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Abstract: As the term smart begins to move away from inflationary usage, mostly related to com-
munication capabilities, and towards a more effective dimension, there is room for research into the
systematic process of transforming the things that were not originally designed to be smart. Such a
process is referred to as smartification, which evokes the digital refinement of an existing product by
embedding digital technologies and smart services. The state of the art shows only a few articles that
investigate such methodological approaches to provide smartness on several application domains
(e.g., home appliances, buildings, cities), while the smart university domain has not been deeply
faced up yet. Based on the hypothesis that a methodology synthesizes a set of suitable procedures
oriented to simplify the process of measuring the degree of smartification, we propose in this work
a methodology that uses technological and academic criteria for designing a tool to measure the
smartification of universities. The main conclusions of this work are the following: (1) The review
of the current state of the art related to smart universities and smartification reveals the need for a
new vision for a more adequate and accurate assessment of the degree of smartness of universities;
(2) A formal method based on Multiple-Attribute Decision Making and case study research aimed at
assessing the degree of smartification within the scope of smart universities; (3) A demonstration
of the feasibility and application of our method to quantify the smartification degree of the School
of Computer Science (ESI) at the University of Castilla-La Mancha under the project Smart ESI;
and (4) A valuable method that allows equal comparison between smart universities through a
set of standardized indicators, which offers the opportunity to analyze in depth the strength and
weakness, and potential achievements of any smart initiatives. To the authors” knowledge, this is
the first approach aimed at assessing the extent of the smartification process in smart universities
through a formal method. The outcome of this research can benefit different stakeholders: university
community, researchers, and, ultimately, the digital transformation of society.

Keywords: smartification; methodology; smart university; MADM

1. Introduction

In twenty years of the Internet of Things (IoT) success story, we have witnessed the
realization of the original concept, which empowered computers by giving them the means
to see, hear and smell the world [1]. Advances in microelectronics and communications
technologies have led to the emergence of a mass of sensing, computing and commu-
nication devices that are ubiquitous and indistinguishable from the explicit technology
that people use. These devices, or things, have burst into multiple smart domains, such
as cities, agriculture, or industry to develop the level of knowledge we possess of our
environment, through the observation of a large number of phenomena, the collection of
an unprecedented volume and variety of data, and the processing and analysis through
advanced techniques of Artificial Intelligence (Al) or Big Data.

It is not so clear, however, what confers smartness to the IoT. In the smart cities domain,
for example, the smartness condition may be just acquired by the fact of adopting actions
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oriented to increase the degree of urban development. In this context, initiatives such as
providing grants to replace contaminant cars, to substitute bubbles in lampposts with LEDs,
or more kilometers of bike lanes [2] are denominated smart in spite of they may completely
lack the technology and services that provide a certain degree of smartness. Such initiatives
generally overlook or do not draw enough attention to the need to incorporate Information
and Communication Technologies (ICT) as part of the smart city materialization. Similarly
to the smart cities domain, there is no common agreement on the definition under the term
smart university and, also similarly to smart cities, it is commonly accepted that it differs
from the traditional university in the employment of ICT, including automation, control
and management systems, Al or IoT in order to accomplish the mission of the institution.
Another example is found in the smart buildings domain. According to [3] a smart building
is a set of communication technologies enabling different objects, sensors and functions
within a building to communicate and interact with each other and also to be managed,
controlled and automated in a remote way. Buildings represent one of the most critical
infrastructures both in cities and in universities, due to the fact they concentrate the largest
expenditure on utilities such as energy and water. In fact, it is also known that the energy
consumption in buildings represents one of the largest shares of total consumption, around
40% in the EU according to the Directive 2010/31/EU [4]. In order to alleviate this issue,
the EU has promoted policies over the last 50 years [5] that have progressively converged
into the concept of Nearly Zero Energy Buildings (NZEB), which denotes buildings with a
very high level of energy performance and that requires nearly zero or very low amounts
of energy that can be covered, to a large extent, by energy from renewable sources.

To approach the concept of NEZB, IoT and IA enable the transformation of the existing
buildings into smart buildings. Metallidou et al. review in [6] more than 20 research articles
that propose strategies for energy savings in smart buildings through the automation and
optimization of, for instance, the lighting, the HVAC (Heat and Ventilation Air Condi-
tioning), fire prevention and air quality systems. Such systems are typically composed of
devices that integrate multiple sensors and actuators, e.g., PIR, temperature, humidity, CO,,
PMs (particulate matter), LEDs, and solenoid valves, and that implement user services
based on Al techniques such as, for example, neural networks, agents or fuzzy logic to
determine which are the user behaviors that, subject to environmental conditions and
facility state parameters, incur superfluous energy consumption and how to adjust the
system configuration accordingly to optimize its consumption while user safety and its
comfortability are kept. For example, the simple observation of the occupation of the spaces
and the user tracking may determine when the lights should be on and off in a room [2,7].

The previous examples provide samples of smartification processes by describing the
digital refinement of an existing product by embedding digital technologies and smart
services [8]. Although such works provide good demonstrations of smart initiatives, they
overlook or, at least, do not address the question “how smart is that smart product/domain”,
whose response provides an estimation of the degree of smartification, i.e., the quantity and
quality of ICT resources employed, and how it impacts on a given domain. We rely on such
assessment tools that can be built on a methodological foundation that allows for systematic
replication of best practices in different domains. Precisely, based on this research hypothe-
sis, we propose in this paper a methodology for evaluating the smartification process of
small/medium-sized universities and campuses that will (1) simplify the time and effort
of measuring the degree of smartification; (2) take advantage of lessons learned and best
practices; and (3) provide a standardized tool for equitable comparison between smart
universities based on technological and academic criteria. To the best of our knowledge,
there is no other research work that investigates smart universities from this perspective.
To this aim, Section 2 reviews the related works in methodologies for smartification and
analyzes its suitability to the university domain. In Section 3, we describe the proposed
methodology, the quantification method, dimensions and indicators. Section 4 presents the
results of applying our methodology to the Smart ESI use case and Section 5 presents the
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discussion of the major outcomes of this analysis. Finally, Section 6 outlines the conclusions
and directions for further research.

2. Related Works

The background of this work is based on smart campuses/universities and their
smartification. Firstly, we describe examples of the design of smart universities and then,
we review the works oriented to smartification. As far as the authors know, there exists no
smartification process specifically designed for smart universities.

2.1. Smart University

The systematic review of literature on smart universities described in [9] reveals a
plethora of works in a low maturity degree due to the lack of theoretical frameworks that
enable them to reflect their specific circumstances. There exists a first group of works
oriented to improving the education process in a more digital than smart way; thus,
a smart university is a platform that acquires and delivers foundational data to drive
the analysis and improvement of the teaching and learning environment [10]. Under
this umbrella, we found a variety of platforms that increase the availability of data and
resources and improve the user experience through, for instance, web-based tools, apps
and conversational interfaces, following the changes promoted by new regulations, policies
and social issues that are influencing the educational model [11], but excludes strategic
aspects of the institution such as the governance, the environment and the efficiency in the
resources management and the sustainability. An example of this first group is presented
in [12], which describes a smart university as an organization composed of four smart
axes—student, knowledge, interaction, and learning—to reflect the changing environment
to which education processes are subjected due to informal learning methods and ubiquity
of resources, students and teachers. The same criteria is followed in [13], where a smart
classroom is defined as an intelligent class that incorporates learning methods and emerging
information technologies with innovative teaching and new pedagogies. The same idea is
reflected under the term smart campus which was coined in the 2000s: a video conference
system for distribution of multimedia contents to the students [14].

In a second group, we find smart universities that are modeled following the design
principles of a smart city and underwriting the sentence “behind every smart city is a smart
university” quoted by Dr. Simon Easson of IBM. Such approaches are oriented to have
better control of a broader range of aspects such as governance, wellness, management, or
energy management processes [11,15]. One common characteristic is the adoption of IoT,
with a mass of sensing/acting pervasive, hyperconnected things at any time, any place,
with any-other-thing and anyone, increase our knowledge of the university environment
and make possible the definition of an intelligent decision making process on top of it. As
we describe in [2], a smart city refers to a city that monitors and integrates conditions of
its critical infrastructures, e.g., roads, bridges, tunnels, rail/subways, airports, seaports
and communications, to better optimize its resources, plan its maintenance activities, and
monitor security aspects while the services to its citizens are maximized. In essence, a
campus/university can be viewed as a mock-up of a city, with some obvious differences, as
described in [16]: smaller size, infrastructure management (generally, public buildings in
campuses/universities in contrast with private buildings in cities) and homogeneity and
autonomy in campuses/universities that enable to force the adoption of technologies and
specific architectures. This approach is used in [9,16-19], which identify firstly a set of smart
dimensions for the universities and, secondly, for each one to identify intelligent, value-
added services and, in some cases metrics and KPIs for different stakeholders. There is no
agreement on the smart dimensions and services that are provided by the smart universities,
as shown in Table 1, which presents a summary of smart universities modeled under this
perspective: in the first column, we show a name to denote the smart dimension and in the
second column we provide multiple designations that refer to the same dimension; then,
in the third column, we show some common smart services (in gray color) provided by
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at least two universities in each dimension; and, finally, the fourth column shows other
services that are implemented only by one university in one dimension.

In a third group of works, we find strategies defined merely from a technology view-
point, which are oriented to optimize the efficiency in buildings, since they represent one
of the most critical infrastructures in buildings. This is the case described in [20,21], where

the authors present an iterative methodology to make buildings smart and resilient.

Table 1. Examples of Smart Universities designed as smart cities: dimensions and services.

Smart
Dimension

Other
Designation

Smart
Common Services

Other
Services

Learning

iLearning [9]
Educational Services [19]
Smart Education [18]

Personalized Learning
Educational Assessments
Smart Classroom

Library Management System
Teaching Management System
Learning Management System

Safe Learning Environment
Smart Education Technologies
Internet Access

Smart Tools

Community needs awareness
Results-based learning

Governance

iGovernance [9]
Government [17]
Improved Services [19]
Smart Technology [18]
Smart Governance [16]

Financial System

Office System
Transparency
Taxation

Service efficiency

IT tools

Risk Mitigation
Unified Information Systems
Business Processes
Internet Technologies
Data Management
Information Systems

Environment

iGreen [9]

Environment [17]
Microgrid [19]

Smart Environm. [16,18]

Smart Building
Waste/water management

Pollution

Natural resource management
Environmental protection
Energy efficiency

Energy storage

Energy generators

IoT Enabled Loop

Renewable Energies

Electric vehicles

Biodiversity

Eco-friendly resources
Recycling

Sustainable Development Goals

People

iSocial [9]

People [17]

People Management [19]
Living [17]

Smart Living [16,18]
Smart People [16]
iHealth [9]

News Management System
Safety and Security

Social inclusion

Health Facilities

Market Management System
Citizen participation
Sociocultural level

Cashless payment

Smart Attendance

People Management System
Smart appliances

Special Needs Services

Life and property security
Quality of Life

Leisure

Extracurricular activities
Smart objects

Management

iManagement [9]

Smart Management [18]
Resource Management [19]
Smart Security [17]

People Identification

Smart Parking

Bathroom Management System
Location-based services

Smart Attendance

Safe Learning Environment
Campus Geographic Information
Eco friendly Campus
Sustainable management
Transparency

Participation

Process Efficiency

Disaster Prevention
Security

Biosecurity

Cybersecurity

Mobility

Smart Mobility [16,18]

Regional connectivity

Smart Logistics
Signaling
Smart Traffic




Buildings 2023, 13, 2568 5 of 26

Table 1. Cont.

Smart Other Smart Other
Dimension Designation Common Services Services
Economy [17] Employability Industry diversification
Smart Economy [16,18] Local development  Eco-efficient tourism

Green clusters

Support for the green economy
Tax incentives and aid

Electronic services

Entrepreneur /Innovation support
Collaborative Economy

Economy

2.2. Smartification

Although the concept has been in the air for many years, the first definition of smar-
tification was achieved in [8] in 2019, as the “digital refinement of an existing product
by embedding digital technologies and smart services”. Such refinement pursues to be-
come traditional objects or systems into smart versions of themselves that will, ultimately,
provide a better function towards addressing human needs. We find two ways towards
the smartification: ad-hoc and methodological. In the first group, we find works that
describe the smartification process applied to a specific product. This is the case of the
work presented in [22], where the authors describe the furniture smartification process,
e.g., a table, a chair, by means of the addition to the original piece of the capabilities of
sensing/acting, processing, and communication as well as actions to be undertaken when
a certain condition occurs and sitting thus the basis for proactive behavior. For example, a
chair becomes a smart chair able to monitor the heart rate of the person sited, to process
its ECG measurements, or to detect long periods of inactivity. For the authors of [23], the
concept of smartification is centered on providing horizontal interoperability through the
smart application domains. They claim that, in spite of the great diversity of application
domains, there exists a common need for all of them, which is to provide a smart service,
interoperable and with QoS requirements. To this end, the authors identify the QoS proper-
ties that IoT communication protocols should satisty, e.g., reliability, scalability, security,
interoperability and availability, and then review the mechanisms implemented by three
communication standards commonly used in IoT (3GPP, IEEE 802.11ax, IEEE 802.15.4) to
fulfill such properties.

Differently from the previous works, there exists a second group that includes works
that define a method for implementing smartification, in such a way the process can be
systematically replicated on different smart domains. These works are based on, in turn,
two approaches: research based on case studies and layered design. The next subsection
provides insights into works that describe methodologies for smartification.

2.2.1. Methodologies for Smartification

As far as the authors know, there exist very few articles dealing with the problem
of methodologies for smartification and none of them deal with the smart education
domain. Next, we analyze two methodologies based on the case studies research, that
are specifically relevant to the context we are addressing (the Eisenhardt Method and the
Porsche Consulting Methodology), the classical development software methodologies and
approaches based on Multiple-Attribute Decision Making.

The Eisenhardt Method [24] describes a process for theory building from multiple case
studies. The method consists of eight stages: (1) Definition of the research question: the
method attempts to answer research questions for which there is only a little or conflicting
prior theory and/or empirical evidence, and so no obvious answers; (2) Selecting cases:
the method focuses on the selection of the theoretical (not random) sampling from the
population, this means electing carefully those cases where, with a higher probability, the
focal phenomenon will occur and where the similarities and differences among cases will
improve the theory building with the aim to extract the generalization of the cases. This
stage is essential to yield a successful outcome of the method and there exists different
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techniques to accomplish the case selection, e.g., matched pair, polar types, and racing;
however, as mentioned in the cited paper, it is generally accepted the selection based on the
appreciation; (3) Crafting instruments and protocols: to identify multiple methods of data
collection to be used, including both qualitative and quantitative methods; (4) Entering the
fieldenables to identify the overlappings between the data analysis and the data collection
and to provide flexibility to the data collection methods, for example, by introducing
adjustments into the data and even new methods of data collection if needed; (5) Analyzing
Within-Case Datais the task focused on the analysis of data, which is the core of the
theory building and at the same time the most difficult part since the literature provides
not many works oriented to examine the techniques used for this analysis; however, a
recommendation is to address a within-case analysis, which typically involves detailed
case study write-ups often in a simply pure descriptions way. Next, it follows a cross-case
search for patterns, for example, by selecting categories or dimensions, and then looking
for within-group similarities coupled with intergroup differences; (6) the shaping hypothesis
consists of the definition of the constructs, as the essential components of a theory, and
the measures, as the units that quantitatively evaluate the emergent theory. In this step,
theoretical arguments that explain the validity and coherence of the resulting theory should
be provided, where the explanations may be based on the data, logic, and research in
other disciplines, like cognitive science and biology; (7) Enfolding literature is the constant
refinement of the resulting theory through comparisons between the emergent concepts,
theory or hypothesis with the existing literature: what is similar or different and why as the
foundation for the generalization; (8) Reaching closure is the final step because the previous
steps ranging from 4 to 7 could be into a loop and it is necessary to find the conditions to
stop adding cases and compare against the existing literature.

Based on the Eisenhardt method, the work described in [8] attempts to answer the
question How can a methodology for the smartification of products be designed?The authors se-
lected 13 case studies aimed at describing the process of development of smart products by
different industries and grouped them between two categories: B2B (Business-to-Business)
and B2C (Business-to-Customer). For the phase of data collection, they used description
documents and data sheets of each product as a primary source of data, and then they
added interviews with users of the products to incorporate their perspectives. As a result
of the data analysis, the authors identified a morphology consisting of 8 digital features
and a total of 26 digital functions, which were found in the thirteen cases. For a product to
be considered “smart” it must fit at least one function in each feature. A larger number of
functions and a higher degree of product intelligence. From these outcomes, the authors
define a methodology for manufacturing smart products by means of the link between the
smart product’s objective and its digital functions. The methodology consists of three steps:
(1) to establish the strategy portfolio; (2) to combine the objective and digital features of the
smart product into the so-called “user stories”, one for each digital feature, that is expressed
with the structure: “As <user> I want <feature, function> to achieve <objective>"; and
(3) refinement of the “user story” by adding restrictions and other considerations to, finally
obtain the description of a product development’s starting point.

The Porsche Consulting Method. The company Porsche Consulting GmbH [25] pro-
posed a smartification methodology focused on the smart buildings domain also based
on the research of case studies. This domain is elected basically for the urgent need for
optimization of indoor spaces for 68% of the world’s population living in urban areas by
2050. The authors pose that the current state-of-the-art on this topic lacks widely shared
and accepted visions and upside potential offered to various stakeholders and instead,
it consists of a set of disconnected applications with different degrees of technological
maturity (e.g., security, heating, ventilation, air conditioning, and lighting). To overcome
this problem, Porsche Consulting proposes a smartification methodology based on six
recommended steps: (1) Collection is the selection of the case studies from well-probed
pilots in this or another markets; (2) Evaluation of each case study based on its business
impact analysis and its feasibility; (3) Derivation from the previous analysis to determine
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the position of the company in the smart building ecosystem; (4) Definition of the smartifi-
cation road map for achieving the target position in terms of development, operation and
commercialization, ranging from investment policies up to the hiring of expert personnel
in specific areas; (5) Alignment consists of checking the smartification strategy and coin-
cides with the organization’s other strategic perspectives (e.g., corporate strategy, business
unit strategy, and functional strategies) to detect potential conflicts and tackle them with
appropriate solutions; and (6) Smart take off, consists of transferring the strategic initiatives
to specific work packages with responsibilities and timelines.

Multiple-Criteria Decision Making. Multi-criteria decision making (MCDM) seeks
to determine the best alternative by considering more than one criterion in the selection
process. According to [26], the MCDM problems can be classified into two main branches:
Multiple-Attribute Decision Making (MADM), which concentrates on ranking and scoring
a limited number of alternatives that are characterized by multiple, usually conflicting
attributes, whilst Multi-Objective Decision Making (MODM) problems involve evaluat-
ing alternatives that have been non-predetermined through competing objectives that are
required to be optimized simultaneously. The MADM process requires identifying the al-
ternatives, identifying the distinct attributes or criteria (qualitative or quantitative) that will
be used to compare alternatives and specifying a method formal to determine what is the
contribution of each alternative to a certain attribute. We find in MADM a valuable method
for designing rankings targeted to smart cities attending to a wide range of technological
criteria, such as we described in [2]. Our ranking contemplates explicitly 38 ICT indicators
related to a smartness dimension, so that the smartness degree of the individual initiatives
and of the overall smart city may be effectively measured.

Methodologies based on layered software design. The work presented in [27] superfi-
cially explores classical approaches to software development as methods for smartification
of smart cities. The authors argue that each individual smart city application can be de-
veloped independently top-down, bottom-up, as an extension-oriented approach, as an
off-the-shelf application or on the basis of open data as a starting point. The work, as the
authors mention, is not complete and lacks in providing evidence to demonstrate why
these methodologies fit well with the particularities of smart cities.

3. A Methodology for the Smartification of Universities and Campuses

This section describes a methodology for assessing the “smartification” of universities
and campuses, based on the theoretical foundations of both Multiple Attribute Decision
Making (MADM) and case study research. The case study review is used to extract knowl-
edge from the literature through an iterative method that computes a final setup (defined
by a set of dimensions, services and indicators). This final setup feeds the framework that
is built on MADM principles for the computation of the smartification degree G of a smart
university when examined according to the proposed methodology. We present first in
this section the methodology, and secondly, a method for the data collection from the case
study research.

The goal of our methodology is twofold: on one hand, we formulate a theoretical
framework for the quantification of the smartification in the smart university domain that
could be translated, with minimal changes, to any smart domain; on the other hand, we
enable a strategy for the equal comparison between smart universities according to a wide
set of academics and technological criteria.

3.1. Smartification Framework Description

Let us start with the definition of a set of n smart universities (alternatives) Y =
{uy,uy,...,u,} to be evaluated against a set of m dimensions D = {dy,dy,...,dm}. We
denote as S;; = {sl1 ].,slzl i .,sf j} to the p services provided for each university i € [1,#1] in
each dimension j € [1, m]. For each dimension j € [1,m], we may compute the set of core
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services S as the intersection of the services corresponding to that dimension across the
universities in ¢/ as follows:

s =5 M
i=1

Note that p may differ across different S;; but the size of S;‘ is the same for all
universities in a certain dimension since it corresponds to the common set of services. A
service s . € §;j defined for the university i € [1,n] and the dimension j € [1,m] has

assoc1ated a set of g specific indicators Qi = {ql i ql o ‘71‘ j }, where each indicator
Jq

g2
is defined by the tuple g% = (O;‘ j ,wffj), Vx € [1,4q] . The first value Of«‘j represents
one and only one observed value of the indicator x, which represents the contribution
to the service k in the university i in dimension j, with i € [1,n],j € [1,m],k € [1,p].

The second value of the tuple w i is the weight, i.e., a score that represents the relative
importance of the indicator x to the service k, so that we can have preferred indicators

over other indicators. Similarly, for a given service s » the set of core indicators Q7 is

computed as the intersection of the indicators Correspondlng to the service s i €5; ¥ across
the universities in U/ as follows:

n
=19 Vs es; )
i=1

Now, let us define the smartness dimension () aimed at evaluating specifically the ICT
usage and smartness degree associated with a certain university across all its dimensions,
to attempt answering the question how smartness the university is. Thus, () is a transversal
dimension to D, because the smart infrastructure is shared by the different dimensions
accomplished within the university. The dimension Q2 of a university i is measured through
a set of A ICT/smartness indicators denoted by Q; o = {g} 0 q; TQr ql)‘n} Such indicators
may be used to measure horizontally any dimension, and thus they are defined similarly to
the rest of indicators, i.e., q 0= <Oy 1oy w0> Vql o € Qiq, this means that, the smartness

indicator q ' takes one observed value for the university i with a score of wQ Note that
the weight of the smartness indicator is always the same for all universities.

Theory of Smartification

Based on the previous formulation, we define two decision matrices:
M: Service matrix to account the contribution of each service k to the dimension j and
university i. To this end, we use the set of core services, i.e., the ones that are common
for a specific dimension in all universities. Thus, the matrix M; =U xD x S ]?* may be
computed as follows:

_ 7 Ok k
M = L1 Opj X Wi

Vol € Qi x € [1,qlj € [Lmi€ln] ®)

Mpy: Smartness matrix to account the contribution of each smartness indicator q% in
Iy

the dimension j and at the university i € [1,n],j € [1,m],y € [1,A]. Thus, the matrix
My =U x D x Q) is computed as follows:

— Y Y
mzi” = O i X W,

Valn € Qia,j € [1,m] i€ [1,n] )

Given the matrix M1, whose elements represent the contribution of the set of services
k to a specific dimension j of a university 7, and the matrix M;, whose elements provide
the contribution of each smartness indicator y to a specific dimension j of a university i,
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withi € [1,n],j € [1,m],k € [1,p] and y € [1, ], we define the degree of smartification of a
university i that is denoted by G; and is computed as:

m p m A
Gi = E Z M,k + Z Z UL ©)
=1k=1

j=1y=1

The value G; accounts for how smart the university i is, aggregating the weighted
measures for a set of common indicators that are provided for a common set of services
developed across multiple dimensions and, aggregating also the weighted measures for a
set of common smartness indicators. Additionally, note that G; provides a standardized
value that enables the comparison between universities transversely across dimensions.
This means that it provides the score of a university (alternative) i against the set of
common attributes (dimensions and services), which represents the overall contribution
of i so G; may be ordered into a ranking R = (G1,Gy,...,Gy) such that G; > G; 4 or
G;i < Gi11Vi € [1, n] holds. The method of computation of the value of G; drops within the
category of compensatory methods, specifically, the Weighted Sum Model (WSM) [28].

3.2. A Graphical Example

A representation of the matrices M1 and M are shown in Figure 1 (note, however,
that they could be non-square matrices). They take a shape tridimensional, where the axis
x represents the set of dimensions D, the axis y represents the set of universities ¢/ so the
row i of the matrix identifies the university i. Specifically for M, the axis z represents the
weighted aggregated value for a set of 4 common indicators defined for a set of k common
services, denoted as S, for all the universities and dimensions; and, for M5, the axis
z represents the weighted aggregated value for a set of A common smartness indicators
defined through universities and dimensions.
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Figure 1. A graphical representation of the smartness degree G;.

In order to compute G;, the values in the fixed row i through the columns and depth
(axis y and z) are all aggregated. An example of dimensions D may be taken from the first
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column of Table 1, where we show the set of common dimensions investigated on multiple
smart universities. Additionally, the set of common services for a specific dimension j may
be taken from the third column of the Table, where we have presented a common set of
services in the specific dimension for the set of smart universities considered. Finally, for
each common service, k within S ]?“ we identify a set of g indicators denoted as Q]’f"k that
represent common parameters to be measured in each service.

3.3. Iterative Method for Data Collection

We describe in Section 2.2.1 two methods for building theory from the research of case
studies, the Eisenhardt and the Porsche Consulting Methods. One of the most critical steps
in both methods, due to the potential impact on results to be provided, is how properly to
collect the set of representative cases to capture enough similarities and differences between
them to extract the general information of the cases. This is especially relevant in the scope
that we are addressing in this paper, smart universities, since there exist multiple names
for the same concept (as demonstrated in Table 1) and there is a very prolific literature of
case studies. With this aim in mind, we propose an iterative method for data collection
that feeds the model described in this section. Figure 2 shows a flow diagram with the

process description.
Start

Search:
Smart Universities
Smart Faculties
Smart Campus
Smart Education
v
Extract:

u;, D, Si/]‘, Qf’]
Vd] € D,
VS"(/‘ € S,',]'

l

Initial setup:

U, D, S]?’:, Q;,‘ Discard u;

Discard u;

Final setup:

- * *
U, D, S},

Uu = u,'Uu

Figure 2. Flow diagram to compose the Final Setup.

We start with an Initial Setup composed of a set of universities (If), dimensions (D), the
core services for each dimension (S ]f‘) and, for each service, the set of common indicators
Qji that are able to measure the degree of achievement of each service according to a given
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weight. This setup is built by means of an exercise of systematic review of the literature,
through the search of keywords in scientific database as smart university, smart faculty, smart
campus, and smart education, and extracting from them the mentioned sets, i.e., (U, D, S ]-*).
The iterative method proposed is aimed at determining if a university i may be orthogonally
measured through the framework described, if the university i uses the same services and
indicators to measure a specific dimension as the other universities in set (). If this is the
case, the university 7 is added to the set I/.

Note that the selection of case studies may be conducted, however, in multiple ways.
Note also that, in order to evaluate a sole smart university independently, it is not necessary
to restrict agreeing on dimensions, services, and indicators since the purpose is not the
comparison between universities.

4. Smart ESI: A New Model of School

In this section, we face the technical and formal definition of a smart campus follow-
ing the methodological perspective shown in the previous section. Firstly, we start with
a brief description of the university context; second, we present the Smart ESI project,
the mission, objectives and design principles. Next, we describe the project from a
merely technical perspective for later, finally, to show the results of the application of the
methodology proposed.

4.1. The Context

The University of Castilla-La Mancha (UCLM) is one of the 50 public Spanish universi-
ties and the one in the autonomous region of Castilla-La Mancha. UCLM holds the 18th po-
sition out of 72 Spanish universities evaluated by U-Ranking (https://www.u-ranking.es/,
accessed on 8 October 2023) and is within the range [701-800] out of > 2500 universities
evaluated by ARWU (https:/ /www.shanghairanking.com/rankings/arwu /2021, accessed
on 8 October 2023). The School of Computer Science, ESI from now on, is one of the
university campuses of the UCLM that has been developing training and research work
in the field of Computer Engineering since 1989. ESI currently has around 80 teachers
for 700 students. The activity in the ESI takes place in several buildings: Fermin Ca-
ballero Building with its annexed modules A and B, which are organized in the following
categories: administration, management and direction teachers offices, conference (mul-
tipurpose) rooms with a maximum capacity for 180 people, classrooms with an average
capacity of 60 people and laboratories with an average capacity of 40 people. Figure 3
shows the buildings’ distribution and Table 2 presents the main spaces for activities on
each floor of the three buildings.

Table 2. Summary of infrastructures at ESI campus through the three buildings.

Building Floor Classroom (C)/Labs (L)/Conference Rooms (R)/Offices (O)

Fermin C. Ground C: Marvin Minsky, Steve Jobs; R: Alan Touring, Anita Borg, Ada Lovelace; O: 3 offices
Fermin C. First C: Angela Ruiz R.; L: Ignacio Cirac, Dennis Ritchie, Bill Gates; R: Ménico Sanchez
Fermin C. Second L: John Carmack; O: 2.01-2.20 (11 offices)

Fermin C. Third O: 3.03-3.17 (14 offices); R: Colegio Universitario

Module B First C: John Von Neuman, Tim Berners-Lee

Module B Second C: George Boole, Grace Murray Hopper

Module A First O: A1.01-A1.09 (9 offices)
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1 Planta

Edif. Fermin Caballero

PLANTA BAJA

Edif. Fermin Caballero

(b) First floor

2 planta
Edif. Formin Caballero

(a) Ground floor (c) Second floor

Figure 3. Plans of ESI: Fermin Caballero Building and Modules A and B.

4.2. Smart ESI: Mission, Objectives and Design Principles

The university, as an institution, plays a fundamental role in our society by promoting
its advancement and development through the generation and transfer of knowledge. In
this sense, we conceived the smart ESI project to address the responsibility and challenge
of bringing the R&D&I activities developed at the ESI closer to the university community
and society in general. To this end, the smart ESI project (https:/ /esi.uclm.es/index.php/
programas-singulares/smartesi/, accessed on 8 October 2023) proposes using the entire
campus infrastructure as a mock-up to build a smart city model on which to define a set of
advanced and specialized services, aimed at increasing our knowledge about the School
and its environment, and with the ultimate goal of improving its operation, sustainability
and efficiency. The smart ESI project has two main objectives:

1. To offer the ESI, and the university community in general, an agile and flexible
framework for the cohesion and demonstration of cutting-edge technologies (e.g., IoT,
renewable energies, cloud computing, artificial intelligence, augmented reality or
computer vision), research and innovation carried out by the different research groups.

2. To provide society with a catalog of intelligent services that can be articulated via the
previous framework, aimed at increasing the level of knowledge about the different
elements and spaces of the school, its conditions and state, and its environment.

Smart ESI project carries out the smartification of our school by providing it with the
technological means necessary for the realization of the smart city concept. We pose the
process of smartification to be: (1) transversal, based on the collaboration of the research
groups that ESI holds; (2) transparent through the use of open data; (3) scalable, so it
can be extended gradually through the paradigm of services; (4) measurable where the
progress may be quantified thanks to a set of indicators; (5) hyper-technological, making
intensive use of enabling and cutting-edge technologies (not for nothing ESI is a school of
technology); (6) value-added services-based, that provides added value, through relevant,
advanced, specific services for heterogeneous users.

4.3. System Architecture

The system architecture of the Smart ESI project from a technological perspective is
presented in Figure 4. This is a layered architecture that may be summarized as (from
bottom to up): (1) physical layer infrastructure, that comprises the sensing and acting de-
vices as well as the interconnection devices through multiple networks; (2) data integration
platform, that provides functionalities for the data integration, filtering, persistent storing
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and processing with data analytics techniques; and (3) applications and user interfaces,
which provide information access through the services paradigm, via multiple (graphical)
user interfaces and heterogeneous devices.

0 HTTP client
;v% @ ((Q)) y ‘ MySQL client ,
QA’ 'éﬂlcczTT client (mosquitto) Eresanta ol
Smart ESI tools . ) g

Storing & persistance (MariaDB)

Application Server ]

Home Assistant
e

Network Server }

Gateway Bridge l

& chirpstack
LoRa
communication:

Data layer: integration, persistance & processing
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e . 2 %
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Figure 4. Overall Architecture of the Smart ESI case use.

4.3.1. Physical Layer: Sensors and Actuators

At the moment of writing these lines, we have deployed a total of 59 devices, with
sensing/action and communication capabilities, on the ESI campus in order to monitor the
comfort of classrooms, lecture halls and laboratories, parking space occupancy, weather and
energy expenditure. For incident management, we used a total of 28 NFC tags that were
recorded with the appropriate information and deployed in the classrooms of Module B.
Table 3 shows the total number of devices.

Table 3. Summary of devices deployed on Smart ESI campus. Legend: S: Sensor; A: Actuator.
LTR: Left to Right; RTL: Right to Left. Loc: Location: F: Fermin Caballero Building; B: Module B;
O: Outdoor.

# S/A Model Parameters Net Loc
4 S Elsys ER2 CO, Temp., Humidity, CO,, Light, Movement, Batt. LoRa B
4 S Bosch Parking Car occupation LoRa (@)
1 S MCEF- Temp., Humidity, Pressure, PM1, PM2.5, PM10, Batt. LoRa (@]
LWI12TERPM
1 S Parametric PCR2 People flow counter: LTR, RTL LoRa F
14 S Shelly Plus H&T Temp., Humidity, Batt. WiFi F
4 A Shelly TRV Temp. WiFi F
28 S NFC tags Room, Alert, Object, User NFC+WiFi B
3 S Satel Datalogger Energy consumption, Power, Current, Voltage 3G F

We define three separate networks for supporting the operation of the devices in
Table 3: LoRa, WiFi and 3G network, whose details are described next.

The LoRa network is composed by LoRa devices and the LoRaWAN Gateway UG67 of
Milesight LoORaWAN Gateway UG67 (https:/ /www.milesight-iot.com/lorawan/gateway/
ugb67, accessed on 8 October 2023), which is located on the false ceiling on the ground
floor of the Fermin Caballero building. Some sensors need to be activated and minimally
configured (e.g., transmission period, activation type) through an app provided by the
manufacturer that connects to the device generally via NFC. Most of the LoRa sensors are
equipped with power supplies that, according to the manufacturer, provide lifetimes very
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long (around several years). The weather station, installed on the roof of a building, is
also equipped with a solar panel to recharge its batteries. For security reasons, prior to
deployment, LoRa devices are connected to the gateway via their DevEUI and AppKey
identifiers, to ensure that only the registered devices will be able to transmit data to the
network. LoRa devices transmit periodically data towards the gateway in one only hop,
covering distances not larger than 200 m. The data transmitted are received by the gateway,
which acts as a LoRa/IP gateway by retransmitting all data towards an IP server that is
located within the data center in our school. We did not detect packet losses in this network
due to the low traffic generated and the fact that the devices used a low duty cycle (DC), in
compliance with the ETSI EN300.220 standard, which states that a DC can range from 0.1%
to 10% in each subband.

The WiFi network. On the other hand, the WiFi devices were connected to a wireless
network separated from the one usually used for teaching and research. This network
was specifically designed by UCLM-TIC services for IoT connection devices purposes. To
ensure complete coverage throughout the campus and for security reasons, the technical
services of the UCLM enabled this network as a virtual network in each access point (AP)
and defined an appropriate IP address block from which to assign addresses to WiFi devices
requesting connection. Thus, the data transmitted by the WiFi devices achieves the paired
AP, which forwards the data to the IP server, possibly in more than one hop.

3G network. For energy consumption monitoring purposes, we acquired professional
devices, versatile and robust, which are intended for tertiary and industrial buildings
and designed to operate in multiple failure situations, e.g., data transmission failures.
These devices are the Sennet IoT DL271 Datalogger Long Net and 2 Sennet IoT Xtend M6,
designed and manufactured by the Spanish company Satel Iberia, and shown in Figure 5).
The IoT DL271 Datalogger is a measurement concentrator that allows us to configure and
deploy a complete monitoring system for a building. In our use case, the purpose of this
device will be the energy monitoring of the Smart ESI campus, including the three buildings
and the data center, which is one of the most energy consumers. This datalogger includes
a display and keypad, RFNet radio frequency, 3G/GPRS router, Ethernet, R5232 and
RS485 serial interfaces, digital inputs and outputs and it integrates 3 three-phase electrical
analyzers (or 9 single-phase analyzers) in the same equipment, and it has the capacity to
manage up to 100 m by radio frequency. It has an SD card for data storage in the event
that the network is not available, which automatically will resend data when enabled. The
second one is the Sennet IoT Xtend M6, which consists of 6 expansion modules to extend
with one only click the range of the datalogger to a total of 15 three-phase analyzers. At the
moment of writing these lines, these devices were turned off for maintenance purposes.

Figure 5. Sennet IoT DL271 Datalogger Long Net (the first device on the left) and 2 Sennet IoT
Xtend Meé.



Buildings 2023, 13, 2568

15 of 26

4.3.2. Data Layer: Integration, Persistence and Storing

The Data Layer is implemented by a server whose software architecture is depicted
in Figure 4. This layer provides functionalities for data integration, persistent storing,
processing, and multiple interfaces for data access. Such functionalities are supplied by the
next software stack, from bottom to up: MQTT, Chirpstack, and Home Assistant. These
three components were installed as Docker containers in the server, in order to ease the
installation. The first two components are related to the data collection proceeding from
the WiFi and Lora devices, while the last one is in charge of the storing, processing and
data access interface. Next, we provide the implementation details.

Message Queue Telemetry Transport (MQTT) is a protocol for IoT device communica-
tion based on the publish/subscribe model. The broker or MQTT server was installed in
the server and, therefore, assumes the role of the subscriber while the WiFi devices act as
MQTT clients, or publishers, that connect to the MQTT server with a given topic. MQTT
runs over TCP/IP, thus supporting reliable bidirectional communications. Data collected by
the WiFi devices are encapsulated into an MQTT message, which aggregates two headers,
a fixed one, with a length of 5 bytes, and an optional header of variable length to a payload
with a maximum of 256 Mbits. MQTT does not provide any mechanism for data security,
so the data is transmitted raw to the server.

ChirpStack is the protocol stack that allows the management of LoRaWAN commu-
nications. The protocol stack includes three major components, from bottom to up: (1) a
Gateway Bridge, which interfaces with the UG67 LoRa gateway to collect all messages
forwarded from there; (2) a Network Server, which filters duplicate messages from other
gateways, and (3) an Application Server, which interacts with the MQTT server by forward-
ing all LoRa data to the TCP/IP network. The architecture of Chirpstack is represented
in Figure 4.

Home Assistant is a free and open-source software platform for home automation
designed to be a central control system (hub) for smart home devices with a focus on local
control and privacy. One of the main advantages of Home Assistant is that offers the capa-
bility of controlling a very large number of devices (sensors and actuators) manufactured
by a large number of companies through multiple supported wireless communication pro-
tocols such as WiFi, Bluetooth, Zigbee, and Z-Wave. Additionally, it enables the possibility
of connecting with other devices by writing customized integrations. All these devices
communicate with the controller both to receive management commands and to transmit
periodically their data, which are stored in a database (MariaDB in our implementation).
Home Assistant also provides the capability of managing the data provided by devices
through the mechanism of automation, which are scripts that implement some function-
ality and that are triggered when a certain event occurs (e.g., the temperature is higher
25 °C). On the other hand, Home Assistant offers a web-based user interface that may be
easily designed as a dashboard, called Lovelace, by means of different cards to display
information and control devices. Additionally, it can be accessed through voice commands
via a supported virtual assistant such as Google Assistant or Amazon Alexa.

In our case study, most of the devices we deployed in our school were not supported
by Home Assistant, so it was necessary to write integrations for them. Such integrations
consisted of processing the data, by providing the suitable format to the received data,
according to the instructions given by the manufacturer (see an example in Figure 6).
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Cz0AbKIRIMQIMAUHARCAIGAGAGM= |

Base64
t0 Hex metadata data

‘0b|3a|00|6c‘af|51|26‘64|09|33’8b|87|01|17[00‘22|00‘2a‘00|63
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Bytes 1-4: Date and time: swap(6caf5126)* 17/02/2019 21:59:24.
Bytes 5-6: Temperature: dec(swap(6409)/100 24.04°C

Bytes 7: Humidity: dec(33)/2 25.5% rH

Bytes 8-11: Pressure: dec(swap(8b8701))/100 1002.35 hPa

Bytes 12-13: PM1: dec(swap(1700)) 23 pg/m3

Bytes 14-15: PM2.5: dec(swap(2200)) 34 pg/m3

Bytes 15-16: PM10: dec(swap(2a00)) 42 pg/m3

Bytes 17: Battery: dec(63) 99%

* For the sake of simplicity, bit-level operations are omitted

Figure 6. Enginko MCF-LW12TERPM weather station packet decode.

4.3.3. Presentation Layer: Visualization and Data Access

As depicted at the upper layer of the Smart ESI architecture shown in Figure 4, this
layer is composed of the user tools aimed at accessing, post-processing and visualization
of the data stored at the underlying layer by means of multiple heterogeneous devices,
such as PCs, laptops, mobile phones, and screens. Due to the fact that Home Assistant
provides a web-based interface, users access data mainly via any web browser. There exist,
however, different ways to access information, so we divide the tools at this layer into two
categories: (1) Smart ESI-specific tools developed as part of the project. This is currently a
work-in-progress because many applications are being developed as Final Degree Projects
and Master’s Thesis with the support of professors of the school; and (2) standard protocols
and common software tools as HTTP, MySQL and MQTT clients. In the first category drops
a vast number of Smart ESI-specific applications (generally applications built to work on
mobile phones or apps) developed on top of the standard protocols/tools of the second
category, and designed to provide some functionality. For example, one of these apps is
the incident management app, which is designed to manage the different events that can
occur in a classroom, such as the PC not working or the lights being off. This app allows
the technical staff to be immediately alerted of an incident detected in the classroom where
the professor is teaching so that it can be corrected as soon as possible. This app reads the
information associated with each incident from a pre-recorded NFC tag, which is attached
to the back of an icon representing the type of incident detected. Figure 7 shows a strip
of 7 icons representing 7 different incidents, each with a corresponding NFC tag on the
back. This strip is printed and plastified, and set at some place in the classroom (at the wall,
normally close to other sensors). The professor simply activates NFC on their cell phone,
gets their mobile phone close to the corresponding NFC tag, adds a comment (if necessary)
and sends the information through the app.

Ve .
S BT e

Otros Equipo Termostato Mobiliario Pantalla Proyector Sensor CO2

Active NFC y acerque el mévil al icono donde se ha producido la incidencia

Figure 7. Icons for the incident management app. The legend at the bottom of the figure is written in
Spanish, and it means: Activate NFC and bring the cell phone close to the icon where the incident occurred.

In addition to the web interface provided by Home Assistant, technical and re-
search personnel can access the server through MySQL-based tools to perform database
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queries. These queries have different purposes, such as performing maintenance and
research tasks using different data processing and analysis techniques. As an exam-
ple, in Figures 8-14 we show different parameters measured through the sensors de-
ployed on different buildings of our school. Figures 8-11 show the temperature, hu-
midity, CO, and battery level, respectively, reported by the four Elsys ER2 CO, sensors
installed in the four classrooms of Module B building (see Table 2) during the period
1 January 2023 to 30 August 2023. According to Spanish Directive 486/1997 (B.O.E.:
https:/ /www.boe.es/boe/dias/1997/04/23 /pdfs/A12918-12926.pdf, accessed on 8 Oc-
tober 2023), by which the minimum safety and health provisions in workplaces are es-
tablished, the temperature of the premises where sedentary work is carried out shall be
between 17 °C and 27 °C. It can be observed that the temperature takes values that are
mostly in this range with the exception of some days in December and in the non-teaching
and vacation periods. On the other hand, it is known that humidity decreases when the
temperature grows, as shown in Figure 9. It is especially interesting, the variation of CO,
in the four classrooms depicted in Figure 10. Note that the minimum value reported by
these sensors is around 400 ppm, which means that there is no activity in the classrooms,
while they achieve maximum values of around 3000 ppm when larger is the concentration
of people. Figure 11 presents the battery level of the four sensors and shows a very low
consumption of battery during the 8-month period. In Figures 12 and 13, we show the
temperature and humidity values reported by the 14 Shelly Plus H&T (see Table 3) installed
on different dependencies of the main building of our school, during the periods 19 June
2023 to 30 August 2023 (for 7 sensors) and 20 July 2023 to 30 August 2023 (for the other
7 sensors). Note that in this particular period of time considered, the temperatures are
exceptionally high considering that in this period there is no regular activity in classrooms
and laboratories and, therefore, the air-conditioning is not activated. Of particular inter-
est are the temperature and humidity associated with the data center (see red lines in
Figures 12 and 13), which are always kept within the ranges of 23-25 °C and 40-50%,
respectively, in compliance with the recommendations made by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), for an optimal and
maximum uptime and hardware life. Finally, we show in Figure 14 the outdoor tempera-
ture reported by the Enginko MCF-LW12TERPM weather station installed on the roof of
the main building, during the period 1 January 2023 to 30 August 2023 and we compare
it with the temperature reported by the State Meteorological Agency (Agencia Estatal
de Meteorologia, AEMET), which is an agency of the Government of Spain responsible
for providing weather forecast and warnings of hazardous weather. As observed, the
temperature value reported by our weather station is slightly higher than the temperatures
reported by AEMET, especially in summer, due likely to the location of the station, situated
on the roof in an area with no shadows.

—+— Tim Berners-Lee
—+— George Boole
304 —— John Von Neuman

—+— Grace Murray Hopper

Date

Figure 8. Temperature measured by Elsys ER2 CO; sensors in the four classrooms of the Module B
building during the period 1 January 2023 to 30 August 2023.
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Figure 9. Humidity measured by Elsys ER2 CO, sensors in the four classrooms of the Module B
building during the period 1 January 2023 to 30 August 2023.
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Figure 10. CO, levels measured by Elsys ER2 CO, sensors in the four classrooms of the Module B
building during the period 1 January 2023 to 30 August 2023.
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Figure 11. Battery level reported by Elsys ER2 CO, sensors during the period 1 January 2023 to
30 August 2023.
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Figure 12. Temperature measured by the 14 Shelly Plus H&T sensors in different dependencies of
Fermin Caballero building during the period 19 June 2023 to 30 August 2023.
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Figure 13. Humidity measured by the 14 Shelly Plus H&T sensors in different dependencies of
Fermin Caballero building during the period 19 June 2023 to 30 August 2023.
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Figure 14. Temperature reported by the Enginko MCF-LW12TERPM weather station and AEMET
during the period 1 January 2023 to 30 August 2023.

4.4. Method: Initial Setup and Computation of G

In order to quantify the degree of smartness of ESI campus (G) based on the method
proposed, we have defined an initial setup with a set of dimensions D of interest for our
school and, for each one of them, a set of g indicators Q* ik and a set of A smartness/ICT

indicators Q;,, to measure the level of advance performed in one or several services
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implemented. As shown in Table 4, we have defined a total of 79 indicators, A = 33 indicators
belong to the smartness/ICT dimension, and the rest of 4 = 46 indicators correspond to one
of the smart universities dimensions identified previously in Table 1, i.e., smart learning,
governance, environment, people, management, mobility and economy. The discussion
on the appropriateness of the indicators is presented in Section 5. For each university
i, dimension j and service k, an indicator x takes one and only one observed value Of‘, i
which represents the contribution performed by the university i in dimension j to service k.
Similarly, for each university i, dimension () an indicator y takes one and only one observed
value Ozn. In order to make the values of the observations directly comparable among
indicators, we compute the normalized values of such observations by using the decimal
scaling normalization method [29] as follows:

o O xwl
ak = b Jax (6)

e 107

where z is the smallest integer such that max( |ni‘ i 1)<1 (and in a similar way for smartness
indicators). Note that, therefore, the normalizéd values are within the range between
(—1,1). Note also that, the minimum/maximum value that may take an indicator should
be taken into account for matching its value within this interval. For example, for the
indicator COy, if the minimum value that the sensor CO; may report is around 400, this
value matches the value 0 in the interval. The same occurs with the indicators GRA and
MAS, where the minimum value that they may take is 4 years.

By using the normalized values of the observations, we may compute the matrices
M and M, as described in Section 3, by assuming a weight equal to 1 for most of the
indicators in Table 5, except for those that represent a penalty on the overall score and
are therefore intended to be reduced, i.e., OUT, GRA, MAS, PM2, CO2, POW, ENE, WAT,
GAS and PRV, highlighted in gray color in the table, which use a weight equal to —1. The
sum of all items in both matrices provides a value of G = 22.054 for our school, which
represents a numeric, standardized value of the smartification process performed in ESI
and enables the fair comparison between other universities by using the same method.
Note that 25:1 wi,jxk + 29:1 wq? =59 and that, therefore the value G represents a 37.37%
of achievement of the maximum smartification value.

Table 4. The initial setup: set of dimensions D, set of indicators Q]’-‘ « and the corresponding smart
service implemented (S]f‘ ); at the end of the table the smartness indicators Q; .

D Indicator Description Smart Service
RPR Students/Professor rate Educational Assessments
LEA Avg. no. of accesses to the learning platform Smart Tools

b0 ONL Online vs. total classes rate Smart Education Technologies

g GRA Avg. time to submit the Final Degree Thesis Results-based learning

) MAS Avg. time to submit the Master’s Thesis Results-based learning

G TFG Avg. number of Final Degree Thesis submissions in a year Educational Assessments
TFM Avg. number of Master’s Thesis submissions in a year Educational Assessments
ouT Undergraduate dropout rate Results-based learning
GRR Graduation rate Results-based learning
ESI Size of the ESI community (teachers, student staff) Transparency

© RGS Ratio of professors to research groups Transparency

g VOT Teachers Participation rate in the last elections Citizen participation

s ROO Total vs. monitored classrooms rate Smart Tools

5 TRA No. of pages in transparency website Transparency

z BUD Avg. number of participatory budget requests Transparency

©) PAR Average annual number of proposed governance activities Open government
EXT Avg. no. of people participating in extracurricular events Extracurricular activities
CUR Avg. no. of people participating in curricular events Curricular activities
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D Indicator Description Smart Service
PM2 Average daily particulate matter concentration Pollution
CO2 Avg. daily CO, concentration Smart Building
k= POW Avg. duration of power outages Smart Building
g ENE Avg. annual electricity consumption Waste /water management
c WAT Avg. annual water consumption Waste/water management
£ GAS Avg. annual gas consumption Waste /water management
z SUN Avg. number of solar hours per year Renewable Energies
S| PRD Avg. daily solar production per country Renewable energies
GRE Ratio of green areas to total surface area Natural resource management
PAN % of area covered by solar panels Renewable Energies
MAX Monthly/yearly average of maximum daily temperatures (°C)  Natural resource management
MIN Monthly/yearly average of minimum daily temperatures (°C) ~ Natural resource management
N ENR Average number of students enrolled /graduate course Open government
i FEM % of female teachers in the ESI community Open government
3 FES % of female students in the ESI community Open government
~ RSS % of RRSS users in the ESI community News Management System
NAP % of people using apps
= PRK Total vs. monitored parking spaces rate Smart Parking
%D VEH Avg. daily number of parked cars Connectivig/
AGL Avg. daily number of people Safety and Security
o PUB Public transport transfer rate Local Connectivity
g PRV Avg. daily number of private vehicles (cars and motorcycles) Local Connectivity
= BIK Ratio of people arriving at the building on bike Quality of Life
WAL Ratio of people arriving at the building on foot Quality of Life
I FOR Students in paid employment Employability
g TFW Employment rate Employability
8 COW Percentage of coworking classrooms Collaborative Economy
SPI Number of spinoffs Entrepreneur support
NMA No. of distinct magnitudes to be monitored
SEN No. of sensors deployed
ACT No. of actuators deployed
NBR No. of bridges/gateways
NSD No. of smart dimensions of interest for the university
CAS Coverage area of devices (%)
FLS % of devices with automatic reprogramming capability
SIZ Avg. size of data (in MB) collected per day
NOO No. of daily observations
NCT No. of network technologies
WIF No. of WIFI Access Points
LOR No. of LoRa gateways
USN Daily avg. no. of people connected to Wi-Fi network
@ WER ESI to number of bridges ratio
g INT % of devices that are able to communicate with others
£ PSI % of devices implementing semantic compatibility
g ALM Alarms management (Yes/No)
& RTM Real-time support for decision making process (Yes/No)
DAT Data analytics (e.g., Big Data, data mining) (Yes/No)
NOP No. of nodes in the smart university platform
SEC Security mechanisms (Yes/No)
WIU Writing interface for users (Yes/No)
RIU Reading interface for users (Yes/No)
API SDK availability to write applications (e.g., Yes/No)
APP No. of apps developed related to the smart university
APU Avg. percentage of use of smart applications
DAC No. of data access APIs
OPE Number of open data sets
WEB No. of web page views
NSN No. of social networks for the ESI community
NST No. of standards related to smart domains
KPI No. of known metrics to determine the progress achieved
AVK Avg. percentage of improvement achieved by KPI
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Table 5. Values and normalized values in range (—1,1) for the indicators. Legend: NA: Not available.
Yes: 0.999. No: 0. Indicators in color gray use a weight = —1; rest of indicators use weight = 1.

. k A .
No. Indicator ":ix’oéiy "i,i,'"i,jy Observations
1 RPR 8.89 0.889 Students: 693; Professor: 78
2 LEA 2,267,704.75 0.226 Own Elaboration !
3 ONL 0 0.000
4 GRA NA 0.000
5 MAS NA 0.000
6 TFG 775 0.775 Data obtained since 2017/2018, Portal de Transparencia: 2
7 TEM 10.75 0.107 Data obtained since 2017 /2018 2
8 OouT 35 —0.350 Own Elaboration 2R.D.861/2010: 3
9 GRR 31.265 0.313 Own Elaboration 23
10 ESI 779.2 0.779
11 RGS 5.57 0.557 Research groups: 14 2
12 VOT 0.150 0.150 Votes cast: 111; Census: 754; Elecciones al rector *
13 ROO 0.810 0.810 Total classrooms: 21; Sensed classrooms: 17, Infraestructuras?
14 TRA 3 0.300 Enrollees, graduates and internships 2
15 BUD 4 0.400 Open gobernance 2
16 PAR 12 0.12
17 EXT 20 0.20
18 CUR 40 0.40
19 PM2 33.22 —0.332 PM1 obtained since 01/01/23 to 29/9/23
20 CO2 485 —0.021 C0, in Tim Berners-Lee since 01,/01/23 to 29/9/23
21 POW 0 0.000 No general outages in the last year
22 ENE 31,740.58 —0.317 Data provided by UCLM
23 WAT NA 0.000
24 GAS NA 0.000
25 SUN 2664 0.266 Agencia Estatal de Meteorologia (AEMET): °®
26 PRD 73,334 0.733 Solar Power by country ©
27 GRE NA 0.000
28 PAN 0 0.000
29 MAX 21.8 0.218 AEMET °®
30 MIN 9.3 0.930 AEMET ®
31 ENR 693.2 0.693
32 FEM 9.8 0.098 Igualdad en cifras 4
33 FES 13.8 0.138 AEMET *
34 RSS 100 0.999
35 NAP NA NA
36 PRK 0.13 0.130 Monitored: 4; Not monitored: 32 (only cars)
37 VEH 58.5 0.585 Own elaboration (75% of professors)
38 AGL 121.77 0.122 Data collected for Fermin C. building, excluding non-working days
39 PUB NA 0.000
40 PRV 60 —0.600 VEH + people arriving on motorcycles (only professors)
41 BIK NA NA
42 WAL NA NA
43 FOR 97.4 0.974 Portal de Transparencia 2
44 TFW 96.3 0.963 Fundacién CYD: Tasa de empleo, estabilidad y salario 2
45 COW 0.1 0.100
46 SPI 3 0.300 Spin offs
47 NMA 17 0.170 Own elaboration: Table 3
48 SEN 55 0.530 Own elaboration: Table 3
49 ACT 4 0.400 Own elaboration: Table 3
50 NBR 11 0.110 At this moment, sum of LOR+WIF
51 NSD 7 0.700 Own elaboration: Table 4
52 CAS 100 0.100 Total space covered by sensors
53 FLS 100 0.100
54 SIZ 184.19 0.184 Data collected since 19 May 2022; Total data size: 87.67 GB
55 NOO 14,937 0.149 Own elaboration
56 NCT 4 0.400 LoRa, WiFi, 3G, NFC
57 WIF 10 0.100
58 LOR 1 0.100
59 USN NA NA
60 WER 70.84 0.708 ESI/NBR
61 INT 100 0.100
62 PSI 0 0.000
63 ALM Yes 0.999
64 RTM Yes 0.999
65 DAT No 0.000
66 NOP 1 0.100
67 SEC Yes 0.999 User authentication, ciphered
68 WIU No 0.000 Users cannot post data
69 RIU Yes 0.999 Users may access data through multiple interfaces
70 API No 0.000
71 APP 2 0.200 Incident and Home Assistant app
72 APU NA NA
73 DAC 0 0.000
74 OPE 0 0.000
75 WEB 640.24 0.640 Own elaboration
76 NSN 6 0.600 Twitter, Instagram, Linkedin, Facebook, Youtube, Twitch 2
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Table 5. Cont.

s A k A -
No Indicator i'jx'oi'iy ni/jx,n,-’]-y Observations
78 KPI 0 0.000 There is no standardized metrics in this domain
79 AVK NA NA The improvement based on KPI cannot be measured
Gest 22.054

1 Power BI UCLM: app.powerbi.com; 2 ESI Web: https:/ /esi.uclm.es/; 3 R.D.861/2010: https:/ /www.boe.
es/buscar/doc.php?id=BOE-A-2010-10542; 4 UCLM Website: https:/ /www.uclm.es; 5 AEMET: https:/ /www.
aemet.es/es/serviciosclimaticos/datosclimatologicos/valoresclimatologicos?1=4121&k=undefined; 6 Wikipedia

https:/ /en.wikipedia.org/wiki/Solar_power_by_country, accessed on 8 October 2023.

5. Discussion

The review of related works completed in Section 2 suggests the need for a more
rigorous and adequate vision for the evaluation of the smartification process, in any smart
domain, that contributes to enriching the current state of the art: unlike the works presented
in [9-20,30], which describe a variety of smart university initiatives, emphasizing either
the digital transformation of content or processes, or the design of the smart university as a
smart city, or from a purely technological perspective, our work presents a case study based
on the smart ESI project and, additionally, a formal method of measuring its degree of
transformation, i.e., its smartification. On the other hand, works describing smartification
approaches, such as those described in [8,22,23], lack methodology, so we can argue that
they are difficult to systematically exploit in other contexts. Our work described in [2],
which presents a formal method to develop rankings for smart cities, is similar to this
work as both leverage MADM for the description of the theoretical framework but lack
in-depth analysis related to the domain of smart universities that includes, for example,
academic indicators. The work described in [25] proposes a methodology for smartification
of buildings, without providing evidence or demonstrations of its application in real-life
scenarios. The proposed methodology has as its main objective to estimate a value G
of the effort performed by a university/campus to become a smart university, i.e., valor
to measure the smartification process. It is important to note that such value should be
understood in the context of the demonstration of the proposed methodology, not as an
absolute result of its application. More importantly, the outcome of this research is oriented
to understand better the strengths and weaknesses of the smartification process by focusing
our attention on technological aspects without detracting from the academic and research
and aspects, which make up the fundamental mission of universities.

We have considered seven dimensions that are commonly employed in the different
initiatives related to smart universities/campuses that we have found in the state of the
art, such as explained in Section 2: Smart Learning, Governance, Environment, People,
Management, Mobility, Economy. To this set we have added an eighth dimension, the
smartness dimension (), that is related to measuring the quantity and quality of the ICT
resources employed in the university that are transversal to the rest of the dimensions. The
methodology proposed is centered on the selection of a large set of indicators associated
with the seven dimensions, in order to obtain a standardized value aimed at measuring the
overall development degree in universities, i.e., its smartification process. From the set of
79 indicators used in our methodology, A = 33 are technological/smart indicators and g = 46
are indicators designed to collect diverse information on academic aspects, operations,
results, infrastructure and environment, including the results of the Degree program.

Our research work addresses the question “how smart is the smart university”. In
doing so, we have faced several difficulties that may limit the value of our research:
(1) Lack of reference methods in the literature, which can provide the basis for elaborating
a formal answer to this question. As we have reviewed in Section 2, the works that
present smart initiatives are described from a technological rather than a methodological
perspective and hardly quantify the value of their smartification; (2) Difficulty in measuring
the real impact that smart university strategies have on the university community, resources
(e.g., buildings) and the environment. In fact, we have defined two indicators, KPI (number
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of known metrics to determine the progress achieved) and AWK (average percentage of
improvement achieved per KPI) that we considered necessary to measure the improvement
but could not be easily assessed; (3) Subjectivity inherent to the method, as it depends on
the indicators selected. However, due to the lack of a commonly accepted set of indicators
for evaluation purposes in the research community, this subjectivity is not unique to our
method, as in any ranking process it is necessary to select variables, construct indicators
and weight them; these steps are usually applied on the basis of participatory or expert
assessment methods. Conversely, the set of indicators can be easily extended by adding
new indicators related to smart universities, even of a different nature (e.g., human factors),
to improve the accuracy of the results. For a fair comparison, the only requirement is that
all universities considered in the assessment have a valid value for the new indicator. Thus,
we highlight another strength of this research, which is the possibility to fairly compare
universities/campuses using the proposed method under a standardized set of indicators.

Theoretical and Practical Implications for Stakeholders

We complete the discussion with a description of the implications of this research
work for the different stakeholders. The outcome of this research can benefit different
stakeholders: on the one hand, the university community is composed of professors,
students, administrative and technical staff, and managers. On the other hand, the work
can tangentially benefit society, from citizens who can consult data from public APIs to
companies engaged in the development of products and services in the field of IoT that can
echo this research. Finally, the research community may find in this work a new research
niche in methodological approaches for the quantification of the smartification process. For
all stakeholders, there is an increase in knowledge in different scopes. Table 6 presents in
the first column the stakeholders and in the second column the list of associated theoretical
and practical implications of this work.

Table 6. Summary of the theoretical and practical implications for stakeholders. Th: Theoretical;Pr:
Practical implication.

Stakeholder Theoretical (Th) and Practical (Pr) Implications
Managers Th1: Detection of weaknesses and opportunities for improvements.

Th2: Design of strategies specifically aimed at increasing the smartification degree.
Th3: To enable a fair comparison with other universities, which results into a ranking
for smart universities.

Ph1: Design savings plans oriented to increase the energy efficiency and sustainabil-
ity of buildings, which result in important economic savings and increased comfort
for users.

Teachers/students ~ Ph2: An increase in the comfortability degree of users across the different spaces

Ph3: An increased agility in the detection and resolution of incidents, which results in
better classroom utilization.

Technical Staff Ph4: They are responsible for the maintenance of the monitoring and control infrastruc-
ture and the data integration platform, communications security and user management.

Society Ph5: The transfer of knowledge from the university to society, including companies,
may contribute to its digital transformation.

Researchers Th4: The article reveals the need for research into new methodological perspectives to
evaluate the smartification process.

6. Conclusions

There is not much research on formal methods to quantify the degree of smartification
carried out by the so-called smart initiatives and, as far as the authors are aware, none of
them has addressed the university environment. In this sense, this paper presents a novel
formal method to quantify the degree of smartification in small universities or medium-
sized campuses. The proposed formal method employs, firstly, case study research to
extract knowledge from the literature on the most commonly used subdomains, services
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and indicators in the smart university context and, secondly, Multiple Attribute Decision
Making (MADM) to quantify the degree of smartification of the universities (alternatives
in terms of MADM) according to the criteria and attributes (indicators) obtained in the
first step. To do so, we reviewed a collection of articles whose keywords refer to IoT
and the domains of smart university/faculty /campus in order to obtain a broad set of
indicators of different types, both academic, technological and related to smartness, that
could globally score the effort made by a university on its way to smartification. By
using this methodological perspective, we presented a detailed description of the Smart
ESI project, an initiative to populate our School of Computer Science (ESI) at University
Castilla-La Mancha with sensing and acting devices able to provide a large set of data about
the School and its environment oriented to increase our knowledge and with the ultimate
goal of improving its operation, sustainability and efficiency.

Our approach provides two important potential benefits: first, it is able to pinpoint the
strengths and weaknesses of smart university initiatives; second, it suggests a preliminary
study to develop tools based on standard indicators and common criteria that allow a fair
comparison of such initiatives. In future work, we plan to automate the calculation process
and tackle a large experiment involving a broad set of universities. As part of this work,
we are already working on the development of web forms to facilitate data collection by
university managers, through which they will be able to provide indicator values that can
later be used for comparison among all universities participating in the experiment.
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