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Abstract: Building automation is concerned with closed- and open-loop control of building services
such as heating, cooling, ventilation and air conditioning, lighting and shading. The ultimate goal
is to reduce energy consumption while providing comfort for the occupants. However, ensuring
human comfort is a complex affair. In case of dissatisfaction, users need to inform the building
operators about apparently badly adjusted setpoints. Then, service units of the facility management
have to manually analyze how to improve the situation. Due to the complex characteristics of
human perception and derived feedback, this can become a troublesome and time-consuming task.
This paper describes the main results of our investigations to improve occupant comfort in office
buildings using environmental information monitored by a Wireless Sensor Network (WSN) and
human perception collected from a feedback tool. A joint information base aligned with static data
from building information modeling integrates the information gathered. Reasoning on these data
sources allows adjustments of the Building Automation System (BAS) to automatically enhance the
tenant’s comfort or suggest necessary adjustments for facility managers. Communication between
the different system components is handled via Message Queuing Telemetry Transport (MQTT).
A real-world field study shows the potential of the developed approach, proves its feasibility, and
demonstrates the functionality of the feedback tool.

Keywords: building automation; occupant feedback; building information modeling; building
management; prototyping

1. Introduction

In the last few decades, there has been a growing interest in integrating building
management into increasingly complex buildings, which is due to the rising performance
requirements demanded by users and facility owners. The requirements stem from various
business activities and allocation of different types of space, demanding more efficient use
of facilities provided by the building. Further, reducing the running costs of a building
and ensuring proper maintenance of the building’s equipment, alongside environmental
considerations, enable a high-performing facility [1,2]. Therefore, Facility Management
(FM) plays an important role in enhancing the overall performance of an organization’s
building. Per the definition of the International Facility Management Association (IFMA),
FM is “the practice of coordinating the physical workplace with the people and work of the
organization. It integrates the principles of business administration, architecture and the
behavioral and engineering sciences” [3]. Information and Communication Technology
(ICT) supports FM in managing the complexity of large buildings by providing tools for
supplying necessary information about the facility to a facility manager. Such systems
are called Computer-Aided Facility Management (CAFM) systems. Common features of
CAFM systems include information and description on the physical properties as well as
documenting of energy usage [4]. These systems and tools support the building manage-
ment system, which mostly operates with objective measurements originating from sensors
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of the BAS [5,6]. Other input data originate from the feedback of tenants in form of problem
reports to the facility management. However, allowing the occupants to directly adjust
some environmental parameters is associated with risks [7]. For this, platforms, ticket
systems or hotlines provide the means for users to give feedback in natural speech, through
Web forms, or free form text fields. Analyzing such feedback is labor-intensive and the
processing time is usually too long, hence this requires a more sophisticated interaction de-
vice to usefully provide feedback. By using a knowledge base specifying the requirements
on the relevant information of different types of user feedback, knowledge engineering
methods allow us to assess the data sets and classify problems and possible solutions [8].
In order to accomplish this, building operators and facility managers formalize their expert
knowledge for deriving reusable, generic rules. In combination with monitoring data from
sensors of the BAS and context information, triggering rules based on the user’s feedback
enables an indirect control of the BAS for increasing user comfort. Thus, research into
closing this gap and providing a suitable set of rules is necessary. This further requires an
appropriate feedback tool and methods to enable processing and comparison of subjective
user feedback and objective monitoring data as far as possible in an automated fashion.
The paper contributes to answering the following research questions:

* s there a uniform and straightforward method to incorporate occupant feedback into
a building automation system automatically?

*  What requirements for a user feedback tool have to be defined to enable gathering
multi-dimensional feedback from occupants?

*  What is a suitable architecture for allowing users to give context-aware feedback and
enable automatic integration into a BAS?

*  Which rules can be derived from occupants and facility managers in order to make
suggestions to re-configure BAS and increase user comfort?

We are investigating an automatic integration of building occupant feedback and
analyzing this feedback in combination with building monitoring data to improve occupant
comfort and provide facility managers with information on possible re-configurations and
ongoing building issues. As part of this process, a user feedback tool is designed and
developed, an ontology for modeling all entities of a “Human perception and Building
Automation System” (HumBAS) environment is created, and a rule-based approach for
integrating feedback is developed [9]. This enables HumBAS to cover a wide range of use
cases, with focus on office buildings, as they have a relatively constant and static user base,
as well as to allow including open-plan offices into the project. Additionally, as work in
office buildings is characterized by mental work with high demands on concentration, bad
indoor conditions affect the performance of office workers [10]. In this respect, the office
context provides a highly complex field worth investigating. Figure 1 provides an abstract
overview of the HumBAS vision.
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Figure 1. Human perception and Building Automation System (HumBAS) project.
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The rest of this paper is structured as follows. Section 2 outlines relevant definitions
used throughout the paper and provides the background on information models. Section 3
highlights relevant applications and research for capturing user feedback. Section 4 elab-
orates on the design approach of the feedback tool. The system architecture of Section 5
covers implementation details of the proposed approach. Afterward, Section 6 explains the
deployment and evaluation strategy, while Section 7 concludes the paper and outlines the
potential for future work.

2. Background

A short overview of relevant definitions and the background on information models
is given, which provide the foundation for assumptions made within the rest of the paper.

2.1. User Comfort

An extensive literature survey by Frontczak and Wargocki [11] found four recurring
categories across the surveyed studies: Thermal comfort, visual comfort, acoustic comfort
and air quality.

®  Thermal comfort is “that condition of mind which expresses satisfaction with the
thermal environment” [12]. Apart from that, the standard ISO 7730 [13] defines
two indices for predicting the mean thermal sensation (Predicted Mean Vote (PMV))
and the mean satisfaction with thermal conditions (Predicted Percentage Dissatisfied
(PPD)) of a group of people.

*  Visual comfort is defined as “a subjective condition of visual well-being induced by
the visual environment” [14] and specifies a number of physical properties. These
visual conditions include parameters such as illuminance, the color of light and the
amount of daylight to name just a few [15].

¢ Navai and Veitch [16] defined acoustic comfort as “a state of contentment with acoustic
conditions”, whereas these conditions are mostly characterized by sound, mainly by
sound pressure level and frequency. Positive acoustic comfort is primarily associated
with avoiding acoustic discomfort [17].

e  Similarly to acoustic comfort, indoor air quality is most often associated with the
lack of discomfort as a result of odor and sensory irritation. Acceptable air quality is
defined as “air in which there are no known contaminants at harmful concentrations
as determined by cognizant authorities and with which a substantial majority (80% or
more) of the people exposed do not express dissatisfaction” [18].

Some attempts have been made to rank the importance of the individual factors against
each other, but unfortunately, as Frontczak and Wargocki [11] conclude, “little information
is available on modeling how individual environmental conditions related to thermal,
acoustic and visual comfort, as well as satisfaction with indoor air quality influence the
overall satisfaction [with the indoor environmental quality]”.

2.2. Information Models

With regards to modeling a building during its life cycle, Building Information Model
(BIM) offers a method for providing a data model containing all data that emerge during
planning, construction, operation and maintenance of a building. This data model is
used and updated by all project participants (e.g., architects, planners, engineers, facility
managers) during the whole building life cycle [3,19]. Corresponding to the term Building
Information Model (BIM), the data model is known as a building information model. An
important part of BIM is the building object that can be parametrized [19]. On one hand,
there are component objects representing products with fixed shapes such as windows,
doors, or boilers, on the other hand, there are layered objects such as walls or a roof.
These objects are used within the particular building information models. Two important
open BIM data exchange standards are the Industry Foundation Classes (IFC) [20] and
the “Green Building XML” (gbXML) [21]. In recent years, a lot of research has been
conducted on using BIM in the context of the Semantic Web. As the open specification of
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the IFC is the de facto standard for open BIM data, most research and work are focused
on transforming IFC represented as an EXPRESS schema to an OWL ontology resulting
in the ifcOWL ontology. Results of this work on ifcOWL and the conversion can be found
in [21] and [22]. Another approach for modeling assets in buildings is Brick, an OWL-based
open-source standard [23]. Brick provides semantic descriptions of the building’s assets, as
well as their relationships, and models them as a directed, labeled graph. This building
model is machine-readable, which is accomplished by using the Resource Description
Framework (RDF) language, allowing us to query the triple-based model using the query
language SPARQL.

3. State-of-the-Art

Apart from ensuring the energy- and space-efficient use of a building, another goal
of the FM is the well-being of the building’s tenants. This well-being relates to the “user
experience”, which describes the interaction of a user with a system in relation to the
quality of this interaction [24]. In order to measure this user experience, feedback from
tenants can be analyzed.

Various applications and software solutions provide capabilities for capturing user
feedback—specifically in the context of personal comfort estimation, modeling and opti-
mization of indoor environments—and can be classified into three broad categories (some
of which inevitably overlap), based on the technical approach taken by the authors:

*  Mobile applications running on smartphones

- Comfy [25] aims to manage the workplace by providing users with an app for
booking spaces, finding colleagues and allowing them to give feedback about
the workplace.

—  TherMOOstat [26,27] uses thermal feedback from users to define whether they
feel comfortable or uncomfortable in order to contribute to energy savings.

-  BEES [28] collects occupancy preferences in order to calculate an optimal tem-
perature set point and additionally takes spatial information into account.

- FORCES [29] is a comfort voting application allowing users to give thermal
feedback based on their preference for decreasing energy costs and increasing
occupant satisfaction.

- Authors of [30] propose a model to describe the personal thermal complaint
behavior for controlling the personal office environment by setting thermal set
points.

- Lametal. [31] implemented a participatory model-driven temperature set point con-
troller that uses a mobile application for collecting votes from building occupants.

¢  Tangible interaction devices

—  MiniOrb [32] is a personal interaction device that documents user’s comfort
preference values, displays the local user group’s sensor readings and the average
comfort preferences of all users.

—  ThermoKiosk [33] provides users with an interaction device for expressing their
thermal comfort and viewing the results for manually setting temperature values
of Heating, Ventilation, and Air Conditioning (HVAC) systems.

*  Wearable biosensors, often complemented by neighboring sensors

—  Comfstat [34] combines heart rate measurements from wearable biosensors, data
from stationary sensors, and user-feedback collected from a mobile (smartphone)
feedback tool.

—  Authors of [35] use commercial-off-the-shelf wearable fitness trackers and sta-
tionary sensors together with a mobile app for estimating individual mean
thermal sensation model parameters.

Apart from these applications and tangible devices, the authors of [36] present the Web
application “Yousense”, which allows users to express their current feeling. Additionally,
the application enables users to add contextual information, such as time and location.
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Feedback recorded may not be connected to building automation-relevant comfort of users
and is quite general (e.g., nice room). “Yousense” does not consider utilizing the building
structure’s data or feeding back control data into the BAS.

Similarly, some of the applications mentioned above have limitations regarding their
comprehensiveness. Exemplary, “Comfy” only considers the BACnet protocol and does
not include information from the model-based building management. Additionally, most
of the applications mentioned above only include thermal information in their feedback
process. The tangible devices are not connected to a BAS, hence an automatic integration of
the user’s feedback is not part of MiniOrb or ThermoKiosk. Using wearable biosensors for
retrieving the user’s comfort raises privacy concerns, as strict measures have to be taken in
order to ensure the security of the user’s data.

Authors of [37] present OFFICE, which aims to manage the trade-off between occupant
comfort and energy costs within a smart building HVAC control by utilizing a Model
Predictive Control (MPC) framework. By using the current and predicted location of
users and what they want, weather data and how zones in the building react to changes,
they aim to control the thermal zones. A Web application allows users to give thermal
feedback ranging from “cold” to “hot” and includes a “neutral” vote, indicating the optimal
condition for the user. With these features, OFFICE is able to minimize energy costs and
still satisfy user comfort constraints. The OFFICE framework is one approach to utilize
human-in-the-loop data for increasing comfort parameters by controlling the HVAC for
thermal regulation. However, comfort does also include other parameters (see Section 2.1)
apart from thermal perception. Additionally, it is unclear if and how the FM is informed
about problems, for example, a defect ventilation leading to decreasing temperature within
a zone. Such failures could lead to users giving incorrect feedback to the system. As given
feedback is centrally stored in a database, privacy concerns regarding the user’s thermal
preferences arise. Overall, Winkler et al. [37] focus their work on the optimization of energy
costs and thermal comfort and provide a foundation for further research.

In [38], the authors propose a framework for dealing with humans as an element of
the building automation loop. By using a building information model as the core concept,
they aim to allow users to give feedback by using a mobile application for enhancing and
customizing operations of a building. The app should further allow observing the energy
usage and occupancy level and view the need for maintenance processes. In [39], they
use this framework on their campus for assessing a digital twin framework for controlling
and monitoring sustainability assets. This educational building is equipped with a wide
range of sensors and monitors students on daily activities, aiming to increase indoor
environmental quality and energy utilization.

The study in [7] evaluated several field implementations of occupant-centric building
controls. Their results revealed that most research focuses on HVAC and lighting sectors,
separately, and that the duration was most often less than three months within 10 zones.
With regards to user data and privacy concerns, which involve occupant’s direct comfort
voting as well as location privacy, the reviewed studies sometimes overlooked these aspects.
Another interesting finding was that open-plan offices were rarely represented.

In recap, we assume our work is the first attempt in the literature focusing on office
buildings to combine real-time occupancy, user feedback and sensor data with an infor-
mation model approach and rule-based decision making for indirect BAS control, which
includes thermal, visual, acoustic and air-quality parameters.

4. User-Centered Approach and Feedback Tool

In order to design a feedback tool that can collect feedback from users of an office
building, a problem-oriented and user-centered approach [40] was applied. First, an in-
depth analysis of the context was carried out. On the basis of these findings, personas
were created with the help of which everyday actions in the work context should be better
understood. This is achieved by playing through different narrative scenarios with them.
Scenarios are used to refine the understanding of certain demands users place on a building.
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Based on these scenarios, concrete use cases were derived that describe the interaction with
and function of the system. In the following, this process is described in more detail and
the results are presented.

4.1. Contextual Analysis

The contextual analysis contained a variety of methods to gain insights into the every-
day use of buildings and BAS. In addition to a problem-oriented literature review, in-depth
open interviews were conducted. Likewise, a series of smaller workshops with project
members were carried out, in which the knowledge about, experiences with and demands
on BAS were purposefully worked out. As pointed out by Frontczak and Wargocki [11],
thermal comfort, visual comfort (natural and artificial lighting), acoustic comfort, and air
quality are central dimensions that have a major impact on the perceived comfort in the
interior. Based on this assumption, a mapping of the corresponding comfort parameters to
commonly installed building automation subsystems that can influence them was made.
The result is shown in Table 1.

Table 1. Mappings of comfort parameters to commonly installed BAS subsystems.

Comfort Parameter BA Subsystem
Thermal HVAC, shutters
Visual Shutters, artificial lighting
Acoustic HVAC, shutters, artificial lighting
Air HVAC (ventilation), shutters

The in-depth interviews showed that the building users are mostly satisfied with
the automated control of the BAS. Nevertheless, there are situations in which the BAS
creates inappropriate conditions for certain work activities. For example, BAS controls the
shutters to maximize natural lighting while not allowing direct sunlight to pass through the
windows. This can lead to problems when presentations are held using video projectors if
the lighting conditions in the corresponding room are too bright.

One of the most important conclusions from the in-depth interviews and the literature
review is that the optimal work environment is the one that disturbs or interrupts least
(see, e.g., [41] for more information about the effects of interruptions at work). Conversely,
this means that the primary goal of HumBAS is not to obtain as much feedback as possible
from users but to understand the act of giving feedback as a signal that something went
wrong throughout the automation process. Feedback to the system is a means to an end in
order to create a comfortable working environment that, optimally, automatically adapts to
(potentially changing) user needs. In this respect, it is feasible not only to temporarily react
to user feedback but to use this feedback to optimize the behavior of the BAS if it is facing
similar future situations.

4.2. Personas

One major goal in human centered software design is to shift the view to the humans
that are actually using the system that is to be designed. One tool to analyze goals and
needs of the targeted user group is to create fictional characters that represent hypothetical
archetypes of real users interacting with the system. Such fictional characters are called
personas. Personas are usually described by a set of characteristics, goals as well as
biographical and behavioral traits. Once carefully created, they serve as a vehicle to

*  Understand the wishes, ideas, and goals of users.

*  Identify occurring problems in the course of system interactions.

*  Enable inter-subjective communication about design decisions within project teams,
based on a fictional manifestation of user requirements [42].

Two personas were developed for the requirements analysis of the HumBAS feedback
system. Firstly, a primary persona named Iris, which is characterized by high demands of a
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non-intrusive working environment. Furthermore, a secondary persona named Christoph
was designed, which is primarily characterized by a focus on a trouble-free social environ-
ment and has a high level of technical understanding.

4.3. Scenarios

The personas served as basis to develop and play through several scenarios. Two
different types of scenarios were used. First, a series of so-called “As-Is” scenarios that,
based on the insights gained from the previous steps, address the status quo of current
building use and the problems that occur in this context. Based on the “As-Is” scenarios,
corresponding “Should-Be” scenarios were developed. These scenarios serve to describe
the use of the system to be developed and how it is able to solve the problems that arise in
the “As-Is” scenarios. This method can be used to develop concrete use cases based on a
problem-oriented and user-centered approach. It should be noted that the used form of
scenarios is less intended towards defining concrete interaction mechanisms, but towards
the development of a conceptual design (realized through conceptual scenarios). Therefore,
the interactions themselves and the technologies used to realize them are only vaguely
suggested [40]. An excerpt of the developed scenarios for each persona can be seen in
Table 2.

Table 2. Excerpt of scenarios for Iris and Christoph.

As-Is

Should-Be

After half an hour, Iris returns visibly angry to the office and

It’s 12:45 when Iris returns to her work space. Some sunbeams
shine through the blending system installed on the building’s

facade and hit the wall opposite to Bernhard as well as Iris’ face.

She says: “They should configure those blinds correctly again!”
Since the sun doesn’t hit Bernhard nor its computer monitor, he
replies: “but the light is much more comfortable.” Iris grabs her
notebook and sits down at the short end of the table which is
fully shaded: “I cannot concentrate that way!”

tells Bernhard about her argument with her supervisor. She sits
down in her office chair and realizes that the sun is shining
directly in her face. “Can we close the shutter a bit? The sun
shines directly in my face!” “Go ahead!”, he replies. Iris opens
the shutter interface on the HumBAS system and closes the
shutters. The system incorporates her actions to her personal
comfort model and will automate these manual actions in
similar future scenarios.

Upon arriving at the office, Christoph immediately heads for a
free desk in the open-plan area. “It's way too hot in here! Let’s
do everyone a favor and up the air conditioning!”, he thinks to
himself and heads straight for the wall-mounted thermostat.
However, before he has a chance to even touch it, several voices
can be heard in the background: “Don’t touch it!”, “Leave it
alone!”, “Go ahead! Turn it down a notch!”, “No! We’ve just
had this discussion an hour ago!”. Surprised, Christoph turns
around and heads for his desk. “Ok, suit yourselves! I'm only
here for a couple of hours, anyways.”, he says.

Upon arriving at the open-plan office, Christoph immediately
heads for a free desk. “It’s way too hot in here! Why don’t they
turn up the air conditioning?”, he thinks to himself as he sends a
notice to HumBAS that he’s feeling uncomfortably hot. Upon
receiving Christoph’s feedback, HumBAS recognizes that it needs
more information to decide. Up to this point, the system’s
assumption was that the current settings were OK for the majority
of the people in the office. HumBAS selects a small number of
people in the open-plan area (based on multiple criteria, e.g.,
whether they seem busy or not) and polls them for feedback. As
the replies come in, most of them confirm that it is currently too
hot. HumBAS reacts and lowers the thermostat set point.

4.4. Use Cases

Considering the findings of the previous steps, a series of use cases were defined.
For simplification, a dummy system called “HumBAS system” is introduced, which is
responsible for the processing and reasoning of the objective sensor data and the subjective
user data generated by feedback. It thus serves as a bridge between continuously collected
data in predefined areas of the building (zones) and the BAS, which controls the subsystems
of the building according to a specific configuration. Since both the HumBAS system and
the BAS are autonomously acting systems, they will be regarded as actors in the use cases.
The use case descriptions are primarily written from the perspective of a currently active
user, while all other building users are seen as passive users. The active user is regarded as
the one that—whenever required by a use case—provides active feedback to the system.
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Active here means that the given feedback is not the result of a request by the system but
emerges from the user’s needs.
Exemplary, some use cases are:

*  Give sensual feedback and trigger actions.

*  The HumBAS system is able to request feedback from its users.

e  Every user has a personal comfort model with respect to privacy.

* Incorporate sensor data into the configuration sent to the BAS by the HumBAS system.
*  Conflict resolution in case multiple users are in one open-plan office.

Some considerations have been made regarding users in an open-plan office. Above all,
HumBAS treats every user equally so that no user roles (e.g., primary feedback provider)
need to be defined. Additionally, the system assumes that users do not act maliciously
in a way that bad indoor conditions are disclaimed to irritate occupants of the same
room. Nevertheless, conflicting requests from different users may exist, since each of them
reports their personal dissatisfaction. However, in case of repeated conflicting requests
from different users the conflict resolution should not be solved by the HumBAS system.
Instead, manual intervention from a corresponding service unit of the facility management
seems necessary.

At present, communication between building users and facility management takes
place via conventional communication channels such as telephone, e-mail, ticket-systems
or face-to-face. Regarding the feedback channel between these two parties, communication
is usually limited to reporting problems of the infrastructure. Therefore, the HumBAS
system includes use cases for the FM workflow as well:

*  Monitoring of data and system.
* Intervene into the feedback process, e.g., if no infrastructure is available to change the
environmental conditions.

4.5. Feedback Tool Requirements

In order to design the feedback tool, several requirements have to be defined. In
particular, the system should be able to capture (negative and positive) feedback from an
office user and include spatial and temporal information. By using an automatic localization
mechanism, feedback given shall affect environmental conditions in the spatial context
where it was given, and the system has to provide feedback (feedback response). The
system has to be portable and connected to the HumBAS system, while providing secured
communication. Any collected data shall not be disclosed to third parties, data have to be
pseudonymized and only the absolute minimum of data shall be collected. Users should
be able to give feedback regarding temperature, ambient noise, ambient light, air quality
and general comfort. The HumBAS system is able to request feedback and the feedback
tool should be able to display this feedback request in a non-intrusive way, while there is
no obligation to follow this request. The next section includes technical details regarding
the feedback tool and covers its design approach.

5. System Architecture

The HumBAS system architecture comprises several elements (cf. Figure 2). Apart
from the feedback tool, a WSN provides up-to-date environmental parameters and enables
the feedback tool’s localization. A central server, called HumBAS server, aggregates avail-
able sensor data from the WSN and the BAS and handles feedback from feedback tools
by propagating it to the built-in rule-engine. As a communication protocol between these
entities, MQTT was chosen. MQTT is a simple and lightweight communication protocol
which is mainly used for machine-to-machine (M2M) communication and designed to fit
the requirements of the Internet of Things (IoT) [43]. The protocol relies on a publisher/-
subscriber model and guarantees the transmission of messages from clients to a server over
the Transmission Control Protocol (TCP). There are two types of devices in a typical MQTT
network, multiple MQTT clients, which exchange application messages, and an MQTT bro-
ker. A client can either be publisher, which announces messages, a subscriber, that applies
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for messages, or both. The MQTT broker interconnects all clients and accepts or transmits
application messages which are published on predefined topics to all connected clients.

For an overall representation of the HumBAS environment, an information model
of the building’s environment defines all relevant entities. As configuring these various
entities is prone to errors, the information model does include the necessary elements
for defining configuration parameters, allowing for a very high configurability. The next
sections provide details of these elements.

Building Control System

Rule Execution
Engine

I
KNX/BACnet/ ...

HumBAS-Server

Message Layer (MQTT-Broker)

Sensor

Edge Router QTT-SNT\ Node /'

MQTT-SN AN

MQTT-SN Sensor Localizations
Node [/ "~ ==----_____ N
Sensor \.-----"""""" Feedbacktool
Node

Figure 2. Overview of the HumBAS system architecture.

5.1. Information Model

In order to provide information about a building’s equipment and components, a
suitable approach is to use ontologies. Ontologies describe the knowledge of a specific area
of expertise with the assistance of formal ordered conceptualities and their relations to each
other [44]. They are mainly used to share the knowledge between different applications and
services, plus they represent knowledge and provide means to discover new relationships.
Most common components of ontologies are individuals, classes and relations [45-47].

The individuals, sometimes also called objects, are the basic components of ontologies
and include real objects such as a developer (person), a climate system or an office room.
Classes or concepts are collections of objects with similar characteristics, comparable to
classes in any object-oriented programming language. A class might be a facility system,
which contains all components such as heating, climate systems and entrance systems for
buildings. Another example for a class is a room; individuals of this class are, for instance,
an office room, a conference room and a dressing room. The last component to describe an
ontology are relations. Relations are used to link objects and define the correlation between
them and also to outline properties.
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As HumBAS requires an information model which not only stores information about
the building, the BAS, measurement data as well as user comfort requirements, the under-
lying ontology should support the necessary features. Overall, after considering various
ontologies, the main aspects required of the HumBAS ontology are included in the Brick
ontology [23], and therefore, Brick provides the foundational ontology for the HumBAS
information model.

As a first step, the sensor nodes which compose the WSN, consisting of sensor nodes
and edge routers, were modeled according to Web Ontology Language (OWL) and Brick.
After integrating these nodes and at the same time creating the necessary additions to
Brick (components for measurement data), the other necessary components were modeled.
These are:

e The feedback tool;
e  The HumBAS server;
¢ The building automation system.

As Brick does not intend to model software components, the necessary OWL defi-
nitions for the feedback tool software and the HumBAS server were integrated into the
HumBAS information model. Alongside this, the first version of the software prototype
was designed, which included the WSN, the feedback tool, the HumBAS server and the
data exchange protocol. With regards to these components, all core entities of the HumBAS
environment, namely the WSN, the feedback tool, the HumBAS server, the BAS integration
and communication aspects, have overlapping configuration parameters, such as unique
identifiers or network addresses. Resulting from this complexity, configuring and deploy-
ing all components correctly is an error-prone process, as small mistakes or typos could
potentially cause the system to not work properly. This led to a very important addition to
the information model: the modeling of configuration parameters and the generation of
configuration files based on the information model.

With this, it was necessary to adapt the HumBAS information model with the addition
of the following components:

*  An entity which represents the configuration of various entities;

¢  Configuration items representing configuration parameters;

e Data exchange platform-related software components;

®  The correlation between the data exchange platform and the BAS.

Additionally, each of these components requires storing corresponding parameters
as text or numbers in the model and allowing for extracting them as needed. This was
achieved by extending the model with configuration-specific entities that represent the
configuration parameter and a relation to their values (cf. Figure 3).

ConnectionTimeout class

Connection-

Value class Timeout_1

hasValue hasConfigurationltem

hasValue hasConfigurationltem

Feedback-
Timeout_1

FeedbackTimeout class

Figure 3. Value mapping.
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Figure 4 illustrates the different files generated from the information model specific to
a HumBAS-enabled building. Apart from the generated configuration file, which defines
relevant configuration parameters of the respective entities, a few entities require more
specific configuration or information. For defining the HumBAS environment, an environ-
mental file describes all entities, which includes locations and zones as well as Boolean
flags for indicating possible set points. In order to set and read any data point of the BAS, a
mapping file defines the relation between each of those points and the respective interface
definition. Additionally, sensor data received from the WSN requires a data conversion, as
described in Section 5.3, which presumes information of the information model. Therefore,
a code generator queries the relevant information of the information model and generates

an executable Python program, which handles this data conversion.
Sensor ,»,
Node

HumBAS Building > | —_—
Environment Specific Information —

: ‘ Model
file <« WSN-Node
HumBAS / —

configuration
Server \
HumBAS-Server /

configuration

Border router
configuration

‘/Feedback Tool f,a

Edge Router

configuration BAS Mapping

file
NETx BMS
Server

Figure 4. Files generated based on the information model.

Python
Conversion
Program

Code

Feedback !
generation

Tool

5.2. Feedback Tool

Based on the requirements of the feedback tool (see Section 4.5) and use cases (see
Section 4.4), internal workshops were held, in the course of which a variety of ideas for
interaction forms were generated. Four resulting ideas were then considered in detail
and for each idea a paper prototype was realized. At the same time, interaction icons
were created to symbolically represent the interaction language without resorting to the
written language. After conducting interviews, the evaluation showed that an interaction
language that allows users to articulate their own perception of a comfort parameter
(e.g., “I am too cold”) is most suitable for the HumBAS Feedback Tool. With regards to the
form factor of the feedback tool, it appeared that subjects were virtually unanimous in
finding a cylindrical tangible interaction tool with a rotating input mechanism the most
interesting for interacting with the system.

This personal cylindrical tangible should provide the possibility to articulate the
current perception of the relevant indoor climate parameters. Based on this, a series of
sketches were created in which the initially rough design of the cylinder was refined. In
addition, possible interaction flows for the core functionality of giving feedback as well as
receiving and responding to feedback requests were conceived with the help of storyboards.
Further, all interaction symbols that were declared difficult to understand were revised.

In addition to the sketches, storyboards, mock ups, and non-functional paper pro-
totypes, the technological feasibility and the required hardware became a major focus of
the design process. Based on the designed interaction flows, hardware requirements were
derived, with the help of which the various interaction mechanisms can be realized. The
next step was to design the functional HumBAS Feedback Tool under consideration of
both aesthetic and functional aspects. The prototype was to be produced using 3D printing.
In particular, the arrangement of the hardware inside the cylindrical base shape and the
implementation of the rotating mechanism proved to be a challenge. In addition, the
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HumBAS Feedback Tool software was developed to implement the designed input and
output mechanisms and the communication with the overall system. The final design is
illustrated in Figure 5.

84mm

B Select Button/
Top Grip Ring Power LED Micro-USB
charging port
|__Category Row
Output Field i /
l Feedback Type Row /-
£ 1 /
£
o
N /
—
" /
Input Ring /
Bottom Grip Ring - N Power Button

Side view Top view Bottom view

Figure 5. Description of the individual elements of the HumBAS Feedback Tool.

The core of the hardware is a Raspberry Pi Zero W, which due to its size is particularly
well-suited. The Raspberry Pi’s Wi-Fi module enables connectivity to the HumBAS server
and the Bluetooth Low Energy (BLE) module is used for self-localization of the feedback
tool. Other hardware components include a 4000 mAh LiPo Battery, a 5 V power booster
for transforming 3.7 V to 5V, a custom power on/off module, a rotary encoder, RGB LEDs
and a compass and accelerometer module.

One of the core elements of the feedback tool is the input ring, whereas behind the
feedback symbols are RGB LEDs indicating the position of the feedback the user will give.
By turning this ring, the LEDs behind the feedback symbols rotate, which means that the
current LED is turned off and the LED in turn direction will turn on. After pressing the
button on top and putting the feedback tool back on a flat surface, the feedback is sent
to the HumBAS server. For indicating that the user of the feedback tool is busy, turning
the feedback tool upside down will switch it to the suspend mode, which means that any
received request will not result in any visual indication by the feedback tool. With regards
to a feedback request issued from the HumBAS server, all LEDs from the feedback tool will
slowly fade in and out indicating this feedback request if not in the suspended mode.

The above-mentioned features of the feedback tool are encapsulated into one of
two software components, namely the feedback tool software stack. The other software
component of the feedback tool is the comfort classifier software stack.

In order to enable adapting the BAS in future situations when feedback was given,
the comfort classifier incorporates given feedback by its user and uses the data to adapt a
locally stored comfort model. This model consists of several smaller models differentiated
by zone, hour and season. Each of these smaller models store four different environmental
categories: thermal, acoustic, light and air quality. Exemplary, the thermal category stores
the temperature, the humidity and the level of shutters if they are available. To achieve
this, as soon as feedback is given, the current environmental parameters (e.g., temperature,
brightness) are sent to the feedback tool and relevant values are integrated into a fitting
model with regards to spatial and temporal context. Depending on the type of feedback,
for example “too hot”, the comfort classifier will adapt the corresponding model’s category
(i.e., thermal) accordingly. For this, each category’s environmental parameter stores upper,
lower and optimal values of acceptable, hence “OK”, values as perceived by the feedback
tool’s user. Integrating new feedback therefore adapts these values, e.g., “too hot” feedback
may decrease the upper limit of the temperature parameter. This enables the comfort
classifier to create a model of the perceived user’s comfort.

Other features include the parameterized request of this comfort model in order
to adapt a zone to the necessities of the user without it performing and keeping track
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of statistical data. Additionally, the comfort classifier utilizes a keep-alive mechanism
for informative purposes, a Structured Query Language (SQL) database for storing the
comfort model and a local MQTT broker, which propagates location changes directly to the
comfort classifier.

With regards to the used software stack, JAVA in combination with the Spring Frame-
work [48] was used. The Spring Framework provides several features, such as dependency
injection, data bindings, data access, in particular Java Database Connectivity (JDBC) for
connecting to the local SQL database, and enables focusing on application level logic.
Another important part of the implementation is the use of Maven [49], which is a software
project management tool and allows for integrating various libraries automatically, such as
the required MQTT client. For deploying the comfort classifier, the whole software stack is
containerized into a Docker [50] image and pushed to a repository or saved locally.

Figure 6 shows the corresponding fully functional HumBAS Feedback Tool on the left
and the software modules on the right.

SQL-DB
Feedback-

Classifier
|
MQTT
|

MQTT-Broker
I
MQTT
|

\

Feedback Tool
Software

Figure 6. Prototype of the HumBAS Feedback Tool in cylindrical shape on the left and software
modules on the right.

5.3. Wireless Sensor Network

The Wireless Sensor Network (WSN) is responsible for two tasks: first it delivers
various sensor data to the HumBAS server; and second, it provides the localization for
the feedback tool by utilizing a Bluetooth beacon. The WSN is split up into sensor nodes,
which provide environmental data and the Bluetooth beacon, and the Border Router
Implementation. The sensor nodes further are able to communicate with each other
via OpenThread [51] and are connected to the Border Router, which acts as a gateway
between the sensor nodes and the Internet. The communication protocol between these two
elements is the Message Queuing Telemetry Transport for Sensor Networks (MQTT-SN), a
lightweight form of MQTT, tailored for sensor networks which utilizes Transport Layer
Security (TLS) encryption for security. Moreover, the Border Router provides an MQTT-SN
Gateway which forwards the generated data to the application MQTT broker. Part of this
data propagation involves a data conversion of forwarded messages. This is necessary as
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additional data, such as the sensor node’s location, have to be included into the messages
sent to the application MQTT broker.

With regards to the localization of the feedback tools, at least one sensor node per
zone is necessary. The feedback tool uses the Received Signal Strength Indication (RSSI) for
measuring the signal strength of nearby Bluetooth beacons provided by the sensor nodes.
By this signal strength, a high enough precision can be achieved, so that the feedback tool
can estimate its zone position inside a building.

5.4. Humbas Server

One central aspect of the HumBAS architecture is the HumBAS server. It has several
features, whereas the main goal is managing all communication between users, the building
automation system and the facility management. Additional features include monitoring
of the location and status of every feedback tool, providing statistical data for the FM and
validating feedback from users by propagating it to the built-in rule execution engine. In
order to be aware of all features, locations and zones the building and the BAS provide, a so-
called HumBAS environmental file is necessary. This file includes the spatial information,
as well as flags which define if a manipulation of environmental parameters is possible,
i.e,, a flag for shutters if they can be automatically lowered and raised.

5.5. Connection to BAS

In order to send commands to the BAS, the NETx MP Server (www.netxautomation.
com (accessed on 1 January 2022)) provides an interface for receiving MQTT messages
encrypted via TLS. The HumBAS server accesses this interface for managing a virtual
representation of the BAS in order to accurately calculate the difference in absolute and
desired environmental parameters.

5.6. Implementation

With regards to the implementation of the system architecture, the entities of the
HumBAS environment, namely, the HumBAS server, the rule execution engine, the WSN,
the feedback tool and the NETx MP Server, utilize various software stacks.

Similar to the feedback tool’s comfort classifier, the HumBAS server uses the Spring
Framework [48] as foundation, Maven as software management tool [49] and Docker [50]
as deployment tool. A configuration file generated by the information model includes
parameters for timeouts and most importantly the definitions for the MQTT topics used
throughout the HumBAS environment.

In order to evaluate feedback from users based on the rules (cf. Listing 1) provided by
the FM, a rule execution engine is necessary. For this purpose, Drools [52] was chosen, an
open source Business Rules Management System (BRMS). It features an inference-based
rules engine for evaluating rules and has support for the Spring Framework, hence it
integrates well into the HumBAS server architecture. By executing rules and receiving
feedback, this rule engine may generate commands for the BAS, which the NETx MP
Server receives. This server provides multiple protocol interfaces for connecting different
technologies such as KNX, BACnet, Modbus and OPC allowing it to manage a range of
building automation systems.

MOQTT handles TLS encrypted data exchange between the entities of HumBAS by
using different topics and JavaScript Object Notation (JSON)-encoded payloads containing
feedback, sensor data or other information used by HumBAS.


www.netxautomation.com
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Listing 1. Extract of rules for regulating temperature and lighting.

rule ‘‘Feedback tooHot reduce room temperature’’
when

$ruleData:RuleData(feedback == ‘‘toohot’’ &&
temperature > 23.0

)

then

$ruleData.setResult (¢ ‘TEMP_REDUCE’’);

end

rule ‘‘Feedback toodark open shutters’’

when

$ruleData:RuleData(feedback == ‘‘toodark’’ &&
shuttersClosedFlag == true

)

then

$ruleData.setResult (¢ *SHUTTERS_OPEN??’);

end

HumBAS provides several features and therefore specifies various communication
flows between involved entities. The most relevant communication flow is between the
feedback tool and the HumBAS server for users to give feedback. As depicted by Figure 7,
after the feedback tool publishes the feedback on the corresponding topic, the MQTT broker
will propagate this message to the subscribed HumBAS server. The built-in rule execution
engine evaluates this feedback by using the most current environmental sensor values. In
case the amount of feedback tools does not exceed the threshold for an open-plan office,
i.e, less than two feedback tools are within the same zone, the rule execution engine may
create a command for the BAS. Otherwise, the rule execution engine needs feedback from
the other feedback tools within the zone as well.

:Feedback tool :Feedback tool :HumBAS- :HumBAS- :NETx-BMS-
software comfort model MQTT-Broker Server Server

| | new feedback i

new feédback

feedbac'k response i feedback response

validated feedback validated feedback evaluate feedback
- ® and create
incorporate command
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into

[ R ——

rule-based BA comman
—®

v

H
H
H model
H
H
H
H

Figure 7. Sequence diagram of new feedback.

Ilustrated by Figure 8, the HumBAS server will create a feedback request for every
other available feedback tool. For this, it propagates the necessary information, i.e., the
feedback tooHot, to an internal module called feedback manager. This threaded process
handles the publishing of above-mentioned feedback requests and awaits the responses.
After all requested feedback tools have responded or timeouts have been reached, the
feedback manager returns the responses to the rule execution engine. The engine evaluates
all responses, and if enough do match with the initiator feedback tool, this feedback tool
receives a valid feedback response and a BAS command is sent to the NETx MP Server.
Otherwise, if not enough feedback responses do match, no command is sent to the BAS
and the initiator feedback tool receives an invalid feedback response.
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Figure 8. Sequence diagram of feedback for further processing.

Apart from these two use cases, other communication flows include requesting the
comfort model of a feedback tool, publishing the latest WSN sensor data, requesting the
current feedback tool statistics and updating its local stored location-based environmental
values (temperature, brightness). For all changes issued by the rule engine, it is assumed
that the BAS takes care of energy-efficient control strategies. In addition, HumBAS sup-
ports defining rules with priority, e.g., in a dark environment, the shutters will open first
instead of turning on the lights, resulting in lower energy consumption. Besides, generated
commands (e.g., changing setpoints) are only allowed in a well-defined range (determined
by the facility management strategy which also has to follow legal regulations).

6. Deployment and Evaluation

In order to prove the feasibility of the project, a one-week evaluation process in an office
building took place. This evaluation required access to the local BAS components, i.e., HVAC,
and connectivity to the central HumBAS server for feedback evaluation. With this, users
were able to give feedback via the feedback tool, and resulting in this, the rule engine can
trigger events such as closing the shutters or dimming the light. Naturally, connectivity to
the HumBAS Server was necessary, and as the server may not be located on site, Internet
access has to be available.

However, as integrating all features of HumBAS in situ was not possible due to several
constraints (i.e., integration into the existing environment for the duration of the evaluation,
no Internet connection allowed), the deployment setup was converted to a mobile approach.

6.1. Mobile Deployment

The mobile deployment included two feedback tools, two WSN sensor nodes, one
NVIDIA Jetson Nano (https:/ /developer.nvidia.com/embedded /jetson-nano-developer-
kit (accessed on 1 January 2022)) and one wireless router. Figure 9 depicts the components
and their interconnection.

The Jetson Nano hosts the HumBAS server, an MQTT broker and the edge router for
connecting the sensor nodes. Connected via the wireless router, the feedback tools publish
and receive messages by establishing a communication link to the MQTT broker.


https://developer.nvidia.com/embedded/jetson-nano-developer-kit
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Figure 9. Components and their interconnection of the mobile deployment approach.

With this mobile approach, the evaluation process could be carried out regardless of
most limiting factors.

6.2. Field Study

One central goal of the field study was to integrate the feedback tool, including the
back-end system, into the test persons” working environment. The aim was to create
settings as close to reality as possible, with the most significant trade-off being the effects
of the feedback on the working environment. However, as a connection to the building’s
BAS was not possible, feedback provided by the users did not affect indoor conditions.
Nevertheless, important information about the design of the interaction flows, the systems’
responses, and the general configuration could be obtained through these evaluations.
The central questions of this evaluation covered if the designed user-interface sufficiently
communicated the intended qualities and states of the system and if the proposed system
met the user’s requirements. Additionally, one question deals with how the overall system
should be configured so that it provides the intended functionality but at the same time
does not interfere too much with the user’s work rhythm.

In order to analyze this one-week field study, the feedback tools were configured to
log any input and the test users received various tasks during the week. The users received
manuals to illustrate and guide the evaluation process and a super user had the role to
initiate an evaluation process on a daily basis. Exemplary, on the second day, the user had
to trigger a feedback request for all feedback tools twice a day and log the corresponding
timestamp. On the last day, the user was asked to trigger such a feedback request six times
a day.

With regards to central user tasks for each day, the users should take the feedback
everywhere they go within the office and should provide feedback whenever they perceive
the current environmental condition as pleasant, unpleasant or they would like to change
them somehow. On the first day of the study, the users did not receive any instructions
on how to use the feedback tool and received the task to log any unexpected things that
happened and what they tried to accomplish. At the end of day one, the users received a
detailed manual of the system, including descriptions of the feedback tool’s symbols. For
day two and three, the users should use the system as they want and log any notable thing
in the course of interaction. On the last two days, the users should not log the interaction.
At the end of each day, every user had to additionally complete a survey which summarized
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their interaction experience, their emotional connotation, any remarkable experience as
well as additional notes, such as unclear behavior or general feedback.

6.3. Results

The functionality and interaction design of the HumBAS Feedback Tool were satis-
factory for the end user. The use was easy from the beginning of the evaluation process
and clear in most cases. Sometimes, there were ambiguous reactions of the tool, at least, it
was not clear to the user why the reaction of the system was in a certain way. Learnability
and adaptability were well-provided by the tool. The main positive effect is that the tool
helps increase people’s awareness of the room and air situation in an office environment
and provides new and innovative ways of dealing with it, especially from the users’ point
of view. We know that the evaluation was limited due to the COVID-19 situation and
restrictions in this period, but it can be seen as a qualitative one to consider for the further
improvement and development of the HumBAS Feedback Tool.

Some feedback included why the feedback tool behaved in a certain way, or why the
color and duration of the LEDs was sometimes different or the missing interpretation of
the feedback request as the feedback tool lights up completely. At the end of the field
study, additional feedback stated that they felt confident using the feedback tool and would
intend to use it in the future. Overall, feedback was provided 111 times; most notably, the
feedbacks OkLight and OkAcoustic were provided (see Table 3).

Table 3. Amount of feedback given during evaluation period.

OkTemp OkLight

OKkAir OkAcoustic TooHot TooCold TooBright TooDark  TooLoud  StuffyAir

15 20

16 19 2 15 6 3 10 6

Based on the feedback given and the environmental data received from the WSN,
retrieved log files of the HumBAS server showed that the rule engine was triggered 23
times and generated control commands. Mostly, it processed feedback of the type TooCold
and StuffyAir, whereas the later triggered an increase in ventilation. Roughly half of the
time, TooCold triggered an increase in room temperature and the other half it started the
process to inform the facility manager.

7. Discussion and Conclusions

This work proposes HUumBAS, a system to use user feedback to enable rule-based
control of the BAS for increasing the tenant’s comfort. A feedback tool alongside a WSN
allows for privacy-conscious tracking of the tenant’s comfort requirements and their real-
time location inside the building. The underlying information model defines relevant
building and software components as well as their configuration. This enables the FM to
keep an overview of the building’s current state and eases problem finding.

To answer the first research question of this paper, “Is there a uniform and straightforward
method to incorporate occupant feedback into a building automation system automatically?”, the
feedback tool provides a simple, yet expressive and clear way for users to state their current
comfort perception. By utilizing a rule-based approach, the structured feedback is translated
into commands for the BAS, enabling control of the building’s equipment. Similarly to
applications such as “Yousense” [36], the feedback tool allows users to state their current
environmental perception. However, our feedback tool strongly focuses on occupant
comfort in relation to the BAS, and therefore, limits the feedback possibilities, e.g., “too hot”,
while still providing enough expressiveness for users to state their comfort perception. This
ensures that given feedback is intended to adapt the building’s environmental conditions
and therefore aims at increasing the users” comfort. Additionally, in cases which cannot
be covered by HumBAS (for instance, when user feedback concerns the brightness even
though the light cannot be controlled due to missing automation or broken equipment),
the FM receives a notification, circumventing the need for the user to create a ticket. In
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situations where feedback is given in the open-plan office context, changes are made only by
general consensus, i.e., most available feedback tools accept new room conditions. Future
work could analyze whether and how much influence such an approach has on energy
consumption—especially compared to the possibility that users can change the office
environment settings manually, although not everyone agrees and may undo them again.

Proposed frameworks such as [38,39], which aim to strongly integrate the users into
the building’s operation processes, require a well-equipped building, which in their case
demonstrates an advanced concept of future buildings. They focus on the energy efficiency
of the building, by optimizing the daily HVAC schedules based on the feedback given by
university users, meaning the user base consists of well-informed (technical) users, which
is not the case for a typical office building. Additionally, the feedback given is limited
by temperature, humidity and CO; pressure for calculating the indoor environmental
quality. Similar to work conducted by [37], their focus also depends on thermal parameters,
neglecting other comfort parameters. Moreover, it is not clear how, where and if the user
data are stored, which may cause privacy issues when used outside of academia, which
is supported by the study of [7]. By storing the comfort model of its user locally on the
feedback tool, our approach does not store any personal comfort data on a central server.

These considerations are also covered by the second research question, “What require-
ments for a user feedback tool have to be defined to enable gathering multi-dimensional feedback
from occupants?” Apart from above-mentioned privacy concerns, the feedback tool has
to be able to allow the user to express their comfort perception based on four different
parameters [11]. By using a user-centered approach, the requirements and use cases for
deploying a feedback tool in an office building were defined, allowing us to cover several
use cases which can occur in such a setup. In contrast to smartphone applications such
as [25-31], our approach allows users to give feedback on a non-intrusive hardware-based
feedback tool. This enables users to quickly react without the need to consult their smart-
phone and no personal user data are required to use the feedback tool. Further, by enabling
users to give feedback in an open-plan office, but still allowing them to ignore generated
feedback requests, this work contributes to the small field of open-plan office user com-
fort research [7]. Other hardware-based devices, such as [32,33] either only display the
current comfort perception of their users, or focus on thermal parameters and do not have
automatic integration to the BAS. Work conducted by [34,35], which uses wearable devices
to track users’ temperature and heart-rate data, focuses purely on thermal comfort and
additionally requires an application on their smartphone for retrieving the data from the
wearable sensors. Privacy concerns are either not covered or rely on the stored data on
a local server, which again is supported by the findings of [7]. Both utilize smartphone
applications to retrieve the user’s comfort perception based on the PMV scale [13].

The presented implementation of the HumBAS environment allows us to discuss the
third research question, “What is a suitable architecture for allowing users to give context-aware
feedback and enable automatic integration into a BAS?” The proposed architecture, consisting
of the feedback tool, the WSN, the HumBAS server, the BAS and the MQTT middleware,
enable gathering and processing of the user’s comfort preferences. Due to the automatic
generation of configuration and mappings, the high configurability allows for a wide
range of application scenarios. By combining localization techniques with objective sensor
measurements sent from the HumBAS server, a user is able to give context-aware feedback,
which is further integrated into the local comfort model. This architecture allows for
combining this structured feedback automatically, by utilizing the pre-defined rule sets
and mappings to send control commands to the BAS. In contrast to [37], HumBAS does not
predict data based on historical occupancy data or use data-driven thermodynamic building
models to regulate thermal conditions, but creates a location-based, personalized comfort
model for increasing overall comfort quality. Similarly, energy consumption is currently not
considered in HumBAS architecture, as it is assumed that BAS settings keep energy usage
between acceptable levels. A few limitations regarding the current implementation concern
the scaling for a broader use case. Further research could concentrate on how to integrate,
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implement and maintain a distributed approach to exchange the central HumBAS server,
which our architecture supports as it uses the flexible MQTT middleware. This distributed
approach would allow for management of multiple buildings, e.g., a campus, where the
feedback tool can be carried between those. Another research direction could be to analyze
other forms of feedback tools for different use cases and scenarios, e.g., for flexible work
spaces where thermal regulation can be neglected but lighting conditions could be flexible
and adapted based on the user’s preferences. Future hardware for the feedback tool, such
as the recently released Raspberry Pi Zero 2 W, would allow for the implementation of
additional features, such as more complex prediction models or potentially could enable
local machine-learning algorithms. The proof of concept implementation of the HumBAS
architecture was further supported by the one-week evaluation study, which also showed
the potential of HumBAS. Even with the limited amount of time and the restricted test
scenario, valuable feedback could be gathered and used for improvements on the prototype
system. Future work will be built upon that feedback for enhancing the user experience.
Naturally, a long-term field study with connection to the BAS would allow us to gain
new and additional insights for further improvements. Similarly, future work could look
at integrating HumBAS with a Building Energy Management System (BMES) to derive
the energy consumption caused by the changes made by the rule-based engine. Since
no visual representation of data is currently available in the prototype implementation,
apart from displaying debugging information, another focus of future work could use the
developed data model and the MQTT transport mechanism to provide appropriate features
for displaying trends or for reasoning on statistical information.

With regards to the last research question, “Which rules can be derived from occupants
and facility managers in order to make suggestions to re-configure BAS and increase user comfort?”,
the one-week evaluation indicated that even with the limited amount of data available, the
rule-engine triggered events accordingly to the expectations. In half of the events, the FM
was informed, which was to be expected. However, in this event HumBAS does support
the FM, as it propagates potential problems without the need for the users to inform the
FM through other channels. The rules derived based on the expert knowledge of facility
managers further created control commands for the BAS for increasing comfort, whose
efficacy has to be proven in another field study with access to a BAS.

In conclusion, HumBAS demonstrates how to integrate and merge subjective human
perception and objective data from BAS to increase comfort for building occupants and
derive suggestions for facility managers.
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BAS Building Automation System
BIM Building Information Model
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BMS
POE
HVAC
UFO
RDF
W3C
XML
OWL
TIoT
WSN
RTD
BLE
MQTT
MQTT-SN
M2M
QoS
UTEF-8
oT
6LoWPAN
PAN
RLOC
ALOC
OSI model
IPv6
uDP
TCP
FID
MTD
REED
FED
MED
SED
SOC
MDK
TLS
vVOC
TWI
ADC
OCD
CLI
API
UuID
NCP
IEEE 802
SDK
USART
M
IFMA
ICT
CAFM
IFC
RSSI
BRMS
MPC
PMV
PPD
BMES
SQL

Building Management System

Post Occupancy Evaluation

Heating, Ventilation, and Air Conditioning
Unified Foundational Ontology

Resource Description Framework

World Wide Web Consortium

Extensible Markup Language

Web Ontology Language

Internet of Things

Wireless Sensor Network

resistance temperature detectors

Bluetooth Low Energy

Message Queuing Telemetry Transport
Message Queuing Telemetry Transport for Sensor Networks
machine-to-machine

Quality of Service

Unicode Transformation Format - 8-bit
Open Thread

IPv6 over low-power wireless personal area network
personal area network

Routing Locator

Anycast Locator

Open Systems Interconnect model

Internet Protocol version 6

User Datagram Protocol

Transmission Control Protocol

Full Thread Device

Minimal Thread Device

Router Eligible End Device

Full End Device

Minimal End Device

Sleepy End Device

System on Chip

Micro Development Kit

Transport Layer Security

volatile organic compounds

Tow-Wire Interface

Analog to Digital-Converter

On-Chip Debugger

Command Line Interface

Application Programming Interface
Universally Unique Identifier

Network Co-Processors

IEEE 802.15.4

Software Development Kit

universal synchronous and asynchronous receiver-transmitter
Facility Management

International Facility Management Association
Information and Communication Technology
Computer-Aided Facility Management
Industry Foundation Classes

Received Signal Strength Indication
Business Rules Management System
Model Predictive Control

Predicted Mean Vote

Predicted Percentage Dissatisfied

Building Energy Management System
Structured Query Language
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JSON JavaScript Object Notation
JDBC Java Database Connectivity
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