving engineering faculty, but there is little published information about how students
view these objectives, so the second question asks students to evaluate the importance of these
objectives. The teaching in staff in this course, ENGG1300, were consulted about which of the
learning objectives were addressed by the ENGG1300 laboratory experiments, and four objectives
were identified - use of equipment, reinforcing theoretical concepts, critical thinking, and experimental
design. For each of these four, students were asked about their agreement with the statement that
laboratories helped them to achieve these objectives, with answers given using a 5-point Likert,

(strongly disagree to strongly agree).

The third question was designed to evaluate student perspectives of the often-quoted advantage of
virtual laboratories that students could undertake learning when and where they want. This question

tests this assumption by asking students to rank their preferred working style (most to least preferred):

*  On my own during scheduled classes
* In a group during scheduled classes
*  On my own during my own time

* In a group during our own time

*  Watching a demonstration by the lecturer

The open response requested input on the most important features for a web interface software
that would allow access to laboratory equipment remotely, as initial input to tool design for RQ2. The

exact survey questions and format are are shown in Appendix 1.

All students enrolled in ENGG1300 (around 500) were invited to participate in the survey
resulting in 99 completed responses. This give a margin of error for a 90% confidence interval of

approximately 4-8% for the percentage values given below.
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Of the 99 responses, 77 students provided feedback on the open-ended question related to
important features in the software. The purpose of this survey was to garner information from students

that could be used in the initial design and was exploratory in nature.

4.1.2 Results from Closed-Ended Responses in the Initial Survey

In Table 4-1, the responses for the highest rated option to the question “Rank the following

advantages of working in groups’” are shown along with the percentages of responses in Figure 4-1.

Table 4-1 Responses to Initial Survey Question 1

Option Responses | Percentage %

Sharing knowledge 37 36%
Better understanding of the subject 26 25%
Getting real-time feedback and developing critical

thinking 22 21%
Looking at concepts from a different perspective 7 7%
Supporting creative thinking 4 4%
Developing teamwork skills 5 5%

Rank the following advantages of working in groups

40
35
30
25
20
15
10
5 N
. ] ]
Sharing Better Getting real- Looking at Supporting Developing
knowledge understanding time feedback concepts from creative teamwork skills
of the subject and developing a different thinking

critical thinking perspective

Figure 4-1 Responses to Initial Survey Question 1
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Students identified that working in groups helped them to gain a better understanding of the
subject by allowing them the opportunity to share knowledge and obtain real-time feedback. Most
students ranked developing teamwork skills as the lowest advantage, indicating they were not using
groupwork to develop their skills in teamwork, but to enhance their learning process by exchanging
information and developing their critical thinking skills. The findings are consistent with the design
features identified in the literature in Section 2, where social interaction and help features were

important.

Students were then asked to rate their agreement with four questions regarding the objectives of
working in laboratories. Their responses are shown in Table 4-2.

Table 4-2 Responses to Initial Survey Question 2

Laboratories | Laboratories | Laboratories help | Laboratories
help me to help me to me to improve help me to
learn how to | understand my critical develop the
use the theoretical thinking and ability to
equipment concepts and | analytical design
models abilities experiments
Strongly Agree (1) 69 36 25 28
Agree (2) 23 51 42 40
Neutral (3) 4 8 23 20
Disagree (4) 1 2 4 7
Strongly Disagree 2 2 3 3
)
Mean 1.42 1.82 2.15 2.15
Standard Deviation .80 .83 .96 1.02
Percentage 93% 88% 68% 69%
Strongly Agree or
Agree

For all four questions, most of the responses fell into the strongly agree and agree categories,
indicating an overall positive impression about the objectives of working in laboratories. A paired t-
test is used to determine if responses are significantly different than neutral, and all are statistically
significant (p < .05). The students felt that the objective that is most satisfied by working in
laboratories was learning how to use the equipment, or instrumentation. In Table 4-3, the responses to
the question “Rank the following methods for laboratory and practical work in terms of your preferred
working style” are shown along with the percentages of responses in Figure 4-2. Again, the margin of

error for 90% confidence interval is 3%.
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Table 4-3 Responses to Initial Survey Question 3

Option Responses | Percentage %
On my own during scheduled classes 24 24%
In a group during scheduled classes 41 40%
On my own during my own time 13 13%
In a group during our own time 8 8%
Watching a demonstration by the lecturer 13 13%

Methods for laboratory and practical

work
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00 .
0.00
On my own during Ina group during  On my own during my In a group during our Watching a
scheduled classes scheduled classes own time own time demonstration by the

lecturer

Figure 4-2 Responses to Initial Survey Question 2

Students identified that working in groups during scheduled classes was the highest-ranking
preferred method, followed by working on their own during schedule classes, accounting for over 60%
of the total. The margin of error of 3% indicates that the top two choices are clearly distinguished from
the others, however, the bottom three choices cannot be distinguished with the margin of error. The
lower rankings for "in my own time" choices may indicate that while group work is important, the
scheduled time frame is more important to more students. The ability to work location-independent
and in a time-independent manner did not outweigh the need for group work, and more students

preferred doing laboratory work as scheduled than performing experiments in a more leisurely manner
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at home. However, over 20% of the students did indicate that they preferred working on their own
time, perhaps indicating a need for an individualized approach to scheduling. There was no mention in
the literature regarding a need for scheduled interactions for student work, however a need for

individualized learning was identified.

4.1.3 Results from Open-Ended Responses

Students were asked an open-ended question in the initial survey:

“If you were provided with access to the laboratory equipment remotely by web

interface, what would be the most important features to you in the software?”

The open-ended responses and interviews were analysed for keywords that could categorize and
summarize the responses. Students generally responded in a positive manner, identifying features they
prefer as opposed to naming features they did not prefer. The findings from the open-ended question in

the first survey are presented in Figure 4-3.

Frequency

videos
user interface

tutorials

tutor feedback
software feedback
simplicity
responsiveness
reliability

realism

prefer physical
Oscilloscope

low latency

help

examples

equipment work properly
electrical components
easy to use

easy access
demonstrations
collaboration

circuit building software
availability
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Figure 4-3 Analysis of Open-Ended Responses from the Initial Survey

The most important topic in these open-ended responses was realism. Students want the virtual
laboratory to accurately simulate reality. They are also interested in feedback, particularly from their

tutors and an ability to collaborate with their teammates. Many of the students mentioned chat features
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and real-time feedback from either the tutor or the software. Videos and online help with tutorials
and/or videos were frequently mentioned. These survey responses show that students were interested
in learning and skill development as well as their knowledge and desire assistance to meet their
learning objectives. The students identified mechanisms that enable a better implementation of a
virtual laboratory, in the sense that while they are not in the physical laboratory with live tutors, there

are tools that can be provided in a virtual laboratory to compensate.

The initial survey results suggested that an important issue for virtual laboratories is the
functionality and reliability of the software, and how much it resembles real equipment. Students
looked for an intuitive user interface, with high speed, responsiveness, stability and accuracy. They

were also looking for live support and immediate feedback from their tutors.

In general, students enjoy working in teams. They prefer doing practical work or laboratory
experiments in a group during scheduled classes as they think it results in a better understanding of the
subject and lets them share knowledge and discuss the subject with other people. Students also prefer
teamwork because it enables them to receive instant support and real-time feedback as shown in [114].
Most students are eager to work in groups for a few reasons, but the highest ranked reasons are because

they like to share knowledge and discuss the topic among them.

4.1.4 Using the Initial Survey Results in the Prototype Design

This initial survey by students was useful and it guided the design of the virtual laboratory.
Their requirements about the simplicity, simulating reality, high speed and reliability of the software
were considered during tool design and these requirements aligned with design features identified in
the literature (Table 2-3). Students also indicated a preference for supplementary videos and an easy-to-
use interface. Being able to share knowledge was important to the students, as well as working in a
group during schedule classes. Yet many of the students preferred working on their own time,
indicating their need for flexibility. Students also indicated that feedback was important. The feedback

from the pre-design survey was used as follows.

The preferred laboratory working style was work during scheduled classes, plus one of the
more higher-ranking open-ended comments was a preference for physical laboratories. This suggested
that the prototype virtual tool should be an addition to the physical laboratories, and not a replacement

for physical laboratories. To ensure a smooth transition between virtual and physical labs, and to
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address the preference for realism, it was decided to design the prototype lab to appear close in
appearance to the physical lab. Rather than giving some sort of circuit schematic input, it was decided
to replicate the visual experience of a circuit breadboard, with virtual wires connecting virtual

components, voltages sources and multimeters.

Several students indicated that they wanted a tool to be available via their Learning
management System (Blackboard) for easy access while they prepared for their class and examinations.
Compatibility with the web-based Blackboard is best achieved by designing a web-based application
that can be used at any time. Exploring new circuit design was also of interest, indicating that students
were likely to be using the virtual laboratory to supplement their physical laboratory work. This can be

achieved by allowing arbitrary circuits to be designed, not just a subset of pre-designed templates.

The students indicated that important issues were the availability of video tutorials, and that the
tool should be easy to use. This fed into the tool design by ensuring that interfaces were intuitive, and
that there was sufficient on-line documentation and demonstrations to allow the user interface of the

tool to be quickly mastered.

The goal for the initial prototype was to provide a highly available and reliable web-based
application that provided a high level of realism in the form of a breadboard simulator. While videos
were desired by the students, the time and production resources required to produce high-quality videos
were not available to the researcher. Instead, this comment was taken more broadly as a request for
adequate tutorial information about how to use the tool, so a Quick User Guide was provided in the
design. The initial prototype for the virtual laboratory was a circuit analysis laboratory used in courses

covered within the first year ENGG1300 course (approximately 500 students per semester).

4.1.5 Impact of Literature Review on Design

From the literature review, there were two concepts presented that impacted the design the
most: providing an easy-to-use interface and providing realism. In the literature, it was noted that a
simulation tool can be just as effective as a physical laboratory in supporting the learning process of the
students [39]. For prototyping circuits and learning electronics, breadboards are important tool for
students to use. In addition, online teaching and online learning has continued to increase in popularity.
It was a design objective to develop an online breadboard simulator that could support the learning

process of the students that could be as effective as a physical laboratory.
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From the literature, it was clear that an easy-to-use interface is important [46], [88], [72]. This
was a key concept in the design, because there was an enthusiastic desire for the students to accept and
use the tool. Realism was another important concept identified in the literature [88], [14], [79]. The
goal for the design was to provide realism so that the learning laboratory closely approximated the
learning laboratory that was currently used by the first-year students. It was a design objective that the
laboratory would provide as much realism as possible to support students becoming familiar with how

breadboards work and how currents and voltages are measured.

Other important concepts that were a high priority in the design were the ability of providing an
easy to understand method for conducting experiments where students could build and simulate circuits
with both resistive and non-linear loads. To support individual usage, a flexible web-based design was

chosen that could be used on both mobile devices and computers.

4.2 Project Design

Based on the initial survey the virtual laboratory prototype was designed to be a breadboard
simulator for electronic circuits (DC based) and allowed students to connect components like resistors,
diodes, voltage sources and meters on the virtual platform in a manner similar to a real breadboard. It
allows them to simulate the results in the form of current and voltages based on real mathematical data
and formulas based on the circuit simulator Ngspice. The app makes heavy use of modern web browser
features like JavaScript, DOM manipulation, SVG graphics and AJAX. The tool is different from a
standard simulator because its user interface is designed to mimic the experience of working in a real
laboratory. The same user interface could be used to interface to physical tele-operated equipment, and

so is suitable for both a simulation laboratory and a remote laboratory.

The virtual electronic circuit simulation laboratory system enables users to assemble circuits on
a virtual breadboard and simulate these circuits using a remote server running SPICE3f5. The tool is
called UQEEVL (UQ Electrical Engineering Virtual Laboratory) and it allows students to conduct
virtual versions of their classroom experiments at any time and obtain results. Electronic circuit
components were designed to be dragged and dropped into place on the breadboard. Once users log in,

they can then create a new project and drag components into the schematic drawing.
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A trusted domain at EAIT was registered for our tool at UQ (https://virtual-
laboratories.eait.ug.edu.au). Ngspice release 23 has been installed on a remote server. Ngspice is based
on three open source software packages: Xspice, Cider1bl and Spice3f5. There was a need for three

separate programs and these are explained below:

1. A custom Java-based circuit editor that operates using an Internet browser, and generates circuit
diagrams and netlists and is able to display simulation results

2. A web-server application that provides communications between the student user-interface
client and the remote simulation server. An example of this is currently operating on the
University of Queensland's webserver.

3. A simulation package that inputs circuit netlists and outputs circuit waveforms, voltages, etc.
Users never access this package, only the webserver does. This could run as a separate remote
simulation server receiving requests, or it could be executed as a sub-program by the web-

server each time a request is received. Figure 4-4 below illustrates how the system works.

Design file Schematic Interface
g e v

Display results

Templin = ]
Ngspice Netlist In J | “ Display results
circuit simulator Templ.out o — | « Design tile
Generate Curve -
«

Breadboard Interface

Database

Figure 4-4 Lifecycle of the Simulation Software

When a circuit is ready to be simulated, the breadboard representation of the circuit is converted
into a netlist suitable for input to SPICE. The netlist is sent by the webserver to the simulator. The

circuit is solved by SPICE and the simulation result is then sent to the user’s browser window. In
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Figure 4-5, the overall flow chart of circuit simulator is shown. In addition to the current ‘breadboard’
view, it would also be possible to use the same framework to design circuits from a schematic view.
User could assemble and complete the circuit with necessary components in both views and also
experience the ‘look and feel’ of live laboratory work. The software has been tested to work on Ubuntu

Linux version 14.04 LTS.

Save
Netlist if |
the user‘
register |

ed |

Circuit Design and Netlist
Generation

Is Circuit

SR Summarize the error and

display the error

spice3f5 installed in the
server, Is there an error?

Save
Results if | Generate Results and
the useris | store to known format
registered

Display Results

Figure 4-5 Flowchart of Circuits

4.3  Project Implementation

The following approach was taken in the implementation of the web-app simulator components.
Obstacles to the implementation of the project will be discussed, along with the steps taken to resolve

any issues as they arose. Figure 4-6 outlines this design procedure.
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Figure 4-6 Process Design Flowchart

4.3.1 Installation of the Software and Packages

This web-app used an Express.js web framework and a Node.js server. The model used by
Node.js is an asynchronous I/O model that is event-driven, which makes it well-suited to this particular
study. Node.js allows for the single-page setup of the web-app, which makes it possible to perform
simulations without having to reload the page. In this process, download and installation of Ngspice
was undertaken, then the School’s Linux server was used to host the simulation server. The process

used Ngspice-26 due to its being open source and having clear and explicit instructions for usage.

4.3.2 Breadboard Design

The breadboard was comprised of three key components:

I. A grey image in the background
II.  Four hidden grids for each of the breadboard’s portions
III.  Connectable nodes aligned with each section of gridline
IV.  An algorithm based on the creation, movement or detachment of connections, that updates the
net to which a node belongs.

See Appendix XII for screen shots of the Breadboard user interface.

4.3.3 Development of the Breadboard Connection Algorithm

Users are able manipulate the breadboard by creating, relocating, deleting and disconnecting

wires to connect nodes on the breadboard. Similar to reality, nodes that are connected in a physical
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manner also become electronically connected. Upon the modification of a connection, the current

netlist attribute of that connection is automatically updated by the connection algorithm.

4.3.4 Designing Components

The design of the components was meant to represent real-world attributes to help students to
become familiar with their real-life use. An example of this is that users will have the ability to enter
into the relevant toolbar a resistance of any value between 1 and 10 MQ, thereby prompting the
simulator to automatically convert this to the closest E12 resistor value which will be visible to the
user. In addition, LEDs light up to indicate that they have reached their forward voltage conditions and
become burned out if the voltage exceeds these conditions. Models of components for the diodes
(IN914) and LEDs are derived from the information contained on their datasheets. The following
attributes are present for each component: name, value and type. A 100} resistor would have the

following attributes:

e npame=rl
e value=100

* type = resistor

A specific name, comprising of a number and character, is given to each component. The
character will be either R for resistors, D for LEDs and diodes, C for the capacitor, L for the inductor or
U for an IC. The number corresponds with the number of newly added components to the breadboard,
allowing for each of the board’s components to be easily tracked by the simulator. Upon user request,
the simulator will decide on the connections between the legs of each component and the nodes on the

breadboard. This information forms the basis for the creation of the netlist as shown in Figure 4-7.
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the user requests a simulation
for every component on the board
check its rotation angle and get coordinates of its 4 corners

if rotation = @ degrees
connectedNets[@] = currentNet of node at bottom left corner
connectedNets[1] = currentNet of node at bottom left corner

if rotation = 90 degrees
connectedNets[@] = currentNet of node at top left corner
connectedNets[1] = currentNet of node at bottom left corner

if rotation = 180 degrees
connectedNets[@] = currentNet of node at top right corner
connectedNets[1] = currentNet of node at top left corner

if rotation = 270 degrees
connectedNets[@] = currentNet of node at bottom right corner

connectedNets[1] = currentNet of node at top right corner

if component is flipped
invert connectedNets

return connectedNets

Figure 4-7 User Request Simulation

4.3.5 Design of the Power Supply and Multimeter

The DC power supply is configured for the provision of -12 volt to +12V, using a variable-
slider voltage control. This provides students with the opportunity to experience the types of power
supplies commonly found in physical laboratories. There are two terminals on the power supply, VCC
and GND, and these are given default Net values of 1 and 0 respectively. This means that anywhere on
the breadboard that is directly connected will have a current Net value of 0 and 1 (0 = connected to

ground; 1 = connected to VCC).

While designing the measurement interface for current and voltage, consideration was given to
several alternatives. These included a feature which can show measurements by simply moving the
cursor over a connection or component. Another option involved plotting the current and voltage in a
window, in a similar way to that found in LTspice. However, it was deduced that these options had
little use in terms of teaching students how to correctly measure current and voltage in a real-life

setting. Instead, it was decided that a multimeter tool that measured current in series and voltage in
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parallel would be the best option as shown in Figure 4-8. This tool was also modelled against real-life

limitations of actual multimeters to create a more true-to-life experience.

Figure 4-8 Voltage Measurement across a Resistor, Current Measurement through a Resistor

In voltage mode, the multimeter is simulated with a 10 M(Q resistor. In operations involving
resistances below 1 MQ, it will be displayed as an open-circuit with minimal flow of current, allowing
for accurate measurement of voltage between two points. However, just as in reality, this measurement
loses accuracy when measurements are being taken within the mega-ohm range. This is due to the
voltmeter having resistance that is comparable to that of the circuit, causing a relatively significant

amount of current to flow through the multimeter.

In the current mode, the multimeter is simulated as a 0.01 ohm resistor. It is imperative that the
placement of the multimeter is in series with the relevant branch. If the multimeter is placed parallel to
the branch, a significant current will flow via the multimeter, and the desired reading will not be

produced, just as in the physical lab.

4.3.6 Building the Simulation Interface

The simulation interface is the key element of the tool and takes on the role of allowing users to
undertake circuit simulation on a circuit simulator based on SPICE. An Ajax model is used by the
client-server communication. Ajax allows simulations to operate in background without causing any
interruptions to the appearance and function of the internet page. This feature allows single-page
operation of the web-app. Also, it is unnecessary for the page to be reloaded once opened. The

simulation process is shown in Figure 4-9.
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Figure 4-9 Simulation Running Process

Upon clicking the Simulate button, the simulator creates a netlist that contains the following:

The circuit name,

* print command,

* sources of voltage,

* component models,

* command for DC analysis,

* and components.

4.4  Software Functional Testing

This section will provide a description and analysis of the results achieved from the circuit

simulator’s functional testing.
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4.4.1 DC Resistors Networks

As seen in Figure 4-10 and Figure 4-11, the branch currents and node voltages of the circuit

were measured using LTspice and the Breadboard-simulator.

tran0311

Figure 4-10 A DC Resistor Network

Power supply

10.0 V

~
.

Multimeter

1.82 Vv

< ®

Figure 4-11 Circuit Built in the Breadboard Simulator

Table 4-4 shows the node voltages and branch currents used in the circuit. Both gave identical

results once customized to simulate the circuit.
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Table 4-4 Branch Currents and Node Voltages of the Circuit

Developed Breadboard LTSpice
Simulator

VDA 2.72V 272V
VAB 1.82V 1.82V
VAE 1.82V 1.82V
VCD 10V 10V
ICD 100 mA 100 mA
IAB 36.35 mA 36.36 mA

4.4.2 LED Circuit

A simulation of the circuit in Figures 4-12 and 4-13 was conducted both in LTspice and the
breadboard simulator. In it, variation for the voltage V1 was achieved for values between 0 — 10 V at

variable intervals, and measurements were taken of the voltage across and current through the LED.

D1

R1 c

[+
|

S
A
w

Figure 4-12 A Circuit Contains Resistors and One LED
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Identical results were obtained from both LTspice and the breadboard simulator
the LED indisputably showed a non-linear I-V relationship as seen in Table 4-5. The design of the LED
caused it to light up to show a forward voltage between 1.8 — 2.4 V, which was visible in the

breadboard simulator.

Power supply

1.0V

|

~

\

N

e

Multimeter

412 mV

©

Figure 4-13 Next Circuit Built in the Breadboard Simulator

Table 4-5 Current Through and Voltage Across the LED with Various Supply Voltage

Developed Breadboard LTSpice
Simulator
Vs (V) Vo (V) Ip (md) Vo (V) Ip (md)

0 0 0 0 0

1 0.412 6.79 0.411 6.72
2 0.824 13.6 0.822 13.5
3 1.24 20.4 1.24 20.3
4 1.61 27.2 1.62 27.2
5 1.78 34 1.78 34
8 1.95 54.4 1.96 54.4
10 2.04 67.9 2.04 67.8

4.4.3 Complex Circuit with Non-Linear and Resistive Components

A complex circuit containing LEDs, diodes and resistors was formed in both the breadboard

simulator and LTspice as shown in Figure 4-14 and 4-15. Then, measurements and recordings were

taken of the voltage at each node.
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Figure 4-14 Circuit Built in LT-Spice with Diodes, LEDs and Resistors Built in LT-Spice
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Figure 4-15 The Circuit Designed on the Breadboard

Table 4-6 shows the circuit’s node voltages, measured in the bread-board simulator and LT-spice.

Table 4-6 Branch Currents and Node Voltages of the Circuit Shown in Figure 9 and 10

Developed Breadboard LTspice
Simulator
Vy (V) 7.09 7.19
Vg (V) 3.38 3.32
Ve (V) 3.38 3.32
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Again, simulations undertaken both in LTspice and the breadboard simulator exhibited similar

voltages at each node in the circuit.

4.4.4 Circuits with Resistors and Capacitors

At this stage, the simulator only simulates DC circuits, however students can add capacitors and
inductors (which operate like open circuits and short circuits at DC).

A circuit was designed in LTSpice as well as on the breadboard simulator that consisted of
resistors and a capacitor, as shown in Figure 4-16 and Figure 4-17. Measurements were taken of this

circuit’s node voltages.

............................ Power supply

;f..oo:.ooofooo.:oooo\o..o.:oo.o Multimeter

2.14 V

Figure 4-16 The Circuit Contains a Resistor with One Leg Not Connected to the Breadboard.
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Figure 4-17 The Circuit Built in LTSpice

Table 4-7 shows the circuit’s node voltages measured in the bread-board simulator and LT-spice.

Table 4-7 Node Voltages of the Circuit

Developed Breadboard LTspice
Simulator
Vy (V) 2.14V 215V
Vg (V) 2.14V 215V
Ve (V) 1.78 V 1.78

Results showed that simulations done on the bread-board and LT-spice yet again displayed the same

voltages for all nodes in the circuit.

4.4.5 Circuit Designed with an Intentional Short-Circuit

One branch in the DC--network shorted out, as shown in Figure 4-18 and Figure 4-19.

Measurements of the circuit’s node voltages were taken.
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Figure 4-18 The Highlighted Resistor is Shorted Out
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Figure 4-19 The Previous Circuit Built in LT-Spice

Table 4-8 shows the circuit’s node voltages, measured in both LT-spice and the breadboard simulator.
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Table 4-8 Circuit’s Node Voltages on Previous Circuit

Developed Breadboard LTspice
Simulator
vy (V) 238V 238V
Vg (V) 238V 238V
IR, (V) 47.61 mA 47.61 mA
IR; (V) 39.70 mA 39.68 mA
Ic (V) 39.70 mA 39.68 mA

Simulations were completed in both LT-spice and the breadboard simulator; the result showed

the same voltages at all nodes in the circuit.

4.5 Summary

This chapter has described a virtual laboratory prototype environment for DC circuits. The tool
itself does not represent a significant research contribution, but rather demonstrates some of the
principles of modern virtual laboratory software. This tool will be used as a typical environment, so
that the views of students and faculty can be evaluated against a concrete example, rather than just an
abstract notion of a virtual laboratory. Additionally, experience with the specification, design,

implementation and evaluation of this sample tool will provide input to the later development of design

guidelines.
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S Post Deployment Survey Designs and Results

Additional surveys were performed during and after the development process. These surveys

are as follows.

A Post Development Survey was conducted after the Semester 1, 2016 deployment of the
prototype simulator. To encourage maximum participation the survey was divided into two parts, so
that after students had completed the first 5-10 minutes survey, students could optionally continue on to
complete a second 5-10 minute on-line survey. The first part of the survey asked questions about user
experience of using virtual labs, and the detailed survey questions are listed in Appendix II. The
second part asked more specific questions about the virtual laboratory tool itself, and those questions

are listed in Appendix III.

Following the above post-development survey, some minor changes were made to the tool
(such as improved error reporting), and the tool was again made optionally available for student use in
ENGG1300 in Semester 1, 2017. After this deployment, an online Post Production Implementation
Survey was conducted to see how students used the tool during semester. These survey questions are
listed in Appendix IV. Additionally, after the tool deployments, semi-structured Faculty Interviews
were conducted with, with the interview structure listed in Appendix V.

5.1  Post Development Survey

This section describes the survey design of the post development survey, as well as the results

of the survey. This includes the results from the user experience survey and the user evaluation survey.

5.1.1 Survey Design

After first deployment of the virtual laboratory prototype in Semester 1, 2016, students were
surveyed to provide feedback regarding the prototype’s speed, complexity, handling, reliability and
control. The participants of the survey were asked to rate the virtual laboratory under different merit

criteria as well as providing their perception of online laboratories after using the tool.

In Part 1 of the survey, students were firstly queried about their level of expertise with using

laboratories and what versions of web browsers they used in case there was a pattern of poor
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performance with certain browsers or experience levels, but there were no such difficulties identified,

so these results are not analysed further.

Next students were queried about their perceptions of the tool - how user-friendly they found it
(5- point scale), if it freezes or crashes (it didn't), if additional documentation is needed (yes/no). Then
students were asked to rank perceived advantages of virtual laboratories, as identified from the
literature (better understanding, different perspectives, experimental design, understanding theoretical
models). Then, students were asked about their agreement (using a 5-point Likert scale) with
statements asking if virtual laboratories helped them to achieve the same four learning objectives for
ENGG1300 - use of equipment, reinforcing theoretical concepts, critical thinking, and experimental
design. Then they were asked about whether the simulation laboratory helped with other learning
objectives in the ABET list. The complete questions are in Appendix II. This assisted in understanding

student perspectives on virtual laboratories in terms of learning objectives.

Part 2 of the survey asks more specific questions about the tool itself, in terms of its usability
and effectiveness. In each case, a 5-point scale (worst to best) was used. Based on the types of
questions asked in similar usability surveys reported in the literature, students were asked to rate the

following aspects.

* overall impression

* easy-of-use

* frustration

* power to perform experiments
* stimulating to use

* flexible

* suitable of screen items (components, wires, etc)
* meaningful terminology

* meaningful screen messages

* speed

* reliability

* ability to correct mistakes

* match to user experience

* easy of learning the tool
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* suitability for new experiments

* user interface (colours, response to errors, etc)
The complete set of questions in in Appendix II1.

The virtual laboratory platform was used by a total of 140 users for understanding the
fundamentals of circuit implementation, based on the web-use log. Students using the platform were
invited to participate in the post development survey, resulting in 116 responses out of a class of 500.

For a 90% confidence level, the margin of error for this survey is 3-7%.

5.1.2 User Experience Results

The survey questions related to the user experience about the online simulator included
demographic responses (see Appendix III), as well as questions related to advantages of online
experimentation, using virtual laboratories and questions related to the ABET learning objectives.
Statistical analyses using t-tests were performed to determine if responses significantly differed from a
neutral response and for most categories the results were significantly positive (p < .05). The only
exception was “Looking at concepts from a different perspective” that did not significantly differ from

neutral.

The responses to the following question are shown in Figure 5-1: “Based on your experiences
while using the software, rank the following advantages of doing experiments online (either at
university or at home): (1=least advantage, S=greatest advantage)”. The figures show the count of

responses in each response category.
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Figure 5-1 User Experience — Advantages of Online Experiments

The response “Save time and effort” had the most responses (63) in the “greatest advantage”
category (54%) followed by “Better understanding of the subject” at 47%. “Looking at concepts from
a different perspective” had the most negative responses at 49% of the total responses. Overall,
students felt significantly positive about saving time and effort, designing, building or assembling parts
and identifying the strengths and limitations of theoretical models as predictors of real-world

behaviours when performing experiments online.

The next question asked respondents to “Select the level to which you agree with the following
statements:” and the response counts are shown in Figure 5-2. Most responses fell into the “Strongly
Agree” and “Agree” categories, however responses were more neutral regarding the use of virtual
laboratories to improve critical thinking and analytical capabilities. These questions specifically refer
to learning objectives and the students clearly perceive after using the Breadboard Simulator that
virtual laboratories are helpful in achieving the learning objectives of instrumentation, understanding

theoretical concepts, critical thinking and analytical abilities, and designing experiments.
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Virtual Laboratories could help me to
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Figure 5-2 User Experience — Perception of Virtual Laboratories

Students were also asked about the use of simulation related to instrumentation or the
application of appropriate sensors, instrumentation, and/or software tools to make measurements of
physical quantities. The responses, shown in Figure 5-3 indicate that students felt strongly that
simulation helps use components effectively and accurately. Most responses fell into the “Strongly

Agree” or “Agree” category, indicating overall that students felt positively about using simulation for

learning instrumentation.

0 10 20 30 40 50 60 70 80

Strongly Agree 56
Agree 58 Simulation helps me to be aware of what
Neutral 2 instruments should be used to measure
Disagree 0 which physical quantity
Strongly Disagree
Strongly Agree 68

46
Agree | 1 Simulation helps me to use instruments,
Neutral components effectively and accurately
Disagree 11
Strongly Disagree
Strongly Agree 47
Agree 67 Simulation enables me to see the structure
Neutral 1 of the instrument and examine its different
Disagree 1 features
Strongly Disagree

Figure 5-3 User Experience — Use of Simulation and Instrumentation
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Students were asked about the use of simulation to improve their creativity as an engineer and asked if
they agreed with the statements shown in Figure 5-4. Again, overall students felt positively about

using simulation with almost 70% agreeing strongly that “Simulation allows more time for creativity.”

0O 10 20 30 40 50 60 70 80 90
Strongly Agree  |— 41
Agree 73 Simulation increases levels of independent
Neutral 1 thought. and ivi
Disagree 11 ought, and creativity
Strongly Disagree
Strongly Agree 60
Agree )
Neutral 0 Simulation helps solve real-word problems
Disagree 0
Strongly Disagree
Strongly Agree 80
Agree 34
Neutral 0 Simulation allows more time for creativity
Disagree 2
Strongly Disagree
S ONgly Agree e 55
Agree 59 . . . .
Neutral PZ Simulation provides autonomy to deal with
Disagree 0 problems using innovative methods
Strongly Disagree

Figure 5-4 User Experience — Use of Simulation and Creativity

Overall, students felt positive about online experiments and the use of simulation. They tended
to feel most strongly about the ability of virtual laboratories and simulation to allow them more time

for creativity and the ability of online laboratories to save them time and effort.

5.1.3 User Evaluation of an Interactive Breadboard Simulator

The data collected in the second part of the post development survey is shown graphically
below. Response values ranged from 1, indicating a strong negative response to the relevant question,
to 5, indicating a strong positive response to a question. Responses with values of 1 and 2 were
grouped into the “Poor” category, responses with a value of 3 were classified as “Average” and
responses of 4 and 5 were classified as “Good”. The graphical results display the percentage of

responses that fell into “Poor”, “Average” and “Good”, totaling 100%.

The responses are shown in Figure 5-5 and were overwhelmingly favourable. Statistical
analyses using t-tests were performed to determine if responses significantly differed from a neutral
response and for most categories the results were significantly positive (p < .05) with the following

exceptions:
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* Consistency of message on input prompts was significantly negative

* Response to errors was not significantly different than neutral
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Figure 5-5 User Evaluation of the Simulator

A high-level summary of the results and the evaluation of the screen components is shown in
Figure 5-6. Overall, the software was favoured by the survey respondents, though they would have
been happier with more ease of use, and greater power and flexibility. The students felt positively

about the screen components, only demonstrating a few issues with the ease of connection.
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User Evaluation - Summary Screen
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Figure 5-6 Summary and Screen Evaluation

As shown in Figure 5-7, it is apparent that Terminology Usage was an area where the software
needed improvement. More specifically, messages needed to be consistent on prompts seeking user
inputs, and the system needed to be better at responding to errors during experiments. A system may
also gain greater acceptance by applying consistency in its usage and message positioning, increasing
helpfulness of error messages, improving help content on its website, supplying a provision for better

response to errors, improved feedback, and slightly better use of colours as shown in Figure 5-8.
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Figure 5-7 Terminology and Learning Evaluation
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Figure 5-8 Usability and System Capabilities Evaluation

5.1.4 Summary of Student Feedback from the Post-Development Survey

After the feedback was obtained from students regarding technical features expected from the
virtual lab, the designers made every effort to ensure that each of these aspects were addressed in the

prototype. Specifically:

1) Simplicity and Usability: The prototype was designed to be minimalistic without an excess
of options and unnecessary functionality. It was designed specifically to be tailored towards the circuit
design laboratory and usability was given special attention. A drag and drop functionality was
implemented to minimise any confusion and to ensure that the virtual laboratory resembled the

physical laboratory, thus eliminating any need for technical knowledge in using the virtual lab.

2) Speed and reliability: Given that this was high on the list of students’ technical requirements,

the prototype was ensured to be fast in loading and simulation.

3) Visual clarity: The screen related aspects, visual ease, readability etc. were given particular
consideration as the designers realised this is one of the most crucial aspects of a virtual laboratory to
avoid students being repelled by the discomfort in staring at the screen which would not be the case in

a physical lab.

4) Learning and Experimentation: The designers ensured that although the prototype was
designed to be minimalistic, it still had sufficient functionality to allow students to perform various

experiments within the bounds of this laboratory i.e. circuit design.
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As discussed in the previous section, each of the above considerations was seen to be addressed
either favourably or satisfactorily by students indicating that the pre-survey concerns were addressed.
However, in surveying the students in a detailed manner on various sub-factors, a new factor to be
addressed was discovered: clear response to errors. This was not highlighted in the initial survey and
wasn’t directly addressed during the design and was considered to be poorly addressed according to 10-

30% of students. This can be seen in their feedback on three factors:

. Message positioning consistency
. Consistency of message on input prompts
. Response to errors

These were the only responses with a high number of students responding with “poor” and they
were all related to the way in which messages were displayed or errors were dealt with. It shows that
not only do designers overlook certain aspects of virtual laboratories as they do not share the same
perspective, but that this may occur despite an initial survey with students where such details may still
be missed. Thus, a second survey is necessary after students have had an opportunity to use a first
version of the virtual laboratory prototype so that a second version may successfully address all aspects

of the student perspective.

In the literature user interface, realism, individualization, storage capacity, social interaction,
simplicity, multimedia features, help features, and qualified technical staff were identified as important
design considerations in virtual laboratories. The survey responses support findings in the literature,
such as a quality user interface and simplicity for designing experiments. This is consistent with the
findings in [89], where students rated reliability to have the third highest rating on importance and in

[88] where “easy understanding and usage” was one of the top requests in a virtual laboratory.

5.2 Post-Production Implementation Survey

This section describes the survey design for the post-production implementation survey. The

results follow the discussion of the design.

5.2.1 Post-Production Implementation Survey Design

The post-production implementation surveys were presented to provide information that could

help determine how virtual laboratories can best be used in conjunction with physical laboratories. The
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revised tool was made available to ENGG1300 students throughout semester 1, 2017. At the end of the
semester, students who used the tool were asked to evaluate how well they agreed with statements that
physical labs helped them achieve laboratory learning objectives, and also how well they agreed with
statements that virtual labs helped them achieve laboratory learning objectives. Then they were also
asked about how well they agreed with statements regarding some of the previously claimed
advantages and disadvantages of virtual labs, such as more time to complete experiments,
unavailability of tutors with virtual labs, etc. The complete list of questions is in appendix IV. The

survey responses used a 5-point Likert scale where 1=Strongly Disagree and 5=Strongly Agree.

5.2.2 Post-Production Implementation Survey Results

The averages for responses to the 13 ABET derived questions for physical laboratories and the
Breadboard Simulator are shown in the Figure 5-9 below. The survey responses used a 5-point Likert

scale where 1=Strongly Disagree and 5=Strongly Agree.

The number of responses varied from 10-15, so the sample size was small reflected by a margin

of error of 25%. The analysis of this data will look only at broad trends in this data.
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Figure 5-9 Physical Labs vs Breadboard Simulator in Post-Production Implementation Survey
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Based on the sample averages, learning objectives of autonomy and experiment scores were
very similar for the physical laboratory and the Breadboard simulator. The Breadboard simulator
responses were clearly more positive on the issue of time, with small positive differences for analytics
and design that are not statistically significant given the small sample size. Physical laboratories were
much more positive on the categories of teamwork, safety, career, procedure and the availability of

tutors. Note that the responses to online were measured using the following two questions:

. Physical laboratories: “I prefer to go to labs and lectures rather than learn online.”

. Breadboard Simulator: “I prefer online learning to lectures and labs.”

Responses tended to agree on the physical laboratories online question and were more neutral
on the Breadboard Simulator version of the online question. The responses confirm that students see

advantages of the simulator but do not appear to want to abandon physical laboratories.

Additional questions from the third survey provide more information on the students’
preferences for using virtual laboratory equipment. When asked to rank the advantages of the
Breadboard simulator, the responses indicated that “more efficient use of time” was the highest-ranking

factor. The findings are shown in the following table with “1” being the most preferred.

Table 5-1 Advantages of the Breadboard Simulator

Advantage Ag:tl;?lgge
More efficient use of time. 1.67
Looking at concepts from a different
perspective 2.56
Developing critical and creative thinking
skills. 3.5
Better understanding of the subject 3.5
Better understanding of lab equipment. 3.63
Developing teamwork skills 6

Students also ranked their preferred working style and the rankings are shown in the following
table. On this question, the highest-ranking factor was using the simulator “For revision before exam”,

followed by “On my own during my own time.”

94



Table 5-2 Working Style of Users of Breadboard

Working Style Ag:tl;?lgge
For revision before exam 1.5
On my own during my own time 2.25
On my own during scheduled
classes 3.38
In a group during scheduled
classes 4.13
In a group during our own time 4.38
I prefer not to use such a tool 5.29

The interpretation of these survey results towards answering the research questions will be

examined in the next chapter.

5.3  Faculty Interviews

Faculty interviews were performed beginning in 2016 after the Breadboard simulator tool was
developed. Eleven experienced professors from UQ, Saudi Arabia (King Abdulaziz University) and
Egypt (Al-Azhar University) were interviewed, primarily in face-to-face sessions. First, the professors
were given a description of the nature and overall goal of the research. Then the professors were shown
the tool and asked for opinions about enhancements that could be incorporated into the tool and their
overall opinion of the tool. Once the open-ended discussions were completed, the faculty were then
surveyed on the questions contained in the faculty survey (Appendix V) where four of the eleven

professors completed the questionnaire.

During the face-to-face interviews, one professor expressed his belief that remote laboratory
experiments are identical to experiments performed in the physical laboratory. If the equipment is real,
students will gain the same knowledge and working with virtual laboratories makes experimentation
free of risk. One professor felt that students should be exposed to virtual laboratories before attending
a university, so they could explore different circuits and try different components. Another professor
commented that “every teacher and tutor have a different opinion about virtual laboratories and their

importance.”

The ABET learning objectives were the primary focus of the survey, with the professors asked

to identify which objectives were considered the most important from their perspective. In addition,
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the faculty were asked about the advantages of virtual laboratories as a replacement for physical
laboratories or as a supplement to physical laboratories. Other questions obtained their opinions on
potential economic and organisational benefits, potential difficulties and aspects of assessing laboratory
work. The findings from the interviews were entered in Survey Monkey while open-ended discussions

were captured in written notes.

The summary of findings for faculty rankings on the important learning objectives is shown in
Figure 5-10. The scores for each learning objective are calculated by multiplying the number of
responses by the rank category (1-13) and then dividing by the number of responses. These values are
then subtracted from the number of categories, so that higher scores indicate higher importance for the
learning objective. For example, the design category score is 9.75, reflecting that the respondents

ranked design higher than learning from failure (4.25).
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Figure 5-10 Important Learning Objectives from Faculty Perspective
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Overall, the professors felt that design was the most important learning objective, followed by
experimentation and teamwork. The objectives of learning from failure, psychomotor skills and

sensory awareness were the lowest ranked in importance.

Besides the ranking of learning objectives, there were also a series of open-ended questions.
The first open-ended question related to which learning objectives could be well-served by virtual
laboratories. The responses include “Creativity” and “All of them”. One respondent felt that “Clear
Instruction” could be an additional objective. The professors were in complete agreement that virtual

laboratories would not serve as a replacement to physical laboratories, but as a supplement to them.

The next question related to identifying which learning objectives would be most difficult to be
served by virtual laboratories. There were three respondents that all agreed that psychomotor skill and
teamwork were the most difficult. One of the three respondents also include safety and sensory

awareness as reSponscs.

Regarding the potential economic and organisational benefits, the savings of time and money
were identified by three respondents. One respondent felt that the size of the physical laboratory could
be reduced as well. Difficulties in virtual laboratories were identified as acquiring skills and that

simulations/software of some laboratories were not commercially available.

Finally, the last open-ended question related to what aspects of laboratory work should be
assessed and how virtual laboratories could help with the assessment. One respondent felt that skills
are difficult to gauge in the virtual laboratory and that the process of conducting the experiment should
be assessed, not the data collected. The other respondent felt that assessment in the virtual laboratory
would be like the physical laboratory, based on participation, simulation, analysis and uploading

results.
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6 Answers to Research Questions

In this section, the results from the previous chapters are discussed in the context of how the

first three research questions are answered.

6.1  Answering Research Question 1

Research Question 1 — What is the relative capacity of virtual laboratories versus physical
laboratories to enable the desired learning objectives of engineering laboratories, especially those

viewed as important by students?

The 13 ABET objectives cover instrumentation, theoretical models, experimentation, analysis
of data, design, learning from failures, creativity, psychomotor skills, HSE, communication, teamwork,
ethical aspects and sensory awareness. In the literature, it was argued that students can learn as well in
a virtual laboratory as they can in a physical laboratory [35], [39], [99], [102], that students are more
motivated [39], that students can analyze instruments in detail [103], [104], that students can relate
theoretical to practical [39], [85], [74], that experimentation is faster [105], that students have better
focus on data analysis [103], [107], that students have better focus on design [107], that students learn
from failures [106], that communication and data sharing is easier [83] and that virtual laboratories

enhance teamwork [62], [72].

Realism was a common theme in the pre-survey open-ended responses. The concept of realism
directly relates to ABET learning objectives of instrumentation, theoretical models, experimentation,
design, psychomotor skills and sensory awareness. The respondents frequently mentioned chat,
collaboration and feedback from the tutors in real time as important in a virtual laboratory. These
aligned with the learning objectives derived from the literature including communication abilities and
teamwork skills. Many respondents were interested in tutor feedback and software feedback that
would provide the student with immediate correction in real-time. These items align with learning
from failure as described in the ABET objectives, but highlight the impact of modern technology, in
that students understand that more timely feedback on their errors can improve the quality of their

learning.

The analysis of data was not mentioned in the survey responses as an important item but was

mentioned in the literature as allowing students better focus by using a virtual laboratory [103], [107].
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Items in the ABET objectives that were not mentioned in either the literature or in the survey responses

were ethics and safety.

In the survey findings from the post-production implementation survey, students felt that use of
time, analytics and design were better in the virtual laboratory as compared to the physical laboratory.
These findings were consistent with the literature [103], [105], [107]. They also felt that teamwork,
equipment, theory, safety, tutors, procedure and implications for their career were better served in the
physical laboratory. These findings were not consistent with the literature, and this is likely because
most literature related to the topics of physical laboratories and virtual laboratories tend to be biased

towards favourable opinions of virtual laboratories.

Students that were surveyed felt that the learning objectives of autonomy and experimenting
were about equal in the virtual laboratory and the physical laboratory, which is consistent with the

literature findings [105].

The individual learning objectives in the ABET list can now be evaluated one-by-one as to the

suitability of virtual laboratories for meeting these objectives.

Instrumentation. Even if virtual labs are designed to be as realistic as possible, the operation

of instrumentation equipment, including correct connections of equipment to devices under test can
only be simulated to a certain degree, so physical laboratories are superior for practicing the use of
instrumentation. For virtual laboratories, the implication is that there should be an adequate degree of
realism to give familiarity with the way in which “real” instruments work. However, one advantage for
virtual laboratories is that mixed-mode simulations can add “virtual” instruments that are not possible
in a real laboratory, e.g. by displaying magnetic field lines around conductors, or by displaying all

circuit currents and voltages simultaneously.

Theoretical Models. The learning objective here is to reinforce that physical systems are

modelled imperfectly by theoretical equations, and that measured quantities have limited precision and
accuracy. Since a simulation laboratory uses such models to simulate the circuits, such imperfections
and imprecision may be missing. Physical laboratories have an advantage in realising this learning
objective since they are clearly measuring real components with real instruments. They meet the
student need for a “realistic” laboratory experience. The implication for virtual laboratories is that the
“imperfection” of real systems should be captured in the tool. Remote laboratories, which provide

remote access to real systems can be more convincing, but it is also possible to incorporate
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imperfections into simulated components and instruments. Virtual laboratories do have the potential
advantage that a greater range of virtual systems can be incorporated into experiments. For example, a
simple current/voltage experiment could be extended to resistive loads such as bar heaters and light
bulbs where device temperatures vary greatly, and more easily exhibit the non-linearity of Ohm’s Law

under such conditions.

Experimentation. The idea of this learning objective is to design and execute a set of

scenarios, typically which expose some underlying physical phenomenon. For example, an experiment
might measure the current through a resistor as the applied voltage is changed, and then identify the
relationship between these quantities. Physical and virtual laboratories both have similar capabilities to

allow such experimental design and execution.

Analysis of Data. Having undertaken an experiment and measured some quantities, the next

stage is to analyse those results, perhaps to check their agreement with simplified theoretical models.
In the case of physical laboratories, at least using simple equipment such as that in the experiments
investigated in this thesis, measurements are typically noted in a lab notebook, then transcribed to
spreadsheets or other analytical tools. Separate analysis of error bands for measurements might be
added. With virtual laboratories, all of the circuit stimuli and measured values could be automatically
captured during experimental execution, and the data analysis tools, including error analysis, could be
built-in. Again, the use of “virtual” instruments could aid the process, e.g. rather than a voltage source
being set to 5V, it could be set to step from OV to 10V in 0.1V increments, and the resulting 101
currents recorded, and all the data loaded into analysis software. This learning objective is better

served by virtual laboratories.

Design. Laboratories play an important role in the engineering design process. For example,
before a new amplifier was manufactured, its circuit design would typically be tested and refined in the
laboratory, with perhaps different circuit configurations tried. Experimentally-based design was the
most important laboratory learning objective identified by faculty. The fact that many different design
alternatives can be quickly trialled in a virtual laboratory, potentially using devices from a catalogue of
hundreds of different components, means that virtual laboratories have a potential advantage in
achieving this objective. Students who design flawed circuits that would damage real components and
instruments can recover much more quickly in a virtual laboratory. In fact, if laboratories are used in

preparation for professional engineering design, and since the great majority of electronic design today
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starts with very detailed and extensive simulation studies, virtual laboratories may even be more

“realistic” than physical laboratories in such situations.

Learn from Failure. This learning objective teaches students to understand the reasons and

consequences of unexpected results. Real circuits, for example, may give unexpected results because
components are used incorrectly (e.g. a diode inserted back-to-front), because there is a fault in the
component (eg. broken diode), because the component connections are faulty, or because the
instrumentation devices are faulty. Being able to identify the source of the problem is a valuable skill
that is needed in professional lab work. Physical laboratories are better preparation for later
professional use of the same sorts of components and equipment. A simple simulation laboratory tool,
such as the one trialled in this thesis, never has faulty instruments, circuit breadboards or components.
If the simulation fails because of an Internet failure, or because the software crashes, that is hardly the
sort of “learning from failure” intended. The implication for virtual laboratories is that extra design
effort is needed in the tool if equipment and component failures need to also be simulated. On the
positive side, such faults can be much more controllable, e.g. early labs might use “perfect” equipment,

later labs in the same course might introduce planned faults.

Creativity. Virtual laboratories are superior here. A potentially vast catalogue of components,
no risk of damaging equipment, and the round-the-clock availability of a virtual lab encourages
students to explore new experiments beyond that needed to complete a fixed set of classroom exercises
[115]. Although there is a movement towards universities and schools providing physical
“makerspaces” explicitly for encouraging laboratory and workshop creativity, virtual laboratories

naturally provide such a space.

Psychomotor skills. This refers to learning the physical actions to build and operate real

equipment with real components. Here physical laboratories are clearly superior. The difference is
something like learning to drive on a computer simulator versus learning in a real car. The importance
of these skills will depend on the instructional domain. For electronic circuits measuring invisible and
inaudible electricity psychomotor skills are less essential. There are skills associated with tasks like
soldering components, attaching bayonet leads, and pushing wires into breadboards, and these are

impractical to replicate with current technologies.

Health and Safety. For laboratories involving components with large momentum, dangerous

voltages, or dangerous chemicals then an important component of lab work is to learn safe operating
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procedures to avoid the risk of danger to the student or the surrounding environment. This learning
objective is better served by physical laboratories. It is not even clear how some of these issues could
be convincingly incorporated into virtual laboratories. For example, asking students to put on lab coats

and safety shoes before using a computer simulation seems nonsensical.

Communication. This learning objective centres around the idea that laboratory work involves

reporting and explaining the results of experiments, through written and verbal reports. When written
reports are produced after the experiment is completed, there is no particular difference in
effectiveness, based on how the experiment was conducted. It could be possible that if a result seemed
strange during report writing, a virtual laboratory would allow the experiment to be quickly repeated
and the results verified. Communication in the laboratory experiment itself is dealt with in “teamwork”

below.

Teamwork. Working and learning in groups can be substantially richer than working alone.
Having ready access to a lab tutor while conducting an experiment can also aid understanding. Such
learning is much easier when learners and teachers are all together at the same time, in the same place,
so physical laboratories are preferred. In the Pre-Design Survey, students showed a strong preference
for doing laboratory work in scheduled classes, in groups, in order to learn from other members of the
team. The strong implication for virtual laboratories is that if virtual laboratories are used alone (not as
an adjunct to physical laboratories), then to be most effective they should allow group-based learning
and access to tutors during the execution of the experiment. A chat room, frequently asked question
(FAQ) or bulletin-board system is unlikely to be sufficient to replicate the physical laboratory learning

experience.

Ethical Aspects. Ethical aspects deal with honestly recording and reporting laboratory

experiments, since such behaviour would be expected from research publications and consultant reports
later in engineering careers. There has been little discussion in the literature on incorporating this into
laboratory experiments, as against the broader ethical aspects of tertiary education in general. There is
no reason to expect that physical or virtual laboratories would make a difference to ethical behaviour.
While it would be possible to check, using suitable learning analytics, that individual students had
completed the experiment with the results claimed in their reports, this issue is not investigated further

here.
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Sensory Awareness. If psychomotor skills deal with the manual dexterity to manipulate and

control instruments, sensory awareness uses sight, sound, touch and perhaps smell as part of the

interpretation of what is happening when a system is suitable stimulated. For example, vibration may

indicate whether a motor is running smoothly or not.

This is better done in physical laboratories.

Visual realism is a good goal for virtual laboratories, such as our simulated breadboard and meters.

However, it is unclear whether adding realistic audio is useful, and touch and smell are beyond

practical modern technology.

A summary of the findings is presented in Table 6-1 below.

Instrumentation

Theoretical Models

Experimentation

Analysis of Data

Design

Learn from Failures

Creativity

Psychomotor Skills

Health, Safety,
Environment

Communication

Teamwork

Ethical Aspects

Sensory Awareness

VL provides opportunity to analyze
in detail

Evidence in literature supporting
VLand PL

VL increase speed of
experimentation

VL provides opportunity to focus
more on data

VL allow more focus on design

VL allow student to evaluate error
more quickly

Not found in literature

PL provide tangible aspects of
experimentation

VL provide a safer environment

Improvement of written and verbal
communication not found in
literature

Evidence in literature supporting
VL and PL

Not found in literature

PL allow for feel and sight of
substances missing in VL

Table 6-1 Most Important Learning Objectives

Favor PL

Favor PL

PL and VL about same

Favor VL

Favor VL

Favor PL

Ranked third in VL advantage

Not surveyed

Favor PL

Not surveyed

Favor PL

Not surveyed

Realism is most frequent open-
ended response

Students desire to learn the material in the short term, to achieve good scores on assignments

and tests, and in the long term, to pursue and be successful in a career. These desires are somewhat in

alignment with the opinions of faculty, who were also surveyed for input on important learning
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objectives. The highest ranked learning objective from the faculty perspective was design, and other
important objectives were teamwork, experimentation, data analysis, safety, models and ethics. While
learning from failure was important to students, this objective ranked the lowest from the perspective
of faculty. Other low-ranking objectives were psychomotor skills and sensory awareness. The reason
faculty would rate learning from failure the lowest is not clear, but the focus of faculty appears to be on
the core skills for electrical engineering of design, experiment and data analysis. It may be that
learning from failure, sensory awareness and psychomotor skills are perceived as being less in control
of the instructor, and more a function of the personality and/or physical characteristics of the students.
These insights around the suitability of virtual laboratories to implement different learning objectives

will be examined again in the design guidelines.

6.2  Answering Research Question 2

Research Question 2 — Based on a trial virtual laboratory deployment, which design features

of a virtual laboratory are important from student perspectives?

In the literature review in Chapter 2, user interface [46], [88], [72], realism [88], [14], [79],
individualization [46], storage capacity [13], [88], social interaction [46], [89], [79], simplicity [88],
multimedia features [58], [61], help features [14], [89] and qualified technical staff [61], [87] were
identified as important design considerations in virtual laboratories. Features identified in the surveys
were the user interface, realism, real-time tutors, chat, online help, system response to errors, speed and
reliability, message consistency, visual clarity, knowledge sharing capabilities, and individualized and

group scheduling.

The features identified in the surveys are consistent with the features identified as important in
the literature, yet more comprehensive. The open-ended responses from the students in the pre-design
survey included:

*  “Extremely user friendly — Obvious icons and methods of construction — Nice
visuals/aesthetics.”
*  “Explanatory videos on what things do and how they work.”
*  “Simplicity. There would be no point in having access to the virtual labs if it is very
difficult to use.”

*  “Having a variety of laboratory equipment and the ability to build circuits online.

Would also help to have a simulation of the 1300 practical exam online!”
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Several of the respondents mentioned an ability to chat, and that feature would improve their
collaboration and communication with tutors, team members and other students. Student responses

included:

*  “Speed and reliability and collaboration with other students and fancy stuff is less
important.”

*  “A chat system for communication within your group and with your respective tutors.”

*  “Areal-time feedback or chat with a tutor.”

*  “Being able to ask tutors a question with a response given in less than 10 minutes.”

*  “If my lab experiment set up was wrong, I would like the software to indicate my

mistake and provide a list of options on how to fix it.”

While social interaction is mentioned in the literature, real-time (or almost real-time) feedback
and chat features are specific items mentioned by the students that do not appear in the literature. The

use of error correction feedback was extremely important to the students as a design feature.

One aim of this research question was to understand if the features that are important to
students are like those that were identified by designers in the literature review. Some new insights

have been developed that were not apparent from the literature review.

Users do not want to use a software program with poor quality, so issues like ease of use,
intuitive user interface responsiveness, and reliability are essential for any successful software

implementation. Realism was seen as important from a student and designer perspective.

However, a new insight from students who had experienced a physical laboratory which is
centred around active learning in small teams, with proactive tutor support, was the high value placed
on communication with others in the laboratory setting. This is important in two settings. Firstly, there
is a need to understand how to use unfamiliar laboratory equipment. In the physical laboratory, this is
done by tutors first demonstrating the equipment use, and then tutors being readily available to help as
students start using the equipment themselves. Secondly, there is a need to understand the theoretical
concepts that are being practically demonstrated in the laboratory. In the physical laboratory, this is
done by communications within the group and regular requests from tutors for students to explain their

understanding.

These different forms of interaction are difficult to replicate in a virtual laboratory setting. The

equipment demonstration aspect is relatively easy. In the ENGG1300 course, short videos are used to
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demonstrate key computational techniques (such as calculating circuit currents and voltages), so the
student request for videos can be seen more generally as a request to replicate the explanatory
demonstrations in the physical laboratories. In the breadboard simulator developed in this laboratory,
this was done with on-line "how-to" guides, acknowledging that students understood the general
operation of equipment from physical laboratories. Videos, or guided animated demonstrations could

achieve this in virtual laboratories.

Another venue of communication with tutors is to provide help when students run into
difficulty. This is difficult to achieve with a virtual laboratory tool that can be used 24/7. It would
require both the availability of tutors round the clock, and it would require screens to be able to be
shared, and perhaps real-time audio communications. This is all possible, but certainly not simple with
today's technology. Advances in artificial intelligence could soon give the possibility of "virtual"
tutors to help with the first level problems that students have. As students noted, at the very least, very
detailed explanations of experimental errors are needed, so that in the absence of real-time tutor

support, students can fix most problems themselves.

The most difficult area is enabling groupwork. One advantage of virtual laboratories is that
students have some flexibility in their working style. As indicated by the surveys, students prefer
groupwork, but there are some students who prefer to work alone. Virtual laboratories potentially
provide support for these different modes. Students can work alone, at their own time and pace. With
appropriate tool support, students in an existing group could schedule a time to work together via on-
line communications. Finally, with even more tool support, ad-hoc groups could be formed from sets
of students currently on-line. Whatever the situation, one key insight which will be addressed again in
the design guidelines presented later will be this need to address the social and communications aspects

that are known to work well in physical laboratories.

6.3  Answering Research Question 3

Research Question 3 — What are the advantages and disadvantages of virtual laboratories as a

supplement to physical laboratories compared to serving as a replacement for physical laboratories?

In the literature, faculty and student evaluations of virtual laboratories were mixed. Some
students felt that computer experiences were not capable of replacing the physical laboratory
experience and argued that computer screens are not capable of replacing many laboratory instruments.

Collaboration in online environments was found to be frustrating for some students, but others felt their
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teamwork skills improved. Studies found that students find physical laboratories easier and more
satisfying than virtual laboratories and that virtual laboratories are integral to traditional laboratories,

but not a replacement.

Several studies in the literature advocated that the learning outcomes obtained in virtual
laboratories are comparable to the outcomes obtained in the physical laboratory and for disabled
students, and students in remote or rural areas, access to laboratories is now a reality. Educational
leaders found it increasingly important to provide online learning, while for faculty, generating the
exercises was found to be more burdensome. Again, the literature was somewhat mixed in that
monitoring of students was found to be more difficult in one study, but others found that virtual

laboratories improved the monitoring of students.

In the pre-survey results, realism was the most important consideration of the respondents, and
indicates that a virtual laboratory should provide an experience that gives them the same capabilities
that they have in the virtual laboratory. In the open-ended responses regarding the virtual laboratory,

comments related to the topic of realism included:

* “For it to feel as real as possible such that it is almost identical to the real thing.
Otherwise I feel the necessary physical skills will not be developed.”

*  “To be able to operate the equipment as if they were real. In other words, not just use
clicks from the mouse to complete the whole work.”

’

*  “An interface as similar to the real thing as possible — knowledge be transferrable.’

From these and other comments, the students sought experimental realism so that their
experience in the virtual laboratory is comparable to their experience in the physical laboratory and that
the skills developed are transferrable to a real-world setting. The ability of a virtual laboratory to

supplement physical laboratories appears to be highly dependent on the concept of realism.

Around 7% of the respondents indicated that they were more interested in using a physical
laboratory as opposed to any virtual laboratory. While overall, most respondents were excited about
using the simulator, it is important to note that there is a contingent of the student population that
prefers the experience in the physical laboratory. Some of the student responses were quite adamant

about their desire to work in a physical laboratory, including the following:
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*  “I would not want to use virtual laboratories. I am paying to learn how to use
equipment in the real world. It is of no use to me if I am using a virtualization of a
physical device, if I have not understanding of how it works in the real world.”

*  “Laboratories need to be in real life, stop trying to make university online.”

*  “Accessing physical equipment via web interface is not how I would want to learn.
From an industry standpoint, I would assume that all work is done locally (as opposed
to remotely) unless circumstances prevent it, i.e. needing expertise at a remote location
or in a hazardous location. And this is with someone who is already trained and

experienced in the field.”

The student in the last comment brings up areas where virtual laboratories are highly relevant —
in the cases of hazardous circumstances or where the real-world application of the skills require use of

a virtual or remote operation of equipment.

From the comparison survey of virtual laboratories to the Breadboard simulator, it was found
that students were using the Breadboard in timeframes associated with exams and rated using the
Breadboard prior to an exam as the highest-ranking working style. Efficient use of time was the
highest-ranking advantage. Some students found a very effective use of the tool by confirming
physical laboratory work using the simulator prior to testing. The online setting provided the

additional time to work and rework exercises.

Twelve faculty members in the Electrical Engineering and Information Technology
departments at UQ were also surveyed to find out whether they saw virtual laboratories as a
replacement or a supplement to physical laboratories. Instructors were selected based on the
requirement that they participated in instructing the Introduction to FElectrical Systems course
(ENGG1300). The respondents unanimously felt that virtual laboratories were a supplement and not a

replacement.

The results from the surveys fail to indicate that virtual laboratories can completely replace
physical laboratories. The results do indicate that students find positive uses for both environments.
While collaboration and teamwork may be enhanced in the physical laboratory, use of time, design and
autonomy appear to be strengths of virtual laboratories. Experimentation, design, theory and
equipment categories were rated somewhat similarly between virtual laboratories and the Breadboard

simulator indicating that there are some learning objectives that can be met using either method. The
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survey results from the post-production implementation survey indicated a weakness of the Breadboard
simulator compared to physical laboratories regarding tutors, and students recommended that real-time
feedback from online tutors would enhance their usage of virtual laboratories. In addition, even the
students that preferred the use of a physical laboratory recognize that there are needs for virtual and
remote laboratories to acquire the skills necessary in real-world situations where operation of

equipment may need to be performed remotely.

Therefore, it is a strong recommendation from this work that virtual laboratories, at their current
level of sophistication, are most useful as an adjunct to physical laboratories, not as a replacement. The

design guidelines in the next chapter will address this issue also.

6.4 Summary

This chapter has provided answers to the first three research questions. These answers are
preliminary steps towards the development of the comprehensive set of design guidelines to be

presented in the next chapter, and which bring together the research threads of this thesis.
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7 Design Guidelines

In this chapter, the comprehensive list of design guidelines is presented along with a framework
for undertaking development of a virtual laboratory. This chapter addresses the following research

question:

Research Question 4 — Given the experiences in this trial deployment as well as insights from
other virtual laboratory deployments, what is a useful set of design guidelines for virtual engineering

laboratories?

7.1  Process for Guideline Development

These guidelines were developed using several sources. Personal experience by the author in
specifying, designing, implementing and deploying the prototype tool has enabled a number of issues
to be identified. Although these issues have occurred in the development of one particular tool for one
particular course, many of these issues are likely to be relevant to many different tool deployment

scenarios.

Secondly, the literature review has surveyed a wide range of papers, many of which have
highlighted particular issues in those deployments. This research can usefully inform the design of

these guidelines.

Thirdly, the work on RQ1 has explicitly investigated what a suitable set of learning objectives
for laboratories are, and the analysis in Section 6.2 above has highlighted that virtual laboratories are
not equally suitable for all of these learning objectives. Of course any single laboratory, or even all the
laboratories associated with one course may not address all of these learning objectives. However, the
literature review has not shown that learning objectives are often explicitly considered upfront in

virtual laboratory design.

Fourthly, RQ2 in Section 6.3 above summarises the feedback received from student users of the
prototype tool, to provide student input to the virtual laboratory design. This has two implications for
the design guidelines. It identifies issues that are important to users of the virtual laboratory, and it also
demonstrates that seeking such feedback as part of a participatory design process can improve the tool
design. The work from this one deployment is combined with broader insights from users of other

systems reported in the literature
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Fifthly, RQ3 suggests that current virtual laboratory tools may not yet be ready to complexly

replace physical labs, and this issue also should be considered within the guidelines.

Finally, the design guidelines include insights from modern software design and from modern
learning management systems and other educational software design. The design guidelines here
particularly highlight issues that were of high importance to users of this trial and other reported

deployments.

One potential limitation of this work is that it considers in detail the deployment of one
particular tool to one particular group of students in one course. To partly overcome this limitation, the
guidelines also consider insights that have been reported by others in the literature. The guidelines

have been constructed to highlight issues that are likely to affect the design of many different tools.

7.2  Guidelines Around Communications

A clear area that was important to students in our trial that has been highlighted in other
deployments and is consistent with the general laboratory experience, is that the laboratory experience
is a very social experience with rich interpersonal communications. Students can discuss with their
group members, and they can get help from teaching staff as soon as they encounter problems with the
use of the equipment, or with theoretical understanding. Virtual labs provide a more disconnected
social experience and these first guidelines look at how at least part of the richness of the physical

laboratory can be supported.

The students mentioned in the surveys that their favored learning style is to work in a group
during classes. The interaction with other students and tutors while participating in groups enables
them to share information and knowledge, which in turn helps them to better understand the subject.
Comparing their internal understanding and views with those of their peers and tutors, who may have
different perspectives, broadens their grasp of the learning material. Communication and teamwork are
both ABET learning objectives, and the group interaction helps the students develop deep links
between what was discussed in the classroom and discovered in the laboratory. The ability to
communicate and work in groups are skill sets that engineers need when working on real-world
problems, and sharpening these skills help them deal with projects and problems that they will

encounter during their careers.
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Getting real-time feedback and developing critical thinking were also important to students who
responded to the initial survey. Real-time feedback is a critical component of sharing information that
enhances the students’ learning process. Learning from failures is an important ABET learning
objective as well, and students indicated early in the design process that responses to errors needed
improvement in the prototype simulator, further indicating how much they value feedback. Real-time
feedback on the errors made during an experiment allows the student to immediately process what
mistakes they have made and how to correct them. In addition, the amount of access time in the
physical laboratory combined with course load and scheduling concerns can result in a sense of
urgency for the student to complete assignments and prepare for testing. Not every experiment can be
completed perfectly on the first try, and to get the right results or redo an experiment during a fixed

laboratory schedule further drives a desire to have prompt feedback from either the tutor or their peers.

There are several options for implementing knowledge sharing capabilities and real-time
feedback in a virtual laboratory. Features like chat rooms for group discussion are available 24 hours
per day for students working remotely, and can include feedback from tutors. While constantly
available, there can be delays between postings and responses, which does not totally replicate the

experience of working with other students in the physical laboratory during a scheduled class period.

Real-time feedback of errors such as incorrect circuit configurations was implemented in the
Breadboard simulator developed during this research, allowing for real-time identification of some
errors, but other feedback, such as answers to “Why doesn’t this work?”” currently require online tutor
support, at least until artificial intelligence engines are sufficiently advanced. Providing 24/7 real-time
support is cost-prohibitive in a university setting, but providing support during scheduled hours, similar

to “office hours” would be reasonable. This leads to the first design guideline:
Design Guideline 1 — Enable sharing of knowledge and real-time feedback.

Student populations are diverse and consist of full-time students, part-time students, students
with jobs, older students and students with families, as well as students with special needs and/or
disabilities. Working students, especially international students may take low paying, late night jobs to
pay their university fees, rent and expense, that can in turn make it difficult to attend sessions in the
physical laboratory. Even illness or an unfortunate accident, like a broken leg can put a student’s
standing in class in jeopardy. Around one-third of the students surveyed did prefer working on their

own time and could be supported by enabling options for individualized learning and group scheduling.
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Individualized learning is important for students that have different learning styles and is
helpful for students with disabilities and perhaps students with language barriers. Providing this
capability through a virtual laboratory means offering flexible scheduling and perhaps additional time
to complete assignments or modified assignments, as well as possibly offering tips and features for
language translation. Regardless of whether individualization is offered in the physical laboratory or
the virtual laboratory, there may be additional preparation and development of assignments for students

that require individualized instruction.

Integrating the tool with an LMS can make the tool better for both students and teachers and
can help improve communication skills, an important ABET learning objective. For example, the
teacher can track what students are doing, how they are using the tool and at what times students are
accessing the tool. Students can access the tool easily by clicking on a link from the LMS. By offering
group scheduling, through chat features by text, audio and/or video formats, the remote classroom can
be integrated with the physical classroom, allowing maximum access to students who may be
physically distant from the university or physically unable to attend on-campus class settings.
Providing virtual groups would help students catch up and stay current in coursework, encouraging

each other to work and study harder. This leads to the second guideline:
Design Guideline 2 — Enable options for individualized learning and group scheduling.

A key learning objective in the ABET list is the ability to learn from failures. For most
students, more than one attempt will be required to successfully complete an experiment, and the
process of turning a failed experiment into a successful experiment means the cause of the failure needs
to be identified. Error messages from the virtual laboratory are key aspects of identifying failures and
providing information back to the user that assists them in correcting the error and learning from the

€rror.

This guideline contains two key words — consistent and useful. Consistent responses are
responses that are not only the same message given identical conditions, but are consistent across
messages in the use of terminology and the structure of the message. When using a system, there is
usually some time required to become familiar with the way the system works. Understanding how a
system works, leads to efficiencies when using a system, and these efficiencies are improved when

responses from the system are reliable and consistent. Inconsistent messages can lead to confusion and
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possible frustration from the users, as the users are building a conceptual framework of how the system

“usually” responds and what the system “usually” means when messages are displayed.

Useful messages are also important. There is nothing more frustrating that to receive a message
back from the system that provides no value, or worse, is misleading in its responses. Early in the
design process for the Breadboard simulator, students identified useful and consistent messages as
important, understanding the importance of these messages to their success in using the virtual

laboratory. This leads to the third guideline:
Design Guideline 3 — Provide consistent and useful responses to errors.

Tutors and instructors are integral to the education of students. Tutors provide instruction for
the coursework, answer questions and seek to impart their knowledge about the subject to the students
in an effective manner. When students struggle with concepts, the tutors provide individualized
instruction and assistance and often present the material in alternate formats so that students who learn
differently can also learn the material. Students recognize the importance of tutors and identified tutor
feedback as the second-highest feature they would want in a virtual laboratory (the highest rated feature

was realism).

Tutoring is related to most of the learning objectives in some way. From the objective of
learning how to use the instruments, to building and understanding theoretical models, to developing
skills in data analysis and design, students rely on their tutors to enable their learning. Ethical
considerations and health and safety issues are concepts that tutors cover, that provide life-long impact

for students in their classwork and future careers.

Students identified specifically in the open-ended responses that real-time feedback was
preferable. While this may not always be practical, it is understandable that students would like to
have questions answered while the problem is current. Students generally juggle multiple classes, or
classes and family and/or a job, and a delayed response from the tutor on an issue requires overhead on
the part of the student to return to the problem that they may have put aside while waiting on a
response. Providing online tutors during “office hours” is one method that can be implemented in the

virtual laboratory to closely approximate real-time tutors. This leads to guideline 4:

Design Guideline 4 — Provide access to tutors, preferably in real-time.
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One of the advantages of working in a virtual laboratory is the ability to take more time with
experiments than what may be available in the physical laboratory. A disadvantage of working online
is the inaccessibility of a tutor. Students would ideally like their tutors to be available 24/7 to answer
questions in real-time, so that if they are working on an exercise after putting the children to sleep, or
after working a job, or after finishing other assignments in the middle of the night, the assistance is a

click away. While this may be ideal, it may not be practical.

Online help, such as tutorials and videos all for self-help and were identified in the literature
and the surveys as useful features for virtual laboratories. Tutorials provide the step-by-step guidance
for working experiments and can be staggered in such a way that they work from simple concepts to
more complex. Tutorials can not only be provided for help with experiments, but they can also be
provided for new users of computing equipment and overall usage of the different features provided by
the virtual laboratory. Videos are extremely helpful in addition to tutorials, because they provide an
audio and visual guidance of the experiment process. When a concept is not understood, the video can
be rewound many times to allow students to review, in detail, the portions of a process that they may

be struggling with.

Online tutorials and videos can be tailored to focus on specific learning objectives, such as
building theoretical models, analyzing data, and performing experiments. They also provide a forum
for supplementary information for the course that may not be covered directly in the lectures. For
students with time constraints, or particular struggles with specific concepts in a course, online
materials can not only enhance the virtual laboratory, but many aspects of a course. This gives the fifth

guideline:
Design Guideline 5 — Provide additional online help in the form of tutorials and/or videos.

7.3 Guidelines Around Laboratory Design

This next set of guidelines are based around what the purpose of the virtual laboratory is, in

terms of the overall learning objectives of a course or program.

Realism was repeatedly identified in the literature as an important feature in virtual laboratories
and was identified as the most important feature for students in a virtual laboratory from the open-

ended responses to the survey. Realism refers to the ability of the virtual laboratory to accurately

115



represent the physical laboratory, which in turn is designed to accurately represent real-world
scenarios. Flight simulators and driving simulators are designed to give users training in situations that
are close to reality as possible, with features and controls that are as similar as possible to the features
and controls that are encountered when operating an airplane or driving a vehicle. Similarly, for
electrical engineering students, they desire to have an environment, including the features and controls
that are as similar as possible to the physical laboratory and the situations that they will encounter once

they graduate.

Realism is closely tied to the learning objectives of instrumentation, experimentation and
design, and to some extent sensory awareness and psychomotor skills. The virtual laboratory should
provide students with the ability to use instruments and sensors, design a product or system and be able
to experiment with the system. If the virtual laboratory environment does not provide realism, in the
sense that the instrumentation appears and operates in a similar fashion to the physical instruments, the
value of the virtual laboratory is eroded for the student. For students that are reliant on remote systems
for their education, realism is imperative as the virtual laboratory is their source of skill development in
using the instruments, designing and experimenting with the instruments. For students that have access
to both the virtual laboratory and the physical laboratory, realism provides them the ability to
supplement their work in the laboratory seamlessly with the work performed outside the physical
laboratory. Using the virtual laboratory to prepare for classwork and testing has been found useful for
students, and a more realistic environment makes it more likely they will use the system and that their

use of the system is more effective for their short-term goals as well as their career goals.

Providing realism in the virtual laboratory requires an understanding of multiple facets of the
physical laboratory. What are the instruments and how do they work? What are the inputs to and the
responses from the equipment? Proper scaling and options need to be designed into the virtual
laboratory so that when using the system, it closely resembles the physical laboratory. In this research,
a prototype system was an initial step to allow students to experiment with the virtual laboratory and
provide feedback for design improvements. This approach was highly successful and is therefore

recommended and appears as the next guideline.
Design Guideline 6 — Provide realism in the system.

For some students, they felt that it may be detrimental to their future careers if all their

educational experience is conducted virtually, with no time spent in a physical laboratory. This
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concern was expressed by several students in their survey comments, while at the same time other
students acknowledged the need to be familiar with newer virtual technologies that are increasingly
being adopted by their future employers. Students want to feel the same experience in the virtual
laboratory as they have in the physical laboratory and ideally have experiences from both. For distance
education students, work in the physical laboratory may not be an option while on-campus students

have the availability of both the virtual laboratory and the physical laboratory.

For mastering coursework, the virtual laboratory provides the additional time that many
students need to repeat experiments, prepare for upcoming assignments and to prepare for exams.
Coordination of the experiments in the physical laboratory with the experiments available in the virtual
laboratory could greatly enhance the learning experience for students, allowing them to develop their
skills in instrumentation, experimentation, design and other ABET learning objectives. One goal
would be to provide the distance learning students with a learning experience that closely resembles the

learning experiences available to on-campus students.

This level of coordination relies on commitment by the faculty and the tutors to ensure that the
virtual laboratory and the physical laboratory assignments and capabilities complement each other.
Synchronizing the environments could require additional time and training for faculty, and a
willingness to utilize the best of both. Keeping abreast of new technologies and how they can be best
used to improve virtual laboratories would be another area of responsibility for faculty, tutors and the

technical staff at the university. This gives the next guideline:

Design Guideline 7 — Ensure that the virtual laboratory supports learning in the physical

laboratory.

Including reference groups of students in the initial design process proved to be a contributing
factor to the success of the project and to the use and acceptance of the virtual tool. Involving students
in the initial specifications, user interface design, collaboration features, tutorial features and responses
to errors substantially improved the design of the tool, while providing feedback that guided the design

to focus on important and useful features.

Obtaining feedback from students was not difficult and students tended to be very open about
their concerns and the features they were most interested in. The diversity of the student population in

terms of computing background, electrical engineering background and language can directly affect
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design decisions. For example, the use of commonly accepted symbols to aid in overcoming language
barriers may be necessary with a language-diverse population. Users that are novices in computing may
require additional help features that are not needed by the computer savvy. Students that are primarily
remote may need additional collaboration capabilities. The early discussions with students and using a
prototype to foster the open communication of student wish-lists both engaged the students and
allowed for the design to be better customized to the target student population. This leads to the eighth

guideline:
Design Guideline 8 — Involve students in the design from the beginning.

At the core of providing a virtual laboratory is the essential capability for students to be able to
learn and develop experiments. Virtual laboratories can be designed for a variety of academic areas
and within the field of electrical engineering, there are many types of functionality that can be
provided. For the Breadboard simulator, this functionality included the ability to design electronic
circuits, the ability to connect the power supply, resistors, diodes and other components, simulate
currents and voltages, and work with real equipment. Other useful features in a system would be the
capability for students to zoom in and out using a good camera, the ability to create multiple versions
of experiments, edit and share experiments and even created experiments that could not be performed
in a physical laboratory. The functionality that was provided with the Breadboard simulator was

designed to be closely aligned with the course objectives.

The ability to experiment is a key learning objective identified in the ABET list. It relates to
students being able to design an experiment, as well as conduct the experiment and interpret and
analyze the results. Therefore, this design guideline should be implemented early in the conceptual
development of a virtual laboratory. Issues to be considered include the following. What academic
departments will the virtual laboratory serve? Which courses will utilize the virtual laboratory? What
experiments and learning objectives are contained in these courses? Will all experiments utilize the
virtual laboratory? What changes are expected in the short-term and long-term goals of the relevant
academic programs? Answering these questions helps to synchronize the virtual laboratory with the
academic learning objectives and lays the groundwork for more detailed design decisions such as

system architecture, user interface and supplemental features, such as chat and groupwork capabilities.

This design guideline requires input from faculty and educational planners in conjunction with

input from the students to align the learning objectives and experiments with the academic goals from
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the program perspective and the student perspective. In addition, input from technical specialists is
necessary to identify what can be accomplished practically given technology, resource and budget

constraints.

It was shown in the discussion around RQ1 that it is rare for the learning objectives of a
particular laboratory to be considered in detail. Such explicit consideration of the learning objectives of
a virtual laboratory are largely missing from those laboratory deployments reported in the literature. It
often seems to be assumed that the learning objectives of a physical laboratory are clear, and that the
goal of a virtual laboratory is to replicate the physical laboratory experience, and so achieve those same
learning objectives. Instead, the previous analysis in Section 6.2 above shows that virtual laboratories

have different capabilities to achieve learning objectives. This gives the next guideline:

Design Guideline 9 — Explicitly consider the desired learning objectives in the virtual

laboratory design.

7.4  Guidelines Around Tool Design

Students are now accustomed to sophisticated software programs with intuitive interfaces that
are reliable and responsive. The following guidelines apply to almost any software system but are
included here to emphasize the importance that well-designed and well-written software has to the

overall satisfaction of learners, and their willingness to use these tools.

Students come to the university setting with differing levels of computer fluency and
universities generally consist of a diverse student body. First year students may be enrolled in
electrical engineering classes yet have no experience in a laboratory setting. The user interface to a
virtual laboratory can operate seamlessly or can be a hindrance to students progressing, and a poorly
designed user interface can cause frustration resulting in any number of undesirable consequences,

such as refusal to use the tool, dropping out of a course, or poor performance on exercises.

Students usually have a high degree of experience with apps on their smart phones, tablets and
desktop computers, and they usually do not expect to have to read a manual to understand how to use
the app — they expect the app to guide them in its use until they are proficient. They will now expect

the same quality of user interface in a virtual laboratory environment.
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An intuitive and simple interface was frequently cited in the literature as important, and this
was supported by student comments in the surveys, where they stressed the importance of an easy-to-
use system that did not need to be fancy or filled with complicated features. Indeed, a simple interface
was cited as being desirable to many of the survey respondents. The ABET learning objectives include
the ability to use instruments, conduct experiments, and show creativity and design skills, and in a
virtual laboratory the user interface to the tool is the “door” to being able to access the tools where
students can develop and meet these learning objectives. Students also identified visual clarity as an
important component of the user interface. Visual clarity can impact the ability of students to process

the information that they see, affecting their performance in an exercise.

A good recommendation for a user interface design, is to allow students to have options for
using the tool, in either the Breadboard or schematic view for the same experiments or circuits. The
user can design circuits in one tool, for example on the Breadboard page, and when this is completed,
the user can click see the corresponding schematic view. Linking the user interface to the experiments
that will be performed in the classroom is also important, as students indicated in their feedback that
they often like to discover an experiment before coming to the physical laboratory, so they have an idea
of what to expect in the exercise during class. For example, adding a component to a virtual circuit
could replicate the experience on inserting a physical component into a physical breadboard. This

leads to the next guideline:

Design Guideline 10 — Provide a user interface that is intuitive, simple and easy to use, as

well as easy to learn.

Speed of the system refers to the responsiveness of the system to user input. Reliability refers
to the ability of the system to be available consistently and to provide consistent results to user inputs.
If the system crashes repeatedly, students will not choose to use it if they have other options. If the tool
lets a student down from its first use, or if their first experience with the tool is not good, they may not
even test it again. If there are long delays in processing user inputs, the exercises can become

frustrating as the user waits for results.

The survey results for the tool developed in this research indicated that for this simple circuit
simulation there were no issues with the speed or reliability. Students got their results in a second,

giving them confidence in the virtual laboratory. Most of the students wanted to use the virtual
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laboratory before the final practical exams, believing that the virtual laboratory would increase their

performance and result in higher scores on their exams.

An important driver for speed and reliability is adequate testing in multiple conditions for the
virtual laboratory toolset. There are multiple points of failure including the database, network,
server(s), software, and internet speed. Incompatibilities, as well as reliability and speed issues can
appear depending on browsers and other background software and applications, as well as any
additional loads from other applications running on servers. The development and testing
environments need to simulate the production environment, and a wide variety of testing should be

conducted to maintain the expected performance.

Design Guideline 11 — Provide for speed and reliability of the system.

7.5 Implementation Framework

In addition to the above list of guidelines, a framework for implementation is provided in
Figure 7-1 as a flowchart to show the list of steps and considerations that are important when

embarking on a virtual laboratory implementation.
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Identify Learning Objectives of
the Laboratory

l

Student Feedback

Adjust Specification

Baced o Feadbiad Iterate as needed

Prototype

Replacement of physical
laboratory (with reservation)

Deploy VL ﬁ Distance Learning Lab

Supplement to physical
laboratory

On-Campus Lab

Figure 7-1 Proposed Virtual Laboratory Implementation Framework

The first step in the implementation is to identify the learning objectives of the virtual
laboratory. In this step, consideration should be given to the purpose of the laboratory, in terms of the

area of study and the types of experiments that will be performed.

In the next step, student input should be obtained. With this information, decisions can then be
made about how the tool can be modified based on user input and what student suggestions can be
realistically incorporated into the design. Is the laboratory going to be used for distance-only learners?
If so, there may need to be more focus on the scheduling of groupwork, real-time tutoring and feedback
options, and other features for online collaboration, particularly when distance-learning students are

expected to perform in groups.

For virtual laboratory implementations where a physical laboratory exists, the implementation

may be used as a supplemental laboratory only. This can impact the types of features that are
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implemented. The preceding steps may require iterations until the desired features are designed,

implemented and tested successfully, and then the initial deployment is possible.
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8 Conclusions and Future Work

This chapter firstly summarises the answers to the research questions that were posed in Chapter
3, then describes the significant, original contributions to knowledge in Section 8.2, mentions how some
possible limitations of this work were overcome in Section 8.3, and gives some possible directions for

future work in Section 8.4.

8.1  Summary of Answers to Research Questions

To answer Research Question 1, The most important learning objectives for students were
teamwork and learning from failures. The least referenced learning objective from the ABET list in
both the literature and the surveys was ethics, but should not be interpreted as the least important,
perhaps it is just the least discussed. An important outcome from RQI1 is the fact that virtual
laboratories may be better than physical laboratories for some learning objectives (e.g. analysis of
data), but not as good for others (such as safety). These findings led to design guidelines 1, 2, and 3 in

the list of design guidelines.

To answer Research Question 2, both the literature review and the survey results were
consistent in finding that virtual laboratories need to provide realism for students to meet their learning
objectives. Beyond what is currently in the literature, it was also found that not only do students prefer
the availability of online tools for communicating with their tutors, they would prefer that the
interaction be in real-time. Both real-time interaction with tutors and real-time corrections to mistakes
were important to students. These findings led to design guidelines 4, 5, 6, 10 and 11 in the list of

guidelines.

To answer Research Question 3, student feedback was also useful. One new finding in this
research was that the students preferred to use the virtual laboratory to prepare for examinations,
which is consistent with concerns regarding time management. Students may not have sufficient time
in the physical laboratory to master the concepts being presented or may have difficulties scheduling
laboratory-based classes due to institutional resource constraints. Another important finding, suggested
by the students, was the need for virtual laboratories to prepare them for real-world situations where
virtual or remote skills are necessary. As technology has improved, engineers have more
opportunities to respond to hazardous, or otherwise dangerous settings by using virtual and remote

tools. Students were very interested in being prepared for real-world situations and the university
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education should prepare them for the use of virtual and remote tools as well as the physical
equipment. A key outcome of the analysis of the current state of virtual laboratory design, is that a
preferred stepping stone to more widespread adoption of virtual laboratories is to start with virtual
laboratories as an adjunct to physical laboratories, so the technology can grow in maturity and some of
the initial shortcomings of virtual laboratories can be solved by complementary activities in physical

laboratories. These findings led to design guidelines 7, 8 and 9 in the list of guidelines below.

To answer Research Question 4, a comprehensive list of design guidelines was developed by
incorporating findings in the literature and survey results. A list of eleven design guidelines was

presented along with an implementation framework and are listed below:

* Design Guideline 1 — Enable sharing of knowledge and real-time feedback.

* Design Guideline 2 — Enable options for individualized learning and group scheduling.

* Design Guideline 3 — Provide consistent and useful responses to errors.

* Design Guideline 4 — Provide access to tutors, preferably in real-time.

* Design Guideline 5 — Provide additional online help, in the form of tutorials and/or videos.

* Design Guideline 6 — Provide realism in the system.

* Design Guideline 7 — Ensure that the virtual laboratory supports learning in the physical
laboratory.

* Design Guideline 8 - Involve students in the design from the beginning.

* Design Guideline 9 — Explicitly consider the desired learning objectives in the virtual
laboratory design.

* Design Guideline 10 — Provide a user interface that is intuitive, simple and easy to use, as
well as easy to learn.

* Design Guideline 11 — Provide for speed and reliability of the system.

From this research, it would be difficult to argue that virtual laboratories can always completely
replace physical laboratories, but the students were found to be effective at using the virtual laboratory
to improve their learning and supplement their learnings to perform better on their tests. They also
point out the need to learn how to develop skills using remote and virtual environments that are

currently necessary in real-world environments (for example, hazardous situations).
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8.2  Contribution

Descriptions of virtual laboratories have been described in the literature in previous research,
but there has not been a discussion of learning objectives and their importance to the design of a
laboratory. Indeed, rarely does the literature analyse learning objectives in conjunction with the
implementations of virtual laboratories. In this research, careful attention was given to ABET learning
objectives while analysing virtual laboratories and bringing a prototype system into production. The
incorporation of learning objectives into the design of a virtual laboratory is important and is therefore
the first step in the implementation framework proposed in this research. To the best of my
knowledge, this is the first work that has explicitly analysed the potential of virtual laboratories

to implement a complete list of laboratory-learning objectives.

Prior studies have provided some informal guidelines for incorporating lecture materials into
online learning systems and elements for remote labs but have not specifically addressed guidelines for
the design of a virtual laboratory. In this research, through careful analysis of the literature and by
incorporating the findings of student surveys and faculty and student interviews, a comprehensive list
of design guidelines was developed for a virtual laboratory. Findings indicated the desire for
collaboration, scheduling, and realism to support student learning objectives while being able to learn
from mistakes. In this research, it was discovered that initial feedback from students was highly
productive and a staged implementation with iterative feedback loops, was critical to the success of the
virtual laboratory. To the best of my knowledge, this work represents the first attempt to develop a

consolidated set of general design guidelines for virtual laboratories.

The work in this thesis was greatly assisted by feedback from the user population — the
students. Students strongly expressed their desires to learn and adequately perform experiments. They
expressed their needs for online communication that could help to replicate the rich interpersonal
communications in the physical laboratory. Although user participation in any design process is now
relatively commonplace, few of the previous reports about virtual laboratories have emphasised the
usefulness of user participation in the design process. Another contribution of this work is to
reiterate the benefits that are achieved by involving the users of a virtual laboratory in the design

process from the beginning.
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Many of the studies in the literature presented virtual laboratories as a replacement option, and
presented findings related to how virtual laboratories meet or exceed the capabilities of physical
laboratories. Other studies presented virtual laboratories as an alternative for additional access but did
not provide any understanding of what considerations are important to the students receiving the
additional access. In this research, both the virtual laboratory and the physical laboratory strengths and
weaknesses are presented from the findings in the literature and from the student and faculty survey
results. Students identified that the virtual laboratory was invaluable for test preparation and time
flexibility. They also identified the need for virtual laboratories to support up-to-date designs in the
real-world, where technology is being used more and students need to learn how to use the newer
technologies in addition to traditional physical methods. Newer technologies are being utilized for
hazardous situations, and students need access to those technologies as well. Another contribution of
this work is the conclusion that the development of virtual laboratories may considerably benefit
from an initial deployment of such software tools as a complement to physical laboratories,

rather than as a complete replacement.

8.3  Limitations

The research presented in this dissertation involved the development of a Breadboard Simulator
for implementation the university setting. The surveys and interviews are specific to the participants
and users of the laboratory, so the findings must be understood as such. The survey responses in this
research are specific to the views of students and faculty in these specific settings, and the viewpoints
of students and faculty in other universities and programs may be different, however none of the

findings were inconsistent with findings in prior studies.

To overcome this limitation, the approach has been to gain insights from different sources —
personal insights from the author as the tool developer, from the users of the tool, and from faculty who
might include such a tool in their courses. Additionally, all the specific feedback for this tool has been
considered in the broader context of many reports of other deployments in the literature. Finally, these
insights have been combined to give a general set of design guidelines that can be considered in many

different scenarios.
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The Breadboard Simulator developed for this project is specific to one area of study in the
electrical engineering field. In different areas, such as anatomy or chemistry, the learning objectives
may be quite different, and the resulting tools would emphasise different learning objectives.
However, many of the same guidelines will apply — there is still a need to explicitly consider learning
objectives, still a need to replicate the interpersonal communications of the physical lab, and still a

benefit to including the users of the laboratory in the design process.

8.4  Future Research

As technology improves, so do the capabilities of LMSs and virtual laboratories. More realism
in the virtual laboratories and integration of virtual laboratories with the learning curriculum, virtual
reality and augmented reality are emerging areas. From the literature reviewed in this research, one
challenge for virtual laboratories involves the development of the curriculum by the faculty for online
instruction. More research and prototyping of efficient ways to create and maintain online instruction

is needed.

The engineering cohort at University of Queensland is approximately 75% male. Research to-
date has not focused on gender differences and preferences in the use of virtual laboratories. It may be
that female students in electrical engineering view the laboratories more or less favourably than their
male counterparts. A more controlled study of separating users into a physical laboratory only group
versus a physical and simulation laboratory group might provide additional insight into differences and

uses for the virtual laboratories and physical laboratories.

For the virtual laboratory tool used in this research, students used a Breadboard simulator.
There is considerable additional work that could be done to improve the power and functionality of the
Breadboard Simulator. One possible enhancement would be to give students the opportunity to switch
usage to a schematic view or schematic design, allowing switching between the Breadboard and the
schematic view. This alternate design is possible as they both used Netlist and can be simulated with
the Spice package. Using this type of interface in an alternate design would enable students to

experiment with their design on both interfaces.

The necessity of realism in the virtual laboratories was a recurring theme in both the literature
and the student responses. One student mention that a “3D rotative view of each component and the

system” would be helpful. The measurement of realism in the virtual laboratory and how it is
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measured would be a useful area of research. Perception-based measurements may be useful,
supplemented by quantitative techniques for calculating the deviation of a virtual environment from a
physical environment. As commercialization of the tools increases, a standardized measure of realism

could be developed.

In addition, the development of software to simulate physical laboratories takes special skills
with a variety of software tools. Research and development of standards for these tools so that
components can be easily maintained and interchanged is important. Standards for integrating virtual
laboratories with LMSs is important. Understanding the impact of newer technologies such as virtual
reality and augmented reality, and how they may bring more realism to the virtual laboratory needs to
be studied. What may be the impacts of Software as a Service (SaaS), the cloud and more vendors

entering the market on implementations in virtual laboratories?

While many studies identified virtual laboratories as more cost effective, an actual cost-benefit
analysis or cost-estimation process was not found. Are virtual laboratories truly less expensive and
what are the key cost drivers? Research is needed to account for all the costs involved in the design,
development, deployment, maintenance and support of virtual laboratories to paint a realistic picture of

whether virtual laboratories are truly more cost effective.

As technology improves, the replacement and supplementation of physical laboratories with
virtual laboratories is increasing. Is there a limit to the amount of replacement that can occur? As
found in this research, there are different considerations depending on the academic area, so it might be
useful to analyse different academic areas to develop expectations as to what those theoretical limits

may be.
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Appendix I - First Survey Questions (Pre-Implementation Survey)

1. Rank the following advantages of working in groups (either in laboratories or in classrooms) based on your

experiences at The University of Queensland:
(1= best , 6= least advantage)

% | Sharing knowledge

Better understanding of the subject

<

<

Looking at concepts from a different perspective

<

4 | Supporting creative thinking

<

Developing teamwork skills

2. Objectives of Working in Laboratories:

Select the level to which you agree with the following statements:

Strongly Disagree Disagree

Laboratories help me to
learn how to use the
equipment

Laboratories help me to
understand theoretical
concepts and models

Laboratories help me to
improve my critical thinking
and analytical abilities

Laboratories help me to
develop the ability to
design experiments

140

Getting real-time feedback and developing critical thinking

Neutral

Agree

Strongly Agree



3. Rank the following methods for laboratory and practical work in terms of your preferred working style:
(1= most preferred, 5= least preferred)

‘ = ‘ On my own during scheduled classes

‘ = ‘ In a group during scheduled classes

\ = ‘ On my own during my own time

‘ = ‘ In a group during our own time

‘ = ‘ Watching demonstration by the lecturer.

Virtual laboratories allow students access to laboratory experiments remotely via a web interface.

4. If you were provided with access to laboratory equipment remotely by web interface,
what would be the most important features to you in the software?

/)
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Appendix II Second Survey Questions (Post-Trial Implementation —Part
D

User Experience About Online Breadboard
Simulator

This study aims to understand how effective simulation systems can be used to learn complex
systems. For example, Circuit theory compared to the traditional laboratory approach. It also aims
to investigate the willingness of students to pursue eLearning opportunities, and the effectiveness
of the simulation systems approach. This includes research into the links between group work and
lab work and objective of laboratories.

As a second step, the researchers interested to get some opinions from current ENGG1300
students about the prototype.

This survey contains a series of questions relating to a developed breadboard simulation. You will
be asked to answer based on your experience while you are browsing the link which will be given
next page and see how this tool help you to understand the electronic circuit and do some
experiments via web.

After using the simulator for maybe 30 minutes, you can complete a survey. This is second survey
of this project (which will take less than 5 minutes) and participation in the study is voluntary for all
students enrolled in the course. This survey does not count towards, nor affect any of your
assessment within this subject. If you choose not to participate in this survey, your ability to
participate in the course will not be affected. Further, you are able to withdraw from the survey at
any time without penalty just by closing the tab.

There are no risks to you as a participant in this survey, other than the risks associated with
everyday living.

There is no scope in this survey for reimbursements to participants.
There are no benefits to you personally in undertaking this survey.

If something should go wrong during the survey, or you have any questions regarding this research,
please contact the researcher or his supervisor using the given contact details next page.

This survey is hosted by Google Forms. All responses will be kept confidential. Only anonymous
data will be collected by the researcher after downloading from Survey Monkey.

Continue »
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User Experience About Online Breadboard
Simulator

You are free now to investigate the application ( The link you will visit called Virtual ( or simulation )
laboratories which allow students to do laboratory experiments remotely via a web interface.)

Step 1: Explore the simulator (30 Minutes to 1 hour), try to do some experiments from Lab 1 to Lab
3 from ENGG1300, and then come back again to do the survey

Step 2: You will be asked some questions about how such a simulator might be useful for a course
like ENGG1300, this will take about 5 minutes.

Step 3: You can optionally spend another 5 minuets to give feedback on the simulator itself.

https://virtual-laboratories.eait.ug.edu.au

« Back Continue »
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User Experience About Online Breadboard
Simulator

Rate your level of expertise in using laboratory equipment at UQ?
() Beginner

() Intermediate user

) Advanced user

(O Expert

On average, how many hours per week have you spent on using breadboards in laboratory during
ENGG1300 ?

) 0-1 hour

<) 1-5hours

() 5-10hours
() over 10 hours

(> | dont know- too many students in the labs

Which version of browser do you use?
other

() Safari

() Google Chrome
) Mozilla

() Firefox

) Opera

@ El

() Other:

« Back Continue »
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User Experience About Online Breadboard
Simulator

Based of the virtual breadboard that you have just used, how user-friendly is the breadboard
software’s interface?

» Extremely user-friendly

) Very user-friendly

» Moderately user-friendly
, Slightly user-friendly

» Not at all user-friendly

How often does the breadboard freeze or crash?

) Extremely often

» Very often

» Moderately often
) Slightly often

) Not at all often

Is there any need to include documentation for the software?

> Yes
() No need

Based on your experiences while using the software ,rank the following advantages of doing
experiments online (either at university or at home): (1= least advantage , 5= greatest advantage)

1 2 3 4 5

Better

understanding of ® @) O O '®)
the subject

Save time and
effort

Looking at
concepts from a
different
perspective
Helping to design,
build, or assemble
a part using
specific
methodologies
Identify the
strengths and
limitations of
theoretical models O O O @
as predictors of

real-world

behaviors

« Back Continue »

145



Select the level to which you agree with the following statements:

Strongly

Disagree Disagree Neutral Agree Strongly Agree

Virtual

Laboratories could

help me to learn O @ (=] @ Q
how to use the

equipment.

Virtual

Laboratories could

help me to

understand O ()

theoretical
concepts and
models.

Virtual
Laboratories could
help me to -
improve my critical = S e e g
thinking and

analytical abilities.

Virtual

Laboratoriescould

help me to develop P = ‘ = -
the ability to - - - b
design

experiments.

« Back Continue »

Objectives of Laboratories

ABET used a workshop in 2002 to publish 13 learning objectives which served as guidelines for
understanding the purpose of traditional engineering educational laboratories, some of them are
listed below, and the survey questions ask investigate your experience of these.

Instrumentation, which refers to the application of appropriate sensors, instrumentation, and/or
software tools to make measurements of physical quantities. Rregarding the breadboard tool you
have used,select the level to which you agree with the following statements

Sgg;ﬁ;‘é Disagree Neutral Agree Strongly Agree
Simulation helps
me to be aware of
what instruments
should be used to
measure which
physical quantity
Simulation helps
me to use
instruments, - -
components s = = = =
effectively and

accurately

Simulation

enables me to see

the structure of o o . G

the instrument and > >
examine its
different features
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Creativity as engineer: The creative aspects of engineering are reflected by increased freedom for
design and experimenting

Strongly

Disagree Disagree Neutral Agree Strongly Agree

Simulation

increases levels of

independent O @) O @) O
thought, and

creativity.

Simulation helps

solve real-word @) @) @) @)
problems.

Simulation allows

more time for @) @) © © @)
creativity.

Simulation

provides

autonomy to deal , : P P

with problems - - -

using innovative

methods.

« Back Continue »
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Appendix III Second Survey Questions (Second Part)

User Evaluation of an Interactive
Breadboard Simulation

Overall reactions to the software

1 23 4 5

Terrible Wonderful

1 2 3 4 5

Difficult Easy

1 23 4 5

Frustrating Satisfying

1 2 3 4 5

Inadequate power ( ( Adequate power

1 2 3 4 5

Dull ( ( Stimulating

1 2 3 45

Rigid ) ) Flexible
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SCREEN

Electronic Components on the computer screen

T 2 3 4 §

Hard to connect Easy to connect

Colour of the components, comfortable for the eyes !!

Tt 23 4.5

Notatall ¢» ¢ ¢ » » Very much

Organization of Stuff on screen

T 2.3 4.5

Confusing ) Very clear
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TERMINOLOGY AND SYSTEM INFORMATION

Use of terms throughout system

1 2 3 4 5

Inconsistent () () & ( & Consistent

Computer terminology is related to the task you are doing

1 2 3 4 5

Never () © O © © Always

Position of messages on screen

1 2 3 4 5

Inconsistent ¢ ) ) () () () Consistent

Messages on screen which prompt user for input

1 2 3 4 5

Confusing © © © © © Clear

Error messages

1 2 3 4 5

Unhelpful ¢ < ¢ )  Helpful
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SYSTEM CAPABILITIES

System speed
1 2 3 45
Tooslow © © © © © Fastenough
System reliability
12 34 5
Unreliable ¢ ) ) ) () () Reliable

User can correct mistakes

1 2 37 4 9

Difficut © @ © @ © Easy

Experienced and inexperienced users' needs are taken into consideration

2 3 4 35

Never O © © © © Always
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LEARNING

Learning to use the tool

1. 2 3 4 5

Difficut @ © © © © Easy

Performing new experiments

1: 2 3 4 5

Difficut @ © © © © Easy

Tasks can be performed in a straight-forward manner

1 2 3 4 5

Help information on the website

1 2 3 45

Unhelpful &) ¢ © O ) Helpful
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USABILITY AND Use Interface

Use of colours

1 2 3 45

Poor © ©@ © © © Good

System feedback
1 2 34 5

Poor © © © © © Good

System response to errors

1 2 3 45

Awkward () ¢ () © () Gracious

System clutter and Ul “noise”

1 2 34 5

Poor © @ © @ © Good

Any other feedback you'd like to giye
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Appendix IV- Post-Production Implementation Survey

User experience about UQ's labs and online Breadboard simulator

1. These statements are about your experience in undertaking ENGG1200 labs,To what extent do you agree or disagree
with the following statements?

(Physical laboratories in this context refer to conventional, face-to-face laboratories )
Strongly Agreed Agreed Neither Disagreed Strongly Disagreed

Physical laboratories help
me to understand theory
deeply.

Physical laboratories help
me to develop the ability to
design experiments.

Physical laboratories help
me to understand and
perform the experiment
easily.

Physical laboratories
improve teamwork.

Physical laboratories stress
the importance of working
safely with equipment.

Physical laboratories help
me to improve my
analytical abilities.

In physical laboratories,
correct lab procedure is
important in performing
exercises.

The experience gained
from physical laboratories
are important for my
career.

In physical labs, assistance
and guidance from lab
tutors are important.

Physical lab scheduling
provides sufficient time to
complete the experiment.

| have learnt how to
effectively use lab
equipment in physical labs.

| prefer to go to labs
and lectures rather than
learn on-line.

Physical labs provide
students with the autonomy
to deal with problems using
innovative methods and get
things done their own way.

Next
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2. These set of statements are related to the breadboard simulator (not physical lab) , your feedback is highly
appreciated if can tell to what extent do you agree or disagree with the following statements?

Strongly Agreed Agreed

Breadboard simulator helps
me to understand theory
deeply.

Breadboard simulator helps
me to develop the ability to
design experiments.

Breadboard simulator helps
me to understand and
perform the experiment
easily.

Breadboard simulator
improves teamwork.

Breadboard simulator
stresses the importance of
working safely with
equipment.

| believe that, for advance
topics in future, such a
tool helps me to improve
analytical abilities.

In breadboard simulator,
correct lab procedure is
important in performing

exercises.

The experience gained
from breadboard simulator
are important for my
career.

Use of breadboard
simulator is disadvantage
by unavailability of lab tutor
assistance.

Breadboard

simulator enable sufficient
time to

complete experiments.

| have learnt how to
effectively use lab
equipment in breadboard
simulator.

| prefer on-line learning to
lectures and labs.

Breadboard simulator
provides students with the
autonomy to deal with
problems using innovative
methods and get things
done their own way.

Prev

155

Next

Neither

Disagreed

Strongly Disagreed



We hope you find the breadboard simulator was useful support for your ENGG1200 DC circuit experiments ( Breadboard
Simulator

3. Rank the following advantages of using the breadboard simulator (either at university or outside university) based on
your experiences this semester: (1= best, 6= least advantage)

4 | Better understanding of lab equipment.
More efficient use of time.

-
v

Developing critical and creative thinking skills.

“

<“»

Developing teamwork skills

O

Better understanding of the subject

Looking at concepts from a different perspective

<

Prev Next

4. Rank the following methods of using a breadboard simulator in terms of your preferred working style:
(1= most preferred, 6= least preferred)

\ 7@\ On my own during scheduled classes
\ 7:\ In a group during scheduled classes

‘ 4 | On my own during my own time

\ 73 \ In a group during our own time

\ 73 \ For revision before exam

\ 4 | 1 prefer not to use such a tool

Prev Next
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5. If you be willing to have a short 5-10 minutes interview on your use of this tool, please provide your name & email
address and researcher will contact you to arrange a suitable time and place to meet (this can be done by phone either)

Name ‘

Mobile ‘

Email ‘

Thank you again for your co-operation in making this project a success.
All the best.

With Regards,
Researchers

o “
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Appendix V - Interview with Academic Staff Form

Hello Dear,
This research project investigates the effectiveness of virtual laboratories.

The best attempt to formulate a consolidated set of learning objectives for laboratories was based on a
workshop organized on behalf of ABET (Accreditation Board for Engineering and Technology, in the
USA) in 2002 (FEISEL and ROSA 2005). They proposed 13 objectives which are:

p—

: Instrumentation.

: Models.

: Experiment.

: Data Analysis.

: Design.

: Learn from Failure.
: Creativity.

: Psychomotor.

O 00 3 O WD A~ W N

: Safety.

10: Communication.

11: Teamwork.

12: Ethics in the Laboratory.

13: Sensory Awareness.
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2. Which of these 13 objectives are the most important?

Instrumentation

Models

Ain

E] Experiment

Data Analysis.

Design

Learn from Failure

Creativity

Psychomotor

Safety

Communication

Teamwork

Ethics in the Laboratory

Sensory Awareness

LU
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3. Which of these learning objectives could be well served by virtual laboratories?

4. Do you have any other suggestions for objectives?

5. what do you consider the biggest advantages of virtual labs?

O As a replacement for physical labs

O In addition to physical labs

6. Which of these learning objectives would be most difficult to be served by virtual
labs?

7. Could you please give some of the potential economic and organisational benefits
of virtual laboratories?

8. Could you please give some the potential difficulties of virtual labs?

9. What aspects of laboratory work should be assessed, and do you think virtual labs
would help with this assessment?
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Appendix VI — Ethics Committee Application Approvals

SCHOOL OF INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING

ETHICS COMMITTEE

OUTCOME OF REVIEW
APPUCATION DETAILS:
Reference: EC201809ALT
Name: Al Nta e
Student Number: 41516555
Project Title: Simulsted Engincering Laboratory Work using Tablet Computter: Group work
and Laboratory
Principal Advisor: Nedl Bergmann
Date Recolved:
Expedited Review: Yes
Date Reviewed:
OUTCOME OF REVIEW:
X Approved (Approval is for 12 Montds) | Approved From: Approved Too
3110/2014 30/0205

O Reguest Amendment
0 Require Submission to BSSERC/MREC

COMMENTS:
Final versions of the forms have been submEted %0 [1LL ethics ofce.

Agproval ks for 12 months:
FROM: 31 October 2014
10: 30 Octoder 2015

Stepher Vilier
Acing Ethics Coordinator

Sgnatwre: }*L Date:  5/11/2014
” Chor, TEE £2hics Comemittee
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SCHOOL OF INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING

OUTCOME OF REVIEW
APPLICATION DETAILS:
Reference: EC201516ALT
Name: Ali Altalbe
Student Number: 43516955
Project Title: Simulated Engineering La baratary Wark using Tablet Camputer: Graup wark
and Labamtary
Principal Advisor: Praf Neil Bergma nn
Date Received: 30/9/2015
Expedited Revievs:
Date Reviewed: Q871072015
OUTCOME OF REVIEVY:
X Appraved 18ppiovalis for 12 Monthe] | Appraved Fram: Appraved Ta:
13/10/2015 30/06/ 2016

0O Request Amendment

O Require Submissian ta BSSERC/MREC

COMMENTS:

Final versians af the farms have been submitted ta ITEE ethics affkce.

Yaur ethics applicatian #EC201516ALT has been appraved (being an amendment of previaus zlearm nce

granted under EC201409ALT).
Appraval is farthe duratian

Fram: 13/10/2015
Ta: 30/06/2016

Praf Penelape Sandersan

I‘. M.‘«‘(;.@ -L’,\:'I"a :;"-I e

Signature:

Date:

12/10/2015

Chair, ITEE Ethics Committee
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Appendix VII — Demographics from Post-Development
Survey

Demographics and additional findings from the second

Level of Expertise survey are presented. The demographic of second

survey comprises of users who spent an average of 5
hours per week using breadboards during course
module number ENGG1300, use the Google Chrome

® Beginner browser and have an intermediate level of expertise.
® Intermediate User . .

nrermediate The general response is that there is greater need for
W Advanced User ) ) )
= Expert documentation, that the user-interface highly user-

friendly, and that there weren’t many instances of

technical failure (crashes/freezes) of the application.

<

Here, it can be seen that the majority of the participants
in the study do not possess much experience in using laboratory equipment at University of

Queensland relevant to the course module ENGG1300 in semester 2 (2015).

Further, the time they spent using breadboards in

laboratory during ENGG1300 is centered around 5 Hrs Spent /Week u sing
hours per week. Breadboards

All the respondents use Google Chrome as the

browser for connecting to internet to access the o1H
mO0- our

virtual simulator. m 1-5Hours
W 5-10 Hours

M >10 Hours

Need of Documentation

Opinion is
divided over whether the software requires documentation. It
will be better to include at least some basic documentation

for the software which researcher did later.
B Required

B Not Required
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In gathering opinions on user-friendliness of
software user-interface, nearly all the responses User-Friendliness of
ranged from moderate to extremely high. The Breadboard Software Ul
general conclusion that can be drawn therefore, is
that users are satisfied with the software user-
interface.

m Not at All

With almost all the users reporting that software = Low
S i Moderate

rarely crashes/freezes, reliability of the software can = High

be judged as good.

M Extremely High
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Appendix VIII — Screen Shots of the Breadboard Website

This appendix contains the screen shots from the Breadboard Simulator website. This includes

the home page, introduction, components pages and contact page.

Home Page

%Breadhuard HOME ABOUTUS HELP CONTACTUS

'.'II-'IQNOG

Breadboard Simulation
Made Easy

Virtual Breadboard Simulation is a free and

Try It Now

v SPICE Simulator n
'\,_/‘

THE UNIVERSITY
OF QUEENSLAND
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Introduction Page

ﬁiﬂreaﬂnua[d HOME ABOUTUS HELP CONTACTUS

fimvietion

Introduction

Until computers were available, circuit analysis done by hand, and calculations were often error-prone. Using computer-based circuit simulators, the
results are quick and accurate. Circuit simulators use a computer program to model circuit behaviour. Many circuit simulators allow schematic capture
and some even allow creation of a PCB layout. The designer still has to input the circuit design. and resuits will only be as good as the initial circuit
input

This simulator inputs circuits as components on a breadboard, then extracts the equivalent electrical circuit, and then uses a popular electrical circuit
simulater, SPICE, to produce the results.

Basic Elements

In the circuit simulator, there are six basic components available. They are:

1. Resistor

2. Capacitor

3. Inductor

4. Diode

5.LED

6. IC - LM741 (not yet operational)

In addition there is a power supply and a multimeter, which can measure current or voltage.
Functions

1. Placing a component - When you click on each element, the particular element would be automatically selected, and another window would be
displayed with options as " Name“and ~ Value™. Once an element is selected, it can be placed in the breadboard in a desired position by clicking it again
when it is in position in the breadboard. Example: - For a resistor, when selected. a dialog box allows you to set the resistor value in chms. The value
can be changed only for resistors, capacitors and inductors.

2. Removing a component - Selecting and dragging a component away from the breaddboard would delete/remove the component from the
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User Guide

= X HOME ABOUTUS HELP CONTACT US
<=¢Breadboard

’.'}lnoldlon

QUICK USER GUIDE

. Introduction

Until computers were available, circuit analysis done by hand, and calculations were often error-prone. Using computer-based circuit simulators,
the results are quick and accurate. Circuit simulators use a computer program to model circuit behaviour. Many circuit simulators allow schematic
capture and some even allow creation of a PCB layout. The designer still has to input the circuit design, and results will only be as good as the initial
circuit input.

This simulator inputs circuits as components on a breadboard, then extracts the equivalent electrical circuit, and then uses a popular electrical
circuit simulator, SPICE, to produce the results.

. Basic Elements

In the circuit simulator, there are six basic components available. They are:

1. Resistor
2. Capacitor
3. Inductor
4. Diode
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Initial Components and Design

L B B I A O S B B B A

L A L

A B e

|

LR A A

.

A B B B B A A O

L

L

J

"M" = move component
"R" = rotate component

{
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Full Components

L B A B A L L A I A A B A ) pmrsupply

5.0V

i 5 10 20 25

A 800 0000808080000 0000008880000

e 00 0000000000000 0000000000000

CO 8 0 0 0 0 0000800008000 0800000000000

I I R . .

E0 0 0 0 0 0 0008008000800 8000000080000 L

AS 8.8 8 0 0 0 0 0080008000008 000000800

B8 0 0 0000008080000 0008000000000

C 8 8 80 0 8 0 0080080000000 0080000000

D8 8.8 0 00 0000000080000 000000000000 e

E 8 8 8 0 0 0 0 0000000000000 00000000080 mlti“ter
1 5 10 15 20 25

*o o (Y
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Integration with Moodle

o

You are ogged in as Admin User fLogout)
Power supply

Multimeter
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Contact Page

%Bredﬂhﬂarﬂ HOME ABOUTUS HELP CONTACTUS

Simulation

Leave us a message !

Provide your info.

Name:
Email:

Message

Facebook Twitter nstagram Whatsup
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