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Abstract

Research efforts focused on Smart Building (SB) development have concentrated on the automation of resources within intelligent
environments towards an enhanced experience for occupants. The process converts everyday manual activities into automatic ac-
tions, such as turning on lights upon entering a room, activating air conditioning on hot days, and switching off a television when
there are no viewers. This article addresses a case study on context-aware monitoring conducted at the Laboratory of Distributed
Systems and Concurrent Programming (LaSDPC') of the University of Sdo Paulo. The focus is on a Fog layer of the IoT oper-
ating closer to sensors and reducing communication delays. Concepts of context-aware systems, multi-agent systems, ontology,
and MQTT protocol were considered for the implementation of the intelligent system on-site. The programming languages used
were Java and Python, leveraging libraries and frameworks dedicated to such technologies. A scalable system that does not com-
promise computational resource use and maintains responsiveness with low data exchange latency is proposed and tests checked
the intelligent behavior of the laboratory under specific conditions using temperature, luminosity, and presence of a person as
parameters.
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1. Introduction

The advancement of the Internet of Things (IoT) has provided people’s daily activities with higher efficiency. The
proliferation of internet-connected devices such as TVs, refrigerators, and watches has facilitated data collection and
development of studies and observations, thus, optimizing tasks. Examples [14][15] such as remote monitoring and
analysis of patient health conditions[10] and, in the domestic environment, the energy consumption of electronic
devices can be monitored and controlled.
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The growing expansion of such technology has led to the implementation of smart city projects[1], i.e., cities whose
structures and buildings are connected to networks, generating and collecting data for improving their inhabitants”
life quality[4]. A smart city consists of Smart building constructions that incorporate Fourth Industrial Revolution
technologies, including Cloud Computing and IoT for primarily optimizing and automating resource usage, especially
in environments with high human traffic [12][5].

Places regularly frequented require resources for maintaining the comfort and convenience of visitors [13]. As
an example, let us consider a university computer laboratory, used by students for disciplines that require practical
applications towards enhancing learning. Such use implies high energy costs for the maintenance of devices such as
computers, air conditioners, lights, televisions, and operational equipment [3]. The implementation of smart building
concepts makes those resources’ efficient and automatic use viable through the integration of sensors to monitor
environmental variables, as claimed by [6].

This study models and analyzes a scalable context-aware Multi-Agent System, where data obtained by sensors en-
able automatic decision-making for device changes, such as turning on/off air conditioners and lights. The system will
be applied within the context of a Smart Building represented by LaSDPC. In what follows are the main contributions
of the study:

e Proposal of a basic software architecture for the autonomous control of sensors in a Smart-Building context.

e Presentation of the functionalities that a scalable architecture should have.

o Evaluation of the system’s scalability considering number of sensors and characteristics of the platform where
the system will be applied (memory, CPU, among others).

It must be highlight that this project is part of large project that includes Reactive Manifesto principles, Reactive
Microservices, Digital Twin, and Federated Learning (see this site” for the complete project).

2. Related Work

The studies were gathered from the most renowned technology research libraries such as IEEE, Scopus, WoS,
and ACM and an specific search string (’smart building’ AND ontology AND ’multi-agent system’) was employed,
resulting in an extensive selection of studies. Articles proposing software architectures and those whose architectures
had been tested in real or simulated scenarios were prioritized.

[7] implemented a real-time quantification mechanism for the shelf life of bananas. According to the data, up to
60% of bananas are discarded from production to the final consumer. Therefore, the study proposes applying IoT
knowledge through Arduino in conjunction with temperature, humidity, and luminosity sensors. Neural networks pre-
dicted the moment of banana spoilage and multi-agent systems detected devices (Arduino) automatically, facilitating
communication between applications and those devices.

[9] employed an MAS and an ontology to enhance MobiLEHealth (Mobile Learning Environment for Health)
system, which provides individuals with chronic diseases with a deeper understanding of their health conditions,
improving their quality of life. The primary goal of such enhancement was to adapt the system’s graphical interface
to meeting the needs of the target audience, predominantly composed of elderly diabetic individuals, who demand an
easily understandable and navigable interface due to visual, cognitive, and motor limitations resulting from age and
illness.

In a more specialized context of ontology, [6] served as the basis for the definition of rules for guiding the in-
telligent behavior of agents in LaSDPC project. The article describes the conception of a context-aware intelligent
system employing ontology to optimize energy consumption in buildings. The authors developed Onto-SB, a widely
comprehensive ontology focused on smart buildings and encompassing concepts related to buildings, individuals, user
profiles, devices, and energy.

Several inference rules were established, including activity detection such as watching television, calculating de-
vice energy consumption, deactivating lights in unoccupied rooms, and turning off the heater when the temperature

2 https://smart-lasdpc.github.io/about-project.html
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exceeds 25°C. A simulator called Open-SBS was developed to evaluate the system, reproducing a real scenario in an
environment simulating a family-inhabited residence. The results were satisfactory, demonstrating the system reduced
approximately 40% of the total energy consumption.

Table 1 shows a comparison of the three studies related to the present proposal.

Table 1. Comparison of methods and approaches among related studies.

Study 01 [7] Study 02 [9] Study 03 [6] Our proposal
MAS Yes Yes No Yes
Framework JADE JADE - JADE
Context-aware Yes Yes Yes Yes
Model used Neural networks Ontology Ontology Ontology
Inference rules - Yes Yes Yes
Test conducted Practical Practical Simulated Simulated

The studies proved fundamentally important for expanding the understanding of the application of multi-agent
systems for context-aware monitoring and development of ontologies and inference rules. Although they addressed
different contexts, they enabled extraction and adaptation of the concepts employed to fit the reality of LaSDPC.
Therefore, they played an essential role in guiding the system’s development within the laboratory scope.

3. Method

The multi-agent system developed comprises four types of agents, namely, Creator, Monitor, Collector, and Ra-
tional, of which each plays a specific role and their cooperation enables the creation of an intelligent system for the
laboratory. Creator receives sensor data and creates Monitors for overseeing a group of sensors. Collector gathers data
from each sensor and, upon finishing collection, sends them to Rational, which uses them to manipulate the ontology.

The architecture is displayed in Figure 1, with a focus on the Fog layer, where sensors, controllers, and smart
devices send their data to a Smart Gateway (represented by Eclipse Kura®) containing MQTT broker through a WiFi
network inside LaSDPC. From this point, Creator and Collector connect to the broker towards receiving the data.
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Fig. 1. Multi-agent system architecture.

Except Rational, which is created in Python with the use of Owlread?2 library, each agent is developed within JADE
framework. The choice for Python is attributed to its handling of ontologies. Whereas OWL API in Java is used for
the same purpose, Owlread2 provides a more direct and simplified approach for the creation of instances and update
of values in the ontology. Additionally, it offers comprehensive, detailed, and up-to-date documentation, covering all

3 https://eclipse.dev/kura/
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available resources and facilitating the implementation of Rational agent functions. Therefore, Owlread2 was chosen
due to its advantages. In what follows are details on how Owlread2 works.

Initially, sensors and objects transmit their data to the broker within Smart Gateway. The information is formatted
in JSON that contains id (Unique identifier of the sensor), type (Sensor type, e.g., temperature, light, or motion), date
(Date and time of the sensor reading), agent_id (Monitoring Agent responsible for overseeing the sensor), measure
(Type of value read by the sensor), and state (Current state of the sensor i.e., ON or OFF). The sensor simulator scripts
can be seen on the project repository*.

Collector and Creator receive the data from the broker and Collector stores the information until it gathers data
from all types of sensors present in the laboratory.

Once the collection has been completed, the data are sent to Rational, which manipulates the LaSDPC ontology
and, according to the data, creates instances for objects and sensors, representing the states and values at the time of
reading. Subsequently, inference rules are applied.

If a rule is triggered, the ontology is updated, sending instructions for the update of the state values in each sensor’s
controller (physical devises), demonstrating the system’s context-awareness, for decisions are made autonomously
with no human intervention. The next rule is then tested and the process continues until all rules have been processed,
after which the data cycle restarts with the collection of a new round of data by Collector.

Creator receives the data and checks if any sensor lacks a Monitor agent for supervision. Monitors have a maximum
number of sensors they can oversee, which is determined by the laboratory administrator. If a sensor has no assigned
agent for monitoring, Creator queries the system for an available Monitoring agent. In case of no availability, Creator
generates a new Monitor within the system and assigns the sensor to it. Alternatively, if space for monitoring is
available, the sensor is allocated to an agent with capacity, demonstrating the system’s capability for automatic sensor
management, operating seamlessly with no human intervention.

Table 2 shows the behaviors of the agents in the system, which has proven autonomous and intelligent when
managing the sensors.

Table 2. Behavior of agents

Automatic sensor management Ontology manipulation

Connection with the broker, via MQTT protocol by Creator; Collector initiates together with Creator;

Automatic detection of sensors by Creator; Collector collects data from each sensor until it obtains data
from all;

Receipt of sensor data by Creator; Collector transfers the collected data to Rational;

Creation of a new Monitoring by Creator, whenever necessary; Rational receives the data and populates the ontology with
instances;

When a Monitor does not have sensors to monitor, it is terminated; Rational applies the inference rules to the ontology;

Each Monitor has the objective of operating with the maximum number of | Rational updates the ontology.

sensors established or getting as close to this number as possible;

If a Monitor is terminated with sensors, it is recreated with the same ID and

receives the sensors again.

Graphical interface for the visualization of agents and their sensors:

A graphical interface was developed for a better understanding of the agents within the system and the sensors
each one is responsible for, as illustrated in Figure 2. Although JADE provides a native graphical user interface for
the visualization of the agents” behavior, this GUI does not show the sensors interacting with the system’s agents.
Therefore, a custom interface that displays information on the agents and their respective monitored sensors was
created. It shows count of present agents, number of sensors each agent has, and names of the sensors.

Ontology that represents LaSDPC: The ontology within the LaSDPC domain was constructed by Protégé
software and according to the recommendations of [2]. The classes pertain to the sensors in the laboratory, such
as temperature, luminosity, and motion, as well as the objects controlled through established rules, such as air
conditioning, doors, blinds, and lamps. Those classes form the foundation of the ontology, enabling control over the
primary functions that enhance the experience of occupants within the environment and promote energy efficiency.
Figure 3 depicts the ontology.

4 nttps://github. com/Smart-LaSDPC/MAS-and-0Ontology-to-Smart-Building/tree/main/sensor-simulators
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Fig. 2. GI showing the agents and their respective sensors. Fig. 3. Ontology developed for LaSDPC.

Regarding properties of objects within the ontology, a relationship indicating the location of each sensor and
object was established. Since LaSDPC comprises two laboratories (1006 and 1008), understanding the location of
each device is crucial for a better comprehension of laboratory data and mapping of the distribution of devices.
Additionally, each object has a state property. For doors and blinds, OPEN/CLOSED indicate the state of being open
or closed, whereas lamps and air conditioners can take ON/OFF values to represent their operational status.

Two data properties were adopted for the sensors - one reflects the sensor’s state, which can be ON/OFF, whereas
the other represents the values read by it. The temperature sensor records the temperature in degrees Celsius, the
luminosity sensor measures the amount of lux in the area, and the presence sensor indicates presence or absence of
people with values of 1 for presence and 0 for absence.

Inference Rules: The initial inference rules developed for LaSDPC are presented in more detail on the project
repository®. Our group has been working on the development of a robust ontology that enables the execution of rules
aimed at automating the state changes of objects, such as air conditioning, lamps, doors, and blinds, thus eliminating
the need for human intervention. The recommendations and guidance provided by [11][6] have been followed. The
functionalities aim to create a more comfortable environment for laboratory occupants, optimize resource usage, and
conserve energy.

4. Results

This section addresses the tests conducted for verifying the scalability of the developed system. Parameters
such as CPU usage, memory consumption, and message reception time by Creator Agent were analyzed following
the recommendations of [16, 8]. The data were sent through sensor simulators, generating random values, and the
inference rules of Rational agent were tested and checked for application when the conditions for a rule have been met.

Simulation of sensors and object states: Temperature, luminosity, and motion sensors used in the experi-
ment were simulated in Python programming language. The simulators generate random values for environmental
readings. The temperature sensor produces values between 10°C and 40°C and luminosity ranges from 0 to 500 lux.
The motion sensor randomly sets value 1 for presence of people and 0 for absence. Air conditioning, lamp, door, and
blind states were also simulated. The tests’ initial states were air conditioning off, light on, door open, and blinds
closed.

5 https://github.com/Smart-LaSDPC/MAS-and-0Ontology-to-Smart-Building/tree/main
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System scalability test considering number of agents and sensors: Towards assessments of the system’s
scalability in terms of responsiveness, tests were conducted to evaluate the response time in data reception by the
Creator Agent. The tests measured the time required for the receiving of data from a random sensor within the
system. In larger environments, there might be a higher number of sensors and objects sending data to the agent.
Therefore, the aim was to assess whether the agent could manage all information without significantly impacting the
system with delays. The tests involved the use of up to 100 sensors simultaneously, sending readings every second
until reaching 1000 readings sent by each sensor. The data were sent in JSON format and averaged approximately
122 characters each. Towards the analysis of a scenario that imposes higher stress on the system, the quantity of 1
sensor per Monitoring Agent was established, maximizing the number of agents in the system. The result is provided
in Figure 4.

A virtual machine hosted on one of the nodes within the Andromeda cluster of LaSDPC was used for the tests with
the following configurations: QEMU Standard PC model (Q35 + ICH9, 2009), AMD Opteron 63xx class CPU x4,
8GB of memory, Ubuntu 22.04.3 LTS 64-bit OS, Java SE 8, JADE 4.5.3, and Mosquitto 2.0.15.
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Fig. 4. System scalability analysis, focusing on measurements of message intervals.

The graph shows a tendency toward a linear growth in the average interval for the receiving of new data from a
same sensor as the number of sensors increases. Therefore, with only one sensor in the system, the interval averaged
7.7 milliseconds. The growth becomes linear up to 30 sensors, where the time remains nearly constant between 40
and 60 sensors. Subsequently, there is a new increase after reaching 70 sensors, with an interval of 13.2 milliseconds
with 100 sensors.

The interval for receiving sensor data did not significantly increase as the number of sensors grew. This is partly
attributed to the fact the sensor’s message-sending interval occurs every second, which is a value the system can
handle without difficulties, following the machine’s settings on which the agent operates.

Additionally, both CPU and memory usage in the machine were analyzed regarding hardware resource use. Figures
5 and 6 display the corresponding graphs for those metrics. The same number of sensors of the time test was considered
and ranged from 1 to 100.

The analysis of the CPU utilization graph revealed the values did not increase suddenly, reaching peak con-
sumption when 100 sensors simultaneously transmitted data. The results regard the consumption of 1 CPU core,
considering that the utilized machine possesses four cores. Therefore, the Multi-Agent System (MAS) can be hosted
on a virtual machine without overburdening it. The memory usage showed minimal fluctuation, consistently hovering
around 1 GB for varying quantities of tested sensors. Although not excessively low, this value does not yet pose a
constraint for the machine, equipped with 8 GB of memory. Consequently, MAS remains scalable, considering the
current resources available on the machine.

Testing of Inference rules in Ontology: Temperature, luminosity, and motion sensor simulators were employed for
tests with Collector and Rational Agent and are responsible for transmitting captured environmental data to the broker
(eclipse Kura). Additional simulators were developed to send the states of the objects addressed in this study, namely
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Fig. 5. System scalability analysis measuring CPU. Fig. 6. System scalability analysis measuring memory.

air conditioners, lamps, doors, and blinds. Following the program execution and simulator operation, the output result,
considering four rounds of data collected by Collector agent, is presented on the project repository®. It showcases the
rounds of data collected by Collector, encompassing both sensors and objects. The data were formatted in JSON, as
previously defined, and contains information about the environmental variable readings by the sensors and the state
of the things.

In the first round, the air conditioning was off, the lamp was on, the door was open, and the blinds were closed.
The sensors indicated absence of people, with 320 lux indoors, 423 lux outdoors, and 29°C temperature. Therefore,
following the inference rules, Rational Agent applied only Rule 1, turning off the lamp due to the absence of people
in the laboratory and keeping the light on, thus saving energy.

The second round incorporated updates in the ontology from the previous round, now with the lamp off. The
remaining states indicated the air conditioning was off, the door was open, and the blinds were closed. The sensors
detected presence of at least one person, with 365 lux indoors, 402 lux outdoors, and 37°C temperature. Therefore,
Rule 2 was triggered due to the presence of a person(or people) and temperature above 28°C temperature, resulting in
the activation of the air conditioning. Subsequently, the ontology was updated, triggering Rule 3 for the closing of the
door and prevention of cold air from escaping the laboratory.

In the third round, the updated states of the objects were displayed, with the blinds remaining closed. Sensor data
indicated presence of someone in the environment, 121 lux indoors, 348 lux outdoors, and 15°C temperature. Due to
low internal luminosity and higher external luminosity, the blinds were opened to save energy and prevent the lights
from being activated.

In the fourth round, the updated states of all objects were presented. No presence of individuals was recorded;
measurements indicated 250 lux indoors, 310 lux outdoors, and 17°C temperature. Given this information and upon
analyses of the defined inference rules, none of them applies to this scenario. Therefore, no object states were altered.

5. Conclusions and future work

This paper reported on the development of a system that manages the sensors of LaSDPC and uses the received
data to create an intelligent environment. Concepts such as context-aware monitoring, multi-agent systems, ontology,
and MQTT protocol were incorporated towards the achievement of the goal. Research on those concepts was reviewed
during the development of the system, enabling their adaptation to the laboratory context. The system proved promis-
ing through the use of sensor and object simulators and can serve as a foundation for incorporating and enhancing
behaviors and rules according to the needs and preferences of laboratory users. It is scalable, as evidenced in tests
conducted with up to 100 sensors sending data simultaneously. This number of sensors was established for the ex-
amination of a scenario beyond the laboratory environment, since smaller spaces do not demand such a significant
volume of sensors. This scalability enables an effective management of devices that measure critical environmental

6 https://github.com/Smart-LaSDPC/MAS-and-0Ontology-to-Smart-Building/blob/main/Inference_Rules_Test.md
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variables such as temperature, luminosity, and presence of individuals, hence, installation of other types of sensors
(e.g., sound, water leakage, and air quality). The study is expected to serve as a practical model for transforming LaS-
DPC into a Smart Building with greater comfort to laboratory users. Moreover, a reduction in energy consumption
is anticipated, since the system enables an efficient use of environmental resources available. Future studies aim at
the integration of all project components, namely, Reactive architecture on the cloud, Federated Learning, and Digital
Twin for the creation of a complete solution on Edge, Fog, and cloud computing layers. Such a unified approach will
offer a comprehensive and adaptable solution applicable to all university laboratories, thereby opening new research
gaps (e.g., anomaly detection, pattern discovery with data mining, among others) for future researchers to explore
areas of Distributed systems and Al
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