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Abstract. Knowledge Graphs (KGs) can be used to provide a unified,
homogeneous view of heterogeneous data, which then can be queried and
analyzed. In this paper, we explore the use of KGs to analyze the Ther-
mal Comfort (TC) of users in specific environments (e.g. classrooms,
hotel rooms). This implies the integration of several data sources that
provide environmental variables (i.e. temperature, humidity), but also
users’ physiological variables (i.e. temperature). Thus, this paper pro-
poses a method to integrate and analyse environmental and physiological
data through KGs in the context of TC.
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1 Introduction

A Knowledge Graph (KG) is a structure designed to represent and organize
knowledge [1-3], such as the structure of an information system [1] or specific
topics for intelligent services, among others [4,5]. In recent years, KGs have at-
tracted the interest of diverse research groups and companies (Google, Microsoft,
University of Leipzig, University of Mannheim, to name a few) [2, 6], which have
implemented KG-based solutions in diverse fields, such as the Internet of Things,
big data, semantic web, information management, among others [4,5,7, 8].
KGs can be used to integrate several, potentially heterogeneous data sources
[5], with the objective of organizing the content of the sources and present them
as a single source of information [3,7]. This is particularly needed in Context-
Aware systems, where the system uses context information to provide data
and/or services to its users. That information usually needs to be acquired from
heterogeneous data sources and integrated to enable its use in decision-making
processes. An application domain of this kind of systems, that is of special inter-
est to our research project, is the analysis of Thermal Comfort (TC). It refers to
the level of satisfaction of a person with respect to the thermal conditions of the
space (building, room) where he/she is [9, 10]. It has been recognized that sev-
eral physical (temperature, humidity, air quality) and physiological factors (heart
rate, stress) influence the thermal comfort of an individual. The physical factors
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refer to environmental features, while the physiological are people characteris-
tics [9, 11, 12]. The factors described above can be found in the ANSI/ASHRAE
55-2017 standard [9, 13] and some recommendations of the World Health Orga-
nization (WHO) [10], and have been traditionally used for the design of spaces in
static contexts. However, environmental and individual conditions change over
time, and thus it is necessary to consider this dynamism in a computer system
in order to provide a more exact and personalized solution to guarantee the
comfort of users. Our work is aimed to propose such a system.

1. Begin ) ( 2. Analysis and desngn) ( 3. Developing 4. Evaluation
CM ( Charactenzatlf)n of . / Construction of KG Review of
physical and physiological previously designed results obtained
variables
Review of KG base - Validation of proposed
Design of a Analysis of thermal [ P—
KG structure to comfort about users

experimentations

Review of physical
and physiological
sources Design of a

case study to

data integration based in physical and
physiological
measurements

thermal comfort
analysis

Fig. 1. Research Method.

Let us note that to achieve the aims of our work, we are following a research
method consisting of four stages as shown in Figure 1. The first stage is aimed to
analyze the literature related with the topics of Knowledge Graph, integration
of heterogeneous data sources, and Thermal Comfort. The second stage corre-
sponds to the characterization of physical and physiological variables needed to
determine Thermal Comfort and, based on that characterization, design a KG-
based solution to connect sources exposing that data (e.g. sensors). The third
stage refers to the development and testing of the KG-based solution. For the
development it is foressen the use of tools for creating and querying KG. Fi-
nally, the fourth stage encompasses the evaluation of the results obtained. This
will be done from the point of view of the capacity of the solution to connect
heterogeneous data sources and to determine the Thermal Comfort of the users.

This paper particularly proposes a framework to integrate and analyse en-
vironmental and physiological data through KGs in the context of the study of
TC. This implies a) characterization of physical and physiological variables, b)
Knowledge Graph design, ¢) construction, and d) evaluation of solution proposal.

2 Background

2.1 Knowledge Graphs

A Knowledge Graph (KQG) is a structure designed to store, organize and represent
knowledge [1-3]. A KG is formed by an indefinite number of entities that are
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linked to other entities through relationships; the entities and relations of a KG
represent facts [14]. A KG is usually represented as a directed acyclic graph,
where each node contains an entity and and arc between two nodes represent
a relationship [2,14]. Associated to a KG it is possible to find tools to query,
interpret and present its content [1,14].

Nowadays, there are no formal classification of KGs. However, it has been
possible to observe three different types [1]:

1. Prior knowledge. A KG of this kind is constructed to work with a set of
existing data and its objective is to solve some problems and inconsistencies
in a well-defined context [1,2].

2. Existing model. KGs of this kind model information through a highly
expressive and complex semantic scheme [2, 3], that is usually an ontology
1]

3. Defined structure. A KG of this kind is based on a structure of data
or objects, as the Resource Description Frameworks (RDF) [15], and its
objective is the study of disordered data and the discovering of implicit
hierarchies between its entities [1, 5].
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Fig. 2. KGs research challenges.

The popularity of KGs has grown in recent years, as shown by the increasing
number of research groups and companies that work on the topic [2, 6]. KGs are
usually used in works that focus on the representation and use of knowledge in
the Semantic Web and Natural Language Processing [5, 6, 16]. However, there
are still a number of research challenges related to KGs, as shown in Figure 2.

The role of KGs regarding the representation, querying and analysis of hetero-
geneous data, especially in dynamic contexts [5,16], needs to be more explored.
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Here, a number of problems that arises while acquiring data from highly sensi-
tive environments need to be addressed [5, 8, 11]: errors during the measurement
of context parameters, data loss, speed, size and meaning [5,11,13].

Other challenges associated with KGs are related to the connection of objects
(e.g. IoT-devices), and the representation of knowledge (e.g. common sense [8])
and associated reasoning mechanisms. This project, as previously mentioned,
focuses on the integration of heterogeneous data sources, in specific, physical
and physiological data sources.

2.2 Heterogeneous Data Sources

Traditionally, data that is needed to make an informed decision does not come
from a single source, but from several potentially heterogeneous data sources.
This heterogeneity relates to differences among the sources with respect to for-
mats, amount of data issued, acquisition speed, meaning, among others [5,9, 11,
13]. In the case of the analysis of thermal comfort, it is possible to identify the
need for physical and physiological data that comes naturally from heterogeneous
sources [11,17,18].

Physical Data and its Sources. These are the result of the measurement of
environmental aspects, for example temperature, humidity, air quality, airspeed,
intensity of light, noise level, among others [9-11,13]. These can be obtained
through sensors such as: a) DHT11, for measuring temperature and humidity,
b) MQ-135, for measuring air quality, ¢) KY-038, for measuring noise, and d)
LDR, for measuring slight intensity.

Physiological Data and its Sources. These are the result of measuring as-
pects such as heart rate, or brain activity, among other parameters [9-11,13].
These data is usually obtained using devices with integrating sensors, such as
smartwatches, smartphones, headbands, among others.

2.3 Thermal Comfort

Thermal Comfort is the level of acceptance of thermal conditions (e.g. tempera-
ture or air quality [9]) of a specific space by its occupants. TC is studied because
it has been shown that it favors not only the comfort, but also the wellness,
the health, the productivity and the performance of the occupants of a space
[13,19]. So, the research in this domain is aimed to determine parameters and
variables to help upgrading the conditions of habitability and quality of specific
spaces [19].

In this context, it is important to know about the aspects that might change
the conditions of a space [20]: the space itself, external environment, and its oc-
cupants. Concerning the space itself and its external environment, variables such
as radial temperature and relative humidity are of importance, while regarding
the occupants, variables of interest are for instance the body mass index and the
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level of isolation of thermal clothing [11,17,20]. Based on this discussion, the
approaches for the study of Thermal Comfort are two [10,13,17,18]:

— Traditional: It is based on the measurement of different internal and ex-
ternal environment aspects, and statistical models are used to analyze the
collected data.

— Varied: It involves the analysis of unusual variables, for example, character-
istics of the users. Also, the revision of adaptive models is considered, such
as the adaptive model of ASHRAE 55 standard.

Thermal Comfort involves then the analysis of a highly complex context, that
can be easily influenced by a large number of aspects [10,17,19]. However, in
spite of being a highly studied topic, it is commonly tackled with a traditional
perspective. The study of TC considering other physiological or even psycholog-
ical variables is then of relevance [17, 18].

3 Proposal

The disconnection of different heterogeneous data sources is a problem that per-
sists today [6,12]. So, the tasks of acquiring, integrating, and analyzing diverse
data flows, are challenging [3, 21]. To solve this problem, KGs are an alternative
with useful advantages, since its construction implies the use of structures with
the ability to represent, explore and analyze different types of data [5, 6].

This project is aimed to develop a KG-based solution to the problem of in-
tegrating physical and physiological data sources in a dynamic context. Thus,
the Thermal Comfort provide an ideal case of study in a highly dynamic envi-
ronment and with distinct types of data. Moreover, in this proposal we consider
to set our study in the context of a classroom. Thus, we are considering the
physical and physiological variables shown in Table 1, which are considered by
the ASHRAE 55 standard and the literature [17,22-25].

Table 1. Physical and physiological variables.

Variables Type Units
Air temperature Physical °Celsius
Relative humidity Physical Water vapor % in 1 m®
Airspeed Physical Distance/Time
Amount of energy expended by user Physiological MET
User heart rate Physiological BPM

In order to tackle the problem, we propose to follow a process divided in
four stages, as seen in Figure 3: a) physical and physiological data acquisition,
b) integration of physical and physiological data, c) representation and analysis
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of context based on the obtained physical and physiological data, and finally d)
determine the Thermal Comfort of users. Each stage is further explained next.

Measurements
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Knowledge
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Fig. 3. Process for the acquisition, integration, and analysis of data to determine ther-

mal comfort.

Stage one is aimed to the acquisition of physical and physiological data. In
this stage, we will implement three tools, one for each of the steps shown in Fig-
ure 4: a) construction of a sensor network to measuring the variables of Table 1,
b) creation of a database in the cloud, and connecting the sensor network to it,
c) implementation of a wrapper to export the database as a RDF repository. For
this last step, it is foreseen to use the Semantic Sensor Network (SSN) ontol-
ogy, that was developed by W3C based on SSO (Stimulus-Sensor-Observation)
patterns, which was especially create to represent sensor information [5, 26].
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Fig. 4. Physical and physiological data acquisition.
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Stage two is aimed to integrate and analyze the acquired physical and phys-
iological data. In this stage, we will use of the RDF repository which it maked
in stage one, as seen in Figure 5, and involves ones steps: a) query the RDF
repository by SPARQL [27], to get RDF Triples which are an integrated rep-
resentation of the physical and physiological data, b) analyze the RDF Triples
acquired through the ASHRAE 55 standard methods and statistical methods
according to the literature, c¢) use the results obtained to expand the knowledge
and get ontologies.
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Fig. 5. Integration and analysis of physical and physiological data.

Stage three is aimed to represent and analyze the context through the RDF
objects. In this stage, we will use of the RDF Triples analyzed in the stage two,
to get a KG, as seen in Figure 6. To this, we will use the RDF Triples to get
an ontology for each variable referred in Table 1, which we will combine with
the user marks "provide a good comfort" and "provide a bad comfort" in order
to distinguish the state of user comfort. Thus, each ontology will have connect
with between both to make up a KG, that will have the ability to be querying
by SPARQL. Also, KG obtained will have an inference engine to expand its
knowledge and have more precision to know and customize the users comfort.

Finally, in stage four, based on the case study, we propose to analyze and
understand the user Thermal Comfort through the application of ASHRAE 55
standard, and compare the results obtained against the knowledge that could be
acquired by the KG.

4 Related Work

KGs enable the possibility of having a unified view for a set of heterogeneous data
sources, which can be further queried and analyzed it. This has been investigated
in several works. Particularly, in [5], the authors observed a big potential in the
connection of an enormous amount of data that are generated by the billions
of devices of the Internet of Things (IoT), and in [16], the authors similarly
identified the need of unify data coming from energy systems.
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Fig. 6. Analysis and representation of context with base in the obtained physical and
physiological data.

In the case of studies on Thermal Comfort, in general they follow a tradi-
tional approach, do not exploit the use of tools for handling heterogeneous data,
and they are limited to following standards such as ASHRAE 55 [17]. In addi-
tion, these studies do not usually check the influence of physiological variables on
the comfort of a given environment [17,22]. For example, in [28], the authors ex-
plained that in the south of Europe exist uninhabited and obsolete homes, which
need to be rehabilitated in favor of human occupation. Given this, the authors
reviewed the Thermal Comfort conditions in those homes through on a model
developed for the prediction of Thermal Comfort based on Artificial Intelligence.
So, they provided a mechanism capable of supporting the rehabilitation tasks in
these places. However, the proposed model focused on the revision of environ-
mental variables, and was unable to analyze the conditions of the environment
in real-time.

In [29], the authors mentioned that in Cuba, the approach to determine the
punctual thermal load of a building used by the companies that install HVAC sys-
tems was wrong, causing high maintenance costs and high energy consumption
by this type of machines. Thus, the authors studied Thermal Comfort conditions
in spaces with the double-folded objective of exposing the bad implementation
of HVAC systems and of determining how to improve the Thermal Comfort level
in those spaces. However, parameters related to users were not considered, only
taking into the occupational affluence in those spaces.

In [30], the authors presented RoomFort, an intelligent system for the man-
agement, adjustment and improvement of the comfort conditions in hotel rooms.
They used ontologies and a sensor network in hotel rooms to acquire, process
and reason about different aspects related to the comfort status and how to
improve it. However, although they considered parameters related to the hotel
guest, this was not significant on the Thermal Comfort of the hotel room, since
the study was mainly aimed to study Visual Comfort.

In [31], the authors proposed E-Cabin, a framework based on IoT which take
advantage of the potential of ontologies to represent knowledge and maintain a
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consistent relationship between ontology knowledge and user profiles. The au-
thors used this framework to design and construct an intelligent cabin on a cruise,
equipping the cabin with the ability to provide its inhabitants with personalized
interior comfort and, at the same time, better management of the energy con-
sumed. However, in the case of Thermal Comfort, the variables related to the
user were not significant in the environment thermal settings.

In [32], the author explored the capabilities of the Wireless Sensor Network
(WSN) for the study of the Human Comfort problem and the creation of Hab-
itable Environments. Thus, he revised the potential of a WSN to analyze the
environment and determine the Visual, Acoustic, Indoor Air Quality and Ther-
mal Comfort state. However, in the case of Thermal Comfort, his analysis was
based on physical parameters related to the environment.

5 Conclusions

The popularity that KGs have gained in the last years, has allowed to improve
the form of construction of this kind of tools, highlighting the ability to manage
large volumes of heterogeneous data.

Thus, KGs have served as a solution to satisfy problems related to the use
of data sources of different nature, providing a base to develop systems for pre-
senting an integral view of those sources.

Nonetheless, KGs have still some challenges related to the management, con-
nection and integration of data. Particularly, the challenges related with acquir-
ing and analyzing data flows coming from sources with high levels of variability
and interoperability.

In this sense, Thermal Comfort analysis through KGs can provide a dy-
namic panorama with heterogeneous variables of multiples sources, helping and
expanding the study of KG abilities to integrate, connect, storage and repre-
sent heterogeneous data sources. Also, contribute to Thermal Comfort studies,
and the use of ontologies on topics related to intelligent environments and the
development of spaces for human occupation.

Thus, as part of our research, this paper presents a proposal to manage and
analyze heterogeneous data based on their integration through KG by knowing
the user Thermal Comfort which are the study case. This proposal consists
of a process of four stages: a) physical and physiological data acquisition, b)
integration and analysis of physical and physiological data in a structure, c)
representation and analysis of context with base on the obtained physical and
physiological data, and finally d) determine the Thermal Comfort of users. Then,
the knowledge obtained by this proposal could be used to develop intelligent,
healthy and productive environments, as well as a help to manage heterogeneous
sources.

As future work of this project, it is planned to design a network of sensors
to obtain physical and physiologic sources, obtained from a specific working
environment and users, respectively, to integrate them using a KG and, then
analyze the users’ Thermal Comfort in closed environments.
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