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Abstract—Experimentation plays an essential role in engineering education,
allowing to balance theoretical proofs and emphasis on physical intuition. Labor-
atories can fulfil several goals at once, but they also involve high costs, mostly
due to equipment, space, and human resources for operating and maintaining
them. Remote-access labs have been proposed as a feasible alternative: devel-
oped since the early 2000s by an ever-increasing research community, they are
real or virtual labs accessible at distance through a computer network. Recently,
alternative bibliometric taxonomies and classifications of current networked re-
mote-access labs have been proposed. Yet, none of these works proposes a com-
prehensive structure to collect and organize the information, especially from a
technical perspective, aiming at the definition of the state of the art and future
outlooks of provided solutions. In the present work, we fill this gap extending
previous works by enlarging their set of criteria towards a general multi-layer
model for networked remote-access labs. We performed a systematic review of
relevant literature to retrieve useful information and to design the data collection
and classification structure, which is finally validated performing a mini-Delphi
method.

Keywords—Lab-based education; lab network initiatives; remote lab; classifi-
cation; internet of things.

1 Introduction

Experimentation and laboratories play a main role in technical education, since they
allow to achieve pedagogical objectives, such as learning to manipulate the physical
environment and understanding its constraints, by applying theory to practice [1]. Ac-
cording to Antsaklis et al. [2], lab experimentation fulfils the following goals:
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e Comparing theoretical results with real world results, thus validating the theory and
justifying analytic concepts.

¢ Introducing real world factors, which are usually disregarded in analytical solutions,
e.g. saturation, noise, uncertainty.

e Widening students’ focus on secondary design issues, e.g. hardware selection and
implementation, and economic considerations.

e Providing students with the opportunity to experience professional techniques and
practice, e.g. maintaining engineering notebooks, writing reports, brainstorming,
team building and problem solving.

Especially in Science, Technology, Engineering and Mathematics (STEM) educa-
tion, laboratories are used to combine formal mathematical learning with practical ex-
perience. Indeed, they make it possible to develop simulative models (based on theo-
retical principles) and to compare them with real equipment and devices: this balance
between analytical solutions and experimental evidences is considered a major chal-
lenge in control education [3]. Although it is highly recommended to provide a learning
path that includes learning through an ‘actual experience’, hands-on labs, which are the
traditional solution, involve high costs relating to equipment, space, and maintenance
staff [4]. For this reason, the interest of the research community in ‘non-traditional labs’
has been growing steadily since 2008 [5]. Although in Section 2 we provide a brief
discussion on the vocabulary used in the literature on labs and experimentations, we
anticipate that, in this work, the term ‘non-traditional labs’ is used to underline the dif-
ference from the traditional hand-on ones [6].

Many authors have analysed the evolution of non-traditional labs to provide insights
of their continuously-improving learning outcomes, which are nowadays often proved
to be comparable to those of traditional labs [6] — [8]. Other authors even claim that
non-traditional labs can broaden the learning outcomes, since they provide insight into
experimentation aspects otherwise indiscernible (e.g. heat transfer, electromagnetism),
and they allow to interact with equipment parts otherwise covered or protected, e.g.
robot mechanisms [9], [10]. Gravier et al. [11] identified additional advantages of non-
traditional labs, such as: Laboratory safety, Availability, Accessibility, Experimenta-
tion observability.

Potkonjak et al. [12] focused on the possibility of conducting the experiments by
several roles and involvement levels (i.e. multiple access, flexibility and change in the
system configuration), and on equipment’s preservation. However, the literature also
provides some disadvantages of non-traditional labs, as virtualisation requires a high-
computing capacity and may negatively impact on the users’ attitude towards experi-
ments. Relatively to the last issue, virtual experiments could be performed with little
care, as in a video-game experience, and this may create a lack of a seriousness to ap-
proach the experiments [12]. These limitations often suggest providing also an ‘actual
experience’, combined with the non-traditional one.

Since the early 2000s, the number of studies on non-traditional labs has grown amaz-
ingly [5]. Zappatore et al. [13] state that, in this research area, two common threads
exist: (i) The rising pedagogical interest in lab-based education. (ii) Technology ad-
vancements in lab connection and networking.
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The former thread has been widely discussed in technical literature, and some of the
main studies are listed below. Gustavsson et al. [7] dealt with the need for laboratory
work in engineering and showed how remote labs can provide this opportunity. Giemza
et al. [14] focused on a specific pedagogical approach which is supported by virtual
labs. The study by de Jong et al. [15] focused on the teachers’ needs when using a
Learning Management System (LMS), and the requirements that it must fulfil to offer
a fruitful didactical and learning experience.

The latter thread has also been addressed in the literature. Just to provide some ex-
amples, Richteret al. [16] defined a high-level architecture to establish a repository of
labs that can be easily integrated into LMSs. Halimi et al. [17] provided a standardized
layered structure for remote-lab integration, and Harward et al. [18] focused on soft-
ware architecture and middleware requirements for the same goal. However, it is opin-
ion of the authors that there still is a lack of wide-ranging studies that consider technical
information on existing lab network initiatives (LNIs), alongside with more general
information (e.qg. related to didactic and organisational aspects of LNIs). In fact, a major
issue of this literature thread is the fact that many studies limit the discussion to specific
features of singular LNIs and, consequently, they often miss to provide a comprehen-
sive and holistic vision, which is a sound base for implementing new non-traditional
LNIs [4]. A first attempt to describe experimentation environments from a technical
point of view is the one proposed by Dormido Bencomo [19], who defined the main
characteristics of remote labs and four classification criteria for virtual labs. In his work,
the author identifies five requirements of a remote lab: (i) Simple installation and use

(i) Access through the internet, (iii) No charge for the user, (iv) Interactivity and
realism (v) Total availability.

Also, the classification of virtual labs relates to four criteria: (i) The location of the
mathematical calculation engine, (ii) The nature of the simulation kernel (iii) The de-
sign capacities (iv) The degree of simulation interactivity.

This work has been the ground to define what non-traditional labs are, and to set the
general rules for their development. However, this work is almost 20 years old, and
both technology and society have tremendously evolved since then. Just to provide an
example, the concept of ‘laboratory as a service’ (LaaS) has emerged in the last decade,
proposing the user-as-a-consumer vision and subjecting him/her to subscription fees
[20]; this concept is not included in the classification scheme by Dromido Bencomo,
because it was impossible to foresee it in 2004.

A more recent attempt in this direction has been made by Potkonjak et al. [12]. In
this study, the authors propose a semi-qualitative review of relevant lab-network initi-
atives (LNI) and they identify four criteria to assess the quality of virtual labs, starting
from the following main requirement: ‘operating a virtual laboratory for a student must
feel like they are working with real authentic devices in a real authentic space’ [12].
Specifically, the four criteria are: (i) The user interface has to replicate the correspond-
ing real device (ii) The behaviour of the virtual system has to be equivalent to the be-
haviour of the physical system (iii) The visualisation must allow students to feel like
they are performing the experiment in the real environment (iv) The communication
and collaboration environment should be provided as a 3D laboratory.
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These criteria will be discussed more in-depth in Section 3. Here, we just want to
stress the differences between the approach by Dormido Bencomo [19] and the one by
Potkonjak et al. [12]. As it is shown in Table 1, where we try to match the four criteria
proposed in the two studies, the approach of Dormido Bencomo [19] seems to be more
focused on the ‘location’ and on the ‘features’ of the software module behind the virtual
system, whereas the one by Potkonjak et al. [12] is more oriented on its ‘performance
on the user side’. Perhaps this equivalence is rather stiff (e.g. where the ‘nature of the
simulation kernel’ is matched with ‘visualisation’), nonetheless it should be of help for
a preliminary understanding of the main criteria that are used to class non-traditional
labs, and of the trend of related researches, since twelve years passed between the two
works.

Although the above-mentioned approaches are very useful, we believe that both Dor-
mido Bencomo [19] and Potkonjak et al. [12] addressed the problem from a qualitative
point of view, without a real technical focus, especially concerning lab networking de-
velopment of both remote and virtual labs. This issue can be quite important for those
who may want to pursue the goal, reported in several studies, of framing a network of
networks-of-labs, which may become a need, more than an alternative, for non-tradi-
tional labs [21]. In the present study, we extend the previously cited works providing a
set of assessment criteria based on a broad multi-layer model for a network of labs, and
we propose a comprehensive structure to collect and organize general and, most of all,
technical information on LNIs. Thus, the aim of this work is to provide the scientific
community with a tool that can be used to depict from a, mostly, technical point of view
the state of the art of LNIs. It is opinion of the authors that such a structure can provide
great value to organizations that shall build a new LNI and, more in general, it can
improve the knowledge of the scientific community on technologies and resources
available within different LNIs.

Table 1. Difference among the models for virtual systems (VS) from Dormido Bencomo [19]
and Potkonjak et al. [12]

Authors Dormido Bencomo [19] Potkonjak et al. [12]
Focus on Location and features Performance on the user side
Location of the mathematical calculation
engine [No match]
Nature of the simulation kernel Visualisation
Models’ Criteria |Design capacities Communication and collaboration envi-
ronment
Degree of simulation interactivity Behaviour of the virtual system
[No Match] User interface
Dormido Bencomo [19] Potkonjak et al. [12]

The remainder of the paper is organized as follows. In Section 2 we propose an over-
view of exiting literature on remote-access labs and LNIs. In Section 3 we focus on a
recent attempt of classifying information on LNIs and we illustrate its merit and limi-
tations. In Section 4 we propose a structure to organize relevant information on LNIs,
and we provide an example on how this information must be filled in. Finally, we pro-
vide discussion and conclusions in Section 5.
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2 A Brief Analysis of Existing Literature

The debate on non-traditional labs was first introduced by the National Science
Foundation and the Control Systems Society at a workshop on ‘New Directions in Con-
trol Engineering Education’, held at the University of Illinois at Urbana-Champaign
twenty years ago [3]. After the study of Antsaklis et al. [2], the research community has
produced a lot of literature on this topic. Just to have an idea, Heradio et al. [5] counted
more than 1,000 works published in the three-years period spanning from 2012 to 2014.
In the early 2000s, the scientific debate focused, mainly, on the following topics: (i)
The necessity to classify and characterize the laboratories (ii) The definition of a com-
mon vocabulary (iii) The further developments needed to ensure the use of non-tradi-
tional laboratories in STEM education [22].

Regarding the first issue, related to the need of a classification of the labs, the first
attempt to define a proper taxonomy belongs to Dormido Bencomo [19], who proposed
a two-dimensional classification that uses the ‘access to the resource’ and the ’nature
of the resource’ as classification criteria. Specifically, he defined four cases by combin-
ing local or remote access to the resource, with its real or simulated nature:

e Local access-real resource

e Local access-simulated resource

e Remote access-real resource

e Remote access-simulated resource

A further attempt is the one by Zutin et al. [23], who discussed ‘the creation of a
common framework to describe laboratories according to the semantic web technol-
ogy’. They identified four cases by considering the utilization of equipment and devices
rather than the access to the resources. Pfeiffer and Uckelmann [24] further extended
the possible scenarios by introducing the concept of network (see Figure 1), which has
become a trendy topic in recent literature. In the remainder of the paper we will stick to
the classification of labs presented by Zutin et al. [23].

Regarding the second point, related to the lexicon setting, a common vocabulary of
non-traditional laboratories is still missing. Although progress has been made and the
term ‘online lab’ is generally accepted as the standard [25], [26], other terms such as
‘virtual and remote labs’ [3], [27], and ‘non-traditional labs’ [6] are frequently used in
relevant literature, to identify both remote and virtual labs. Since we believe that the
‘access method’ is more appropriate than the ‘type of performed experimentation’ to
distinguishing between different labs, as in the classification provided by Zutin et al.
[23], we will use the term remote-access laboratories to identify any remote-experimen-
tation environments, either virtual or real. Regarding the third topic, recent attempts
have contributed significantly to the selection of worthwhile literature, and to its map-
ping, with the aim of identifying specific research topics [5], [13]. Beyond proposing a
normalized dataset of bibliographic references in lab-based education, Zappatore et al.
[13] proposed a structured data processing framework for producing it. Their work is
very useful, not only for the comprehensive dataset that it has made available, but also
because it provides the research community with an approach to define which are the
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relevant features in lab-based education. Heradio et al. [5] have instead performed a
science mapping of the lab-based education research community, by means of co-word
and co-citation analysis. Through this approach, they provided the readers with useful
information concerning the linkages between research themes and their evolution in a
twenty-two-year timespan, trying to address the future outlooks for lab-based education
and research. In particular, the authors indicated the following emerging needs: (i) An
efficient combination of virtual and remote labs (ii) The development of increasingly
collaborative learning environments (iii) The assessment of the pedagogical effective-
ness of remote-access learning concepts.
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Fig. 1. Classification of labs according to Zutin et al. [23] and extended by Pfeiffer and Uckel-
mann [24]

A further interesting contribution to the research on remote-access labs comes from
the experience of research projects on laboratories and LNIs, such as the aforemen-
tioned works by Harward et al. [18], Richter et al. [16], and Halimi et al. [17], relating
to the iLab Shared Architecture project (http://ilab.mit.edu/wiki), the Library of Labs —
LiLa  project  (http:/library-of-labs.org), and the  Go-Lab  project
(https://www.golabz.eu/), respectively. In this context, i.e. projects that both promote
and are the object of the research, we can also cite:

e The WebLab-Deusto project (https://weblab.deusto.es/), which has provided an in-
teresting contribution to research on remote-access labs, with an holistic approach to
the development and implementation of labs and LNIs [21], [28].

e The Virtual Labs (www.vlab.co.in/), an initiative of the Ministry of Human Resource
Development (MHRD), Government of India under the aegis of National Mission
on Education through Information and Communication Technology (NMEICT), in-
volving a consortium of twelve Indian institutes, which provides distance web- ena-
bled experiments in ICT-based education [29].

o The University Network of Interactive Labs (UNILabs, https://unilabs.dia.uned.es/),
a network of several Spanish and South-American universities that share their
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laboratory resources for education purposes [30], in a web 2.0 environment, i.e. the
“dynamic web”, whose goal is to allow users to read, write and collaborate on the
topics they are addressing [31].

e The OpenScience Laboratory (https:/learn5.open.ac.uk/course/view.php?id=2), of
the Open University in the UK, which has been very used in experiment-based re-
search activities [32], [33].

e The Virtual Instruments System In  Reality project (VISIR+,
http://www2.isep.ipp.pt/visir/), started by Blekinge Institute of Technology (BTH)
in Sweden together with National Instruments in USA and Axiom EduTech in Swe-
den, developed hands-on, virtual, and real-remote laboratories in Electrical and Elec-
tronics Engineering. The aim is to promote new teaching and learning methodologies
for engineering education [7] shared by a network of academic partners that nowa-
days also includes eleven institutions from Spanish, Portuguese and Latin American
areas [34].

o The Platform Integration of Laboratories based on the Architecture of visiR (PILAR,
http://www.ieec.uned.es/pilar-project/index.html?Ing=en), funded by the EU pro-
gram Erasmus+, with the aim to interconnect all VISIR systems in a superstructure,
providing a well-defined set of open practices, available through the Internet as a set
of services [35].

Heradio, de la Torre and Dormido [3] stated that, although the research projects on
laboratories and LNIs have provided an outstanding contribution to the research com-
munity, there are few reviews that analyse and classify them. Starting from these prem-
ises, they provided a survey of nine research projects and of the related forty remote-
access labs active in 2016; all labs were fully characterized in terms of access type and
experimentation availability. Conversely, Potkonjak et al. [12] followed a different ap-
proach to perform a qualitative analysis, with a particular focus on robotic virtual labs,
of an interesting set of remote-access labs that were selected among twenty research
projects funded by national and international frameworks (e.g. LiLa and Go-Lab),
learning platforms provided by single Universities (e.g. Virtual laboratory of Process
Control) [36], and commercial products (e.g. Robologix by Logic Design Inc - LDI
Canada).

By analysing all the twenty-nine projects of these two reviews, excluding those ones
focusing on software development for robotics’ virtual labs (as can be deduced from
the work of and Potkonjak et al. [12]), it is possible to identify a sub-set of fifteen suit-
able research projects, eight of which, more than the 50% of the sample, relate to LNIs
or network of networks. This result highlights the key role played by public-funded
research projects, in supporting the development of remote-access laboratories. Con-
sidering the gap in analysing and classifying the project experiences, as pointed out by
[3], we argue that it is useful to perform further analysis to introduce suitable indicators
to describe the context and the technical aspects of the LNIs.
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3 The Model Proposed by Potkonjak et al. [12]

In their classification, Potkonjak et al. [12] make use of four evaluation criteria, that
we report below in a slightly modified version, which is more in line with our own
classification (original text from [12] is reported in quotes).

e C1 - Realistic User Interface: ‘The user interfaces, for each piece of equipment,
must be identical to the corresponding real devices.” Meeting this requirement is
very important, especially for the labs used for operators’ training. It mainly con-
cerns programming, and it is relatively simple to be achieved. Possible criticalities
could arise in case of device copyright to replicate.

e C2 - Realistic Systems Replication: ‘The behavior of the virtual system (e.g. state
and control variables) must be equivalent to the system behavior in the physical par-
adigm.’ This requirement concerns the kinematics and the dynamics of the virtu-
alised equipment. To accurately replicate the behaviour of the physical system, a
mathematical model is generally needed. Its formulation depends on the teaching
field of the system and it can be made using either general purpose or dedicated
simulative models.

e C3 - Realistic Graphical Representation: ‘Visualization must be provided that
makes students feel like they are looking at a real authentic thing.” Meeting this
criterion is fundamental to experimentation labs reproducing complex systems (e.g.
manufacturing cells, logistic system, etc.) whose elements move synchronously in
space, can interact, collide and interfere with each other. In case of static and/or 2D
systems, achieving this requirement is less important.

e C4 - Support for Communication and Collaboration: ‘A 3D laboratory space
must be created which allows for communication and collaboration among students
and with the lab supervisor (or expert in the field).’ Probably, this is the most inno-
vative criterion introduced by the authors. To meet this requirement, developers
should create a virtual world to support not only the planning and the implementation
of the experimentations, but also the overall learning environment, to which the ex-
perimentation activities belong to. In addition to the experts and/or the developers,
also basic user (e.g. students) should be allowed to improve the learning process, by
operating in a Virtual Interactive 3D Environments (VIDE). Students, as well as su-
pervisors, may also choose an avatar in a VIDE [37], in perfect analogy with a seri-
ous game.

Potkonjak et al. applied these criteria to map the labs of the twenty initiatives onto
requirements’ meeting, and they found that only the Virtual laboratory at Stevens Insti-
tute of Technology [25], [38] fully complies to all four criteria. It is also worth noting
that, since only nine, out of twenty, were robotics’ labs, the authors made it clear that
the four criteria can be used also for labs that do not relate to the robotics’ field, and
that their aim was to propose a general model suitable for all web-based learning ser-
vices. In details, the model entails: (i) A lower level of learning for system oper-
ator (ii) A higher level of education towards the design and development of applications
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(iif) The use of platforms for inquiry learning, towards openness and interoperability
through traditional LMS and new 3D virtual world platforms ([12]).

The purpose of designing a model in such a way is twofold, as it allows: (i) Dealing
with new technologies and services, which have not yet been really considered in
education, e.g. equipment for immersive environments and virtual worlds for exper-
iments design and implementation. (ii) Highlighting the weaker aspects of the exist-
ing virtual and remote laboratories, i.e. criteria C2 and C4 related to dynamic mod-
elling and virtual spaces reproduction and, more in general, a higher level of flexi-
bility to create new objects to be included in the experiment.

These two aspects are particularly relevant if the experiment relies on virtual and
remote labs developed in a mixed-reality environment.

As noted in the introduction of the present study, albeit suitable, the model by Pot-
konjak et al. has some limitations: (i) The lack of a structured general contextualization
of the labs and lab-networks, i.e. labs’ scope is disregarded

(ii) The lack of a common reference-framework addressing the selection of the cri-
teria, i.e. the classification of labs and lab-networks is more qualitative than quantitative

(iii) The lack of a set of criteria for framing a network of networks of labs.

Owing to these issues, the goal of the present study is to expand the four criteria of
the model by Potkonjak et al., using a suitable layered reference-framework for remote-
access labs. The proposed structure is detailed in Section 4.

4  The Proposed Framework to Collect and Organize Informa-
tion on LNIs

In this section we provide the structure to collect material on LNIs and to organize
them into a display-board. Also, to prove the applicability of our structure, and to pro-
vide the reader with a practical example of how many fields can be filled in when in-
formation is collected on a specific LNI, we introduce a descriptive case study com-
posed of three LNIs, which is reported in Appendix A. These examples show that, alt-
hough most of the LNIs will not fill every field of the database, the database itself is
complete, in the opinion of the authors, as it allows to gather all information that is
relevant to describe the specific solution.

Concerning the structure, we have first defined three dimensions to cluster the suit-
able information. They are:

e ‘General Information’ - This dimension is related to the organizational aspects of
the project. Indeed, it organizes data relative to the stakeholders of the lab (network),
to the project’s duration and activities. It also reports all the sources where related
information can be found.

e ‘Context Information’ - This dimension is mostly related to the didactic and the-
matic aspects of the labs, as it deals with general labs’ characteristics and availabil-
ity. It also details the type of experiments (that can be performed) and the kind of
users that can log on the lab.
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e ‘Technical Information’ - This dimension specifically addressed the technical de-
tails of the implemented solutions. We note that, in this dimension, the technical
point of view might also be directed on ‘non-technical’ aspects of the LNI, such as
didactic (e.g. learning analytics and learner record store) or organisational aspects
(functionalities of the client layer and access levels).

Concerning the last point, we are aware that, in case of a network of labs, collecting
technical details for them all and synthesizing them in a single data collection frame-
work is a hard and time-consuming task. Still, since this information can be very valu-
able, we propose to proceed as follows. When answering to each question, the analyst
should consider the best performing lab with respect to the specific question. Should
the number of labs be too big to be handled, labs could be clustered in groups with
similar characteristics and technologies. Thus, the best performing lab of each cluster
could be more easily taken as a reference. This process will then generate a pseudo-lab
which synthesizes the best characteristics of the whole LNI. This approach is aligned
with our aim to describe the state-of-the-art in terms of devices, techniques and services
[39]. We are aware that this approach cannot entail information about learning objec-
tives for which the labs were designed, as those learning objectives can differ among
the labs and cannot be reported at our pseudo-lab level. Nevertheless, our intent is more
focused on the technical aspects and on the lab architecture, rather than on teaching and
learning objectives.

Next, to detail the three dimensions, we defined a set of Key Attributes (KAs), whose
nature and number depend on the dimension itself. The KAs are information that cate-
gorize the laboratory, and they are described through a series of items, structured in a
multi-level hierarchical way, that provide low-level information (relative to the imple-
mented solution), either of quantitative or qualitative nature. Both KAs and items be-
longing to the three dimensions were selected through an accurate analysis of relevant
literature on remote-access labs and were validated by the cross-functional team of the
DigiLab4U project, comprehending seventeen subject matter experts from five German
and Italian higher education institutions (for the list of institutions, see www.digi-
lab4u.com). Specifically, the validation process was performed by means of a mini-
Delphi strategy as the one suggested in the work by Neaga and Henshow [40]. The full
list of KAs and their relative items is shown in Table 2, where the structure is applied
to a descriptive case study, and in Table 3, where the exact meaning of each item is
reported.

The first dimension ‘General Information’ (G) is detailed through ten KAs related
either to the organizational aspects of the project or to the sources of information related
to the project. Note that, being a descriptive dimension, G is directly described through
KAs, and it does not need lower-level items.

The second dimension ‘Context Information’ (C) comprises seven KAs related to
the network (if the project involves a network), to the type of experimentation and to
the access to the labs. Concerning lab typology, the detailed information is gathered by
means of four first-level items, namely: ‘Virtual’, ‘Remote’, ‘Hybrid’, and ‘Gaming’.
Note that the first three items correspond to the ‘remote-experiment’ part of the lab
classification proposed by Zutin et al. [23], but there is not a specific item concerning
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the ‘Networked’ scenarios suggested by Pfeiffer and Uckelmann [24]. This is because
we believe that the network type and its architecture are the core of a remote-access
labs; hence we dedicated to the network description a specific KA, within the ‘Context
Information’ dimension. Also, we opted to consider ‘Gaming’ as a specific item, be-
cause it both relates to virtual worlds supporting specific laboratories [12], as well as to
Game-Based Learning and to Serious Games. Since gaming-based learning scenarios
often make use of computer-based gaming, it is our opinion that they are a real mix of
real/virtual and local/remote solutions [41]. Furthermore, in previous classifications,
serious games have never been considered. However, the use of this learning-game tool
is growing considerably, thus we decided to consider this item separately, because of
its novelty and specificity.

Finally, the third-dimension deals with ‘Technical Information’ (T) and it addresses
the technical solutions implemented by the lab-network. The KAs in this dimension are
six, and they are described through thirty-eight items. Four KAs, out of the six of this
dimension, directly refer to the four-layer reference-framework (for remote-access labs)
introduced by Zapata Rivera and Larrondo Petrie [26], of which, a readapted version is
shown in Figure 2.

1. The upper layer is the ‘Client Layer’ that provides the user an interface to re-
quest\book a practical session and to interact with remote lab experiments by com-
municating with the learning environment, or directly with the remote lab server.
This layer coincides with the KA ‘Client’, which comprises six first-level items
about the user and the access to the lab-network. The second-level items describe the
possible roles of the users.

2. The second layer is the ‘Learning Environment Layer’, which exists when labs are
embedded in an LMS. If so, performed activities can be evaluated as part of an exam
or can be used to define a full pedagogic scenario and to assess learning analytics.
The corresponding KA is the ‘Learning Platform’ and it collects three first-level
items on the LMS (e.g. Moodle, edX and so on). The second-level items describe its
functionalities.

3. The third layer is the ‘RemoteLab Server Layer’, which gives access to a remote
laboratory through three resources: (i) the Access Manager, for validating the iden-
tity and authorization rights; (ii) the Scheduler, for the management of the user ap-
pointments and validation of the specific experiment, and (iii) the Resource Module,
which implements the searching service over the indexed list of resources, using the
metadata associated with each resource. The corresponding KA is the ‘Remote Lab
Server’ and it consists of nine first-level items concerning the access to the experi-
mentation, e.g. the Access Manager and the Lab Scheduler, and the experimentation
typology, which consists of four second-level items properly related to the storage
of the result, e.g. ‘batch’, ‘sensor’, ‘interactive experiment’, and ‘repository’.

4. The fourth and last layer is the ‘Physical Laboratory Layer’, which implements a
centralized Administrator Module responsible for the communications with the Re-
moteLab Server Layer and for the management of experimentation and devices. It
also performs administrative activities (e.g. update new resources, report changes of
schedules, etc.) and activates alerts. The corresponding KA is the ‘Physical / Virtual
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lab’ whose first-level items allows describing the software and the devices for the
experimentation; the latter is described by means of four second-level items. In par-
ticular, we specify the difference between the second-level items ‘smart sensors’ and
‘smart devices’, to make clear that smart devices are able, self-sufficiently, to pro-
cess data and to make them available online.

LEARNING

ENVIRONMENT
Access Manag.

Authentication()

USER Autharisation()
l

Course

Show_Lesson()
Start_Lab_Guide()

1 Eval_Concepts()

Lab Connection

CLIENT

D
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Interact_Lab()

Student Teacher Connect()

Request_Lab()
) Share_LMS_Inf
Admin | | schedule Labl) are_LMS_Info()
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&
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Open_Session()
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Admin
Manage_Schedule()
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Exper.
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g::;:(z;luﬂ) Reserve_Lab()
I I
‘ Eauipment Resource
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d
Camera Sensors ggl:tzej:(s;:)
;::::3((: Actustors Res_Availability()
REMOTE LAB
PHYSICAL/VIRTUAL LAB
SERVER

Fig. 2. The four-layer reference-framework readapted from Zapata Rivera and Larrondo Petrie
[26] used to identify the items of the dimension ‘Technical Information’

It is worth noting the very technical characterization of the proposed structure, as,

just the 28% of the items are of descriptive and qualitative nature, whereas the remain-
ing 72% relate to technical features. Furthermore, the structure is deliberately very
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detailed, and maybe even characterized by an abundance of items. In our opinion, in
fact, it should be considered as a checklist to guide the analyst in considering all the
relevant issues when he or she classifies the existing remote-access lab, without missing
important features. Finding a value for each item of the display-board would be the
optimum but, to properly describe a laboratory, there is no need to fill in all its fields,
as the amount of information depends on the typology of the lab and on the performed
experimentation. In addition, we opted for a very detailed structure because, in this way,
it can be used as a guideline also for designers developing novel and innovative remote-
access labs. In summary, a very detailed structure has a twofold aim: (i) Supporting
the provider of new remote-access labs in designing it (ii) Creating a common standard,
in order to make the provided solution more visible to the research community.

The structure that we propose, provided with the explanation of each field is pro-
vided in Table 2. In the heading of the tables, D are the dimensions and KA are the key
attributes.

For the sake of clarity, a part of the ‘Technical Information” dimension is also de-
scribed below. The first two KAs provide general information on the architecture of the
lab: they are ‘Number of layers of the lab architecture’, and ‘Full list of layer names’.
The other four KAs correspond to the layers of the reference-framework for remote-
access labs provided by Zapata Rivera and Larrondo Petrie [26]: ‘Client’, ‘Learning
Platform’, ‘Remote Lab Server’ and ‘Physical / Virtual (experiment)’. The items of the
latter KA are:

1. The single-level information about the design software, used to develop the virtual
labs.
2. The double-level information about the physical equipment and devices installed in
the lab, namely:
a) Need of human actions (i.e., activities carried on by lab’s staff) to perform the
experiment.
b) List of devices and equipment used to operate and/or to automate the lab.
c) List of the devices used to transmit information, and classification of their na-
ture (i.e. smart devices or smart sensors).

As a further example, the hierarchical structure of the ‘Physical / Virtual” KA is
shown in the cellular chart of Figure 3. As it can be seen, this KA belongs to the third
dimension and it is described by means of two first-level items, highlighted in dark
orange. Also, in case of Physical labs, additional information is collected by means of
four second-level items, namely: ‘Fully automated’, ‘Sensors, actuator, and controller’,
‘Smart Devices’, and ‘Smart Sensors’.
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Table 2. Fields of the structure to collect information and meaning of each item / key attribute.
Please note that only the last level items must be quantified with a value. For the sake

of comprehensions, KA and first level items that do not need to be quantified are

highlighted with the symbol [-]

D | KA 1D Item Go-Lab solution

1 1 Project full name The name of the project and/or of the
main remote lab (hands-on laboratories
are not considered)

2 2 Coordinating organization Name of the main/lead/coordinating or-
ganization of the project

3 3 Partners of the project Other organizations directly involved in
the project, providing significant contri-
butions

4 4 Other organizations/institutions Other organizations providing non-sig-
nificant contribution (e.g. users, patron-

O age, etc.)

5 5 Sponsor / funding organization Main funding organization / body

6 6 Related papers (doi 1) IDs of papers describing or related to the
project (linked with a reference data
base)

7 7 Project starting year First year of the project

8 8 Project finishing year Last year of the project, if concluded

9 9 Active Currently available / working

10 10 Abstract of the project A brief description of the project (in-
serted as an internal link to another ta-
ble)

11 11 Network of labs Is it a labs-network (i.e., more physical
and virtual labs are connected through-
out the web) or is it a single lab?

12 12 If networked: how many labs? If so, how many labs are part of the net-
work?

13 13 Research / teaching fields List of the general fields/topics of the lab
(e.g. Engineering, Physics, Chemistry,
Biology, STEM etc.)

14 14 Users User for whom the lab has been de-
signed, i.e., P - Primary school (<14y); H
- high school (14 - 18); U - University
(19+); R - researchers; C - companies; O

o - others

15 15 Publicly available outside project partners|State if external users not belonging to
the project’s consortium can freely ac-
cess to the lab

16 16 Experimentations in TE (#TOTAL: #re- |Description of the specific kind of exper-

mote) iment/simulation that can be performed
(e.g. design of electronic circuits, design
of robot cells, hydraulics systems, logis-
tics simulations, etc.)
17 Types of laboratories (and # per types)  [Type of lab, as defined in Zapata Rivera
and Larrondo Petrie [26]

17 171 virtual (#) Remote Access - Virtual Resources i.e.,
A simulation environment accessible
through the web
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remote (#)

Remote Access - Real Resources i.e., A
physical lab accessible through the web

hybrid (#)

Remote/Local access to a Real/Mobile
lab and Remote/Local access to a virtual
lab

gaming (#)

Remote access to a serious game, typi-
cally in the field of management, mar-
keting, logistics, risk management etc.

18

18

Number of layers of the lab architecture

@]

Typically, labs are based on 3 layers
(i.e., Client - Lab Server - Lab), some-
times they can also be integrated with a
learning platform. If so, this is the fourth
layer

19

19

Full list of layer names

Possible entries are: Client - Learning
Platform - Lab Server - Lab

20.1

Main functionalities of the client layer

List of the provided functionalities. Gen-
erally, the client identifies the user and
provides him or her with an interface to
get access to the system

20.2

Kind of connection with the Learning
Platform (LP) or with the Lab Server

How does the Client communicate with
the LP, or with the Lab Server? E.g. Text
parsing (XML, JSON), xAPI, iFrame,
scripting (.cgi), Communication standard
(LTI). Others

20.3

Number of different users/access levels

Generally, at least three kind of users can
be considered. These are Admin -
Teacher - Student

20.4

Higher access level

List of all the user profile with the high-
est access level e.g. Administrator

204.1

Role #i

List of roles assigned to the user profile.
If more profiles are possible (at the same
access level), a specific list of roles
(Role #1, Role 2, etc.,) must be provided.
Possible roles include: Schedule lab, In-
teract/modify Labs,

20.5

Intermediate access level

e.g. Teacher - Instructor - Coordinator -
Researcher - Other

20.5.1

Role #i

e.g. Requesting lab, scheduling activi-
ties, Assigning students to labs, Creating
Groups, Monitoring progress,

20.6

Lower access level

e.g. Student, External User, Others - This
could be further developed into "Coordi-
nator

20.6.1

Role #i

e.g. Request lab, Use Lab, Watch experi-
ments, Check results,

20.6.2

Are group works supported? (Y/N)

Possibility to create collaboration team
to perform experimentations and/or to
participate to serious games.

20.6.3

If so, list possible roles inside a group

e.g. Leader/Coordinator, Implementer,
Experimenter, Recorder, etc.

21. Learning |20. Client

Platform

21.1

Which LP, if any?

e.g. moodle, docebo, edX, Grasp, others?

21.2

Connection with the Lab Server 2

How does LP communicate with the Lab
Server? E.g. Text parsing (XML, JSON),
XAPI, iFrame, scripting (.cgi), Commu-
nication standard (IMS). Others
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Provided Functionalities

The functionalities offered by the learn-
ing platform

21.3.1

Access manager (Y/N)

Do Client layer and LP share the same
registry for users and users’ activities?

21.3.2

Course selection (Y/N)

Teachers can access to the experiment
repositories and to didactical material to
create new modules? Is it possible to link
a set of experiments (i.e., labs activity) to
a specific module and use results as a
part of the final grade?

21.3.3

Pedagogical scenario (Y/N)

Is it possible to create entire learning
plan, specific for single users and/or for
academical courses?

21.34

Learning analytics (Y/N)

Are learning analytics based on the expe-
rience/knowledge acquired using the
lab?

21.35

Learner record store (Y/N, metadata for-
mat)

Results, and the important interactions
(from the point of view of the teacher)
are filed in the LRS system?

21.3.6

Other

22.1

Details on web application

e.g. Client-Server with plugin installa-
tion (Java Application), Smart Devices
paradigms with Widgets or/App for Web
2.0, etc.

22.2

Access manager (Y/N)

Are logs and activities of the users fully
tracked That is, it is possible to check
when a user logged in, for how long, to
perform which kind of experiments
and/or it is possible to trace back results
to experimentation sessions and users?

22.3

Lab scheduler (Y/N)

Is it possible to book the lab and/or to
schedule activities to be performed?

22.4

Kind Graphical User Interface

Possible values are: {2D/3D} & {Non -
Adaptive, Adaptive, Reconfigurable/Pro-
grammable}

22.5

Assisted Experience/Tutoring (Y/N)

A configuration in which the experience
is made by both the user and the system
either supported by a wizard and or by a
tutoring system

22.6

Single / multi access (concurrent)

Possible values are: Single — Multiple
(different user operating on different
labs) — Concurrent (different users oper-
ating on the same lab)

22.7

Type of experiment

22.7.1

Repository (Y/N)

Just a database of performed experi-
ments and obtained results

22.7.2

Batch Experiments (Y/N)

Students fully specify the experiment in
advance, and submit the specification as
a request

22.1.3

Sensor Experiments (Y/N)

Experiments can be replicated, and real-
time data streams without influencing
the phenomena being observed

22.7.4

22. Remote Lab Server

Interactive Experiment (Y/N)

Students control and monitor the experi-
ment during its execution.
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22.8 Haptics (Y/N) Sensitive devices able to actuate real
equipment or to interact with virtual real-
ity models by returning feedback infor-
mation from the reaction force to the ac-
tion performed by the user

22.9 Gamification (Y/N) The application of game principles into
non- game contexts in order to improve
user engagement, learning, evaluation
23.1 If virtual, which Design Software e.g. MATLAB, Simulink, ANSYS,
Arena, others

23.2 If physical:

23.2.1 |Fully automated (Y/N) Possible values are: Low (human inter-
vention is needed during the experimen-
tation session), High (human interven-
tion is needed only for set-up activities),
Full (humans are never needed)

23.2.2 |Sensors, Actuator, and Controller: de- List of the devices and equipment used
- scription to operate the lab

23.2.3  [Smart devices (Y/N) Devices endowed with some onboard in-
telligence (i.e., sensors and actuator,
identity and kind, memory and status
tracking, communication capabilities,
reasoning and learning) capable to com-
municate with other devices, sensor, and
items [42]

23.2.4 |Smart sensors (Y/N) Sensors capable to elaborate and trans-
mit their state just to the control unit (in-
dustrial internet of things) [43]

23. Physical / Virtual

1 Used among others, for retrieving the information filling the database
2 Although useful, this information is difficult to find. This field can be considered as optional

As we mentioned before, Table 3 (in Appendix A) reports an application of the struc-
ture to three different LNIs, also referred to as projects or ‘ecosystems’, namely Go-
Lab (Global Online Science Labs), LiLa (Library of Labs) and WebLab-Deusto. Go-
Lab (https://www.golabz.eu/) was a project co-funded by the European Commission
(7" Framework Programme, Grant agreement No 317601) which has developed the
Go-Lab Ecosystem, a complex of services to share and create labs (i.e. the Go-Lab
Sharing and Authoring Platform), which targets science teachers from primary and sec-
ondary schools and aims to help them enriching their teaching practices with innovative
teaching approaches and supportive technical tools. LiLa (http://library-of-labs.org),
co-funded by the eContentplus programme of the European Commission, is an initiative
of eight universities and three enterprises, for the access and exchange of virtual and
remote laboratories, including services like a scheduling and tutoring system, as well
as connection to library resources and an environment for online collaboration. Web-
Lab-Deusto (https://weblab.deusto.es/), started on early 2000s by testing different set-
tings of a Computer Programmable Logic Devices through the internet, is an initiative
of the University of Deusto aiming to increase experiential learning by means of remote
and virtual laboratories, freely accessible through the Internet via an Open Source li-
cense software.
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Fig. 3. “Cellular chart” of the structure to collect information for a single a single KA —i.e.

Physical / Virtual (experiment) - belonging to the dimension ‘Technical Information’,
and its two-level items

We selected these projects, which significantly differs from each other, because they

are well-established learning environments that propose a great number of different la-
boratories. The information needed to fill Table 3 were collected as follows:
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We retrieved information on existing labs and previous initiatives, by reading the
relevant literature on the topic. This literature was obtained by querying databases
of peer-reviewed literature (e.g. Scopus), and freely accessible web search engine
(i.e. Google Scholar). By analysing this literature, we identified suitable labs and
networks

We visited the website of the specific lab/network, as well as the website of the re-
lated project initiatives.

We retrieved information by reading relevant literature on the specific subject.

In case of missing data, we directly contacted the lab provider or the authors of rel-
evant papers.

We asked the lab provider to update or amend the information related to its lab, if
possible.
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Concerning the fourth point of the bullet list, we explicitly noted above that we did
not fill each display-board in all its fields. This is because our aim was to propose a data
collecting framework and not to perform the analysis of the existing lab-networks,
which will be the topic of future works. So, the results of Table 3 must be considered
only as a demonstration example of the methodology, which is why the display board
was not filled with data which were not readily available, or which would have required
a direct use of the laboratories. Still, we note that the missing data average of the three
examples is 30%, a fact that confirms how, although somehow redundant, data included
in the structure are quite easy to be found.

5 Discussion and Conclusions

Nowadays, providing laboratory experiences for students in STEM education is ex-
tremely important, both in terms of teaching and training reasons. Experimentations, in
fact, allow explaining analytical concepts in practice. Moreover, they allow educating
pupils in operational methodologies that will otherwise be learned just once they enter
the labour market. Since traditional hands-on labs involve high costs (relating to equip-
ment, space, and maintenance staff), and they require full-time personnel devoted to
limited tasks, the interest of the scientific community in remote-access labs is continu-
ously growing. Although researches have been originated for cost-savings reasons, a
definite answer concerning the actual savings of remote-access labs is still missing, as
they generate high costs in the development and in the maintenance phase (e.g. high-
computing devices, software development, reliable equipment and so on).

However, what emerges from the literature is that remote-access labs provide learn-
ing outcomes that are comparable to traditional hands-on labs, and they may provide
further benefits widely validated by the research community. Despite researchers have
produced a huge amount of literature on the topic, there is a gap between the literature
proposed to solve specific problems for an individual remote-access lab or network,
and the literature proposed to analyse the labs-network from an integrated and compre-
hensive point of view. This is noteworthy, because the information that can be obtained
from past experiences can be useful to address new projects and design new remote-
access labs and networks. With the aim of supporting both researchers analysing re-
mote-access labs and practitioners who want to develop a new solution, in the present
study we have provided a general pattern to retrieve the suitable information on labs
and networks, by defining how to collect information and organize data in a suitable
structure. Specifically, we have defined which information are required to fulfil the
definition of the state-of-the-art in the remote-access lab-based education, and to sup-
port practitioners in the development of their own solution. We have distinguished be-
tween three information dimensions: the ‘General Information’ and the ‘Context Infor-
mation’, which define the lab/network ‘Identity Card’, and the ‘Technical Information’,
which sounds like the laboratory ‘Specification sheet’. In particular, we believe that
‘Technical Information’ constitutes the real novelty of the paper, since previous studies
have never provided technical information on the proposed solutions in a structured and
comprehensive way. The proposed data collecting structure has also been reported in a
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practical display-board, where all relevant information of three different LNIs, namely
Go-Lab, LiLa, and WebLab-Deusto, were filled in. To conclude, we note that such
structure could be used to collect and organise information on existing LNIs (as well as
past ones), with the aim of depicting the state-of-the-art on this topic. Also, the very
same structure could be useful as a guideline for new projects and application of LNIs,
as it promotes a technical approach to a wide set of LNIs, without disregarding organi-
sational and didactical aspects. Indeed, the authors of these paper are already working
on those topics for future research.
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Appendix A — Lab network initiatives (LNIs)

In this Appendix A we provide an application of the proposed structure to three LNIs,

i.e. Go-Lab, LiLa and WebLab-Deusto, as we mentioned in section 4.

Table 3. Information on three LNI collected with the proposed structure.

D|KA| ID Item Go-Lab solution LiLa solution WebLab solution
Global Online
1 1 |Project full name SC|er_1ce Labs _for Library of Labs \WebLab-Deusto
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0 lands y tute of Technology, Spain
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3 3 | pean Universities A s
liect 1 versities nated laboratory
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organization framework Pro-  [the eContentplus pro-|nated laboratory ®
gramme gramme
10.1007/978-3-
6 | ¢ |Relatedpapers [p42-41175-5 25 181383;5’%";%11296 10.1109/ISIE.2006.296127
(doi) 10.1186/s40561- 16208— 4 27 10.3991/ijoe. v8iS1.1952
014-0003-6 =
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dex.php?page=partners. Last access: 09/01/2020

8 E.g. VISIR laboratory within the VISIR+ project: co-funded by the Erasmus+ Pro-
gramme of the European Union. Source: http://www?2.isep.ipp.pt/visir/. Last access:
09/01/2020

Last access: 09/01/2020
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