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Abstract. IOHIVE is a project that focuses on the development of a smart api-
culture system that incorporates sensors to monitor the weight, temperature,
humidity, pressure, and sound of beehives. Additionally, the project involves
the development of a wearable device that beekeepers use to interactively keep
notes (journaling) of their empirical observations during beehive inspections at
the apiary. This paper presents the architecture of the IOHIVE system/service,
which consists of hardware infrastructures, including sensors, microcontrollers,
network infrastructure (LoRA, Wifi, GSM/4G), as well as the wearable and its
hardware and software. The software infrastructure includes the IOHIVE Ser-
vice API, database, and the IOHIVE web application and its frontend and
backend. The paper also describes the IOHIVE approach to smart beehive mon-
itoring and journaling including the scenarios of the beehive inspection work-
flow, which includes the minimal and standard inspection scenarios. The
IOHIVE system provides bee stakeholders, beekeepers and/or researchers (both
mentioned from now on as beekeepers) with real-time monitoring of the bee-
hives, enabling them to make informed decisions in time, resulting in improved
bee health and productivity. The wearable device, coupled with the IOHIVE
web application, provides a digital beekeepers’ journal that assists people in re-
cording their observations in real-time on the field, enabling them to maintain
accurate records of their beehives and bee colonies, and potentially identify
trends over time.
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1 Introduction

The design of technologies for sustainable apiculture can help people, in many ways,
including monitoring and management of bee colonies, pest and disease detection and
control, as well as improving the efficiency of honey production. In the past few
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years, the use of smart technologies in apiculture has been steadily increasing, while
the introduction of the Internet of Things further boosted the development of various
systems and applications in the field. Today, there are numerous examples of success-
ful implementations that combine such technologies for remote beehive monitoring
with automation and data analytics. Moreover, several systems and applications have
also been developed to assist users during the beehive inspections and more specifi-
cally with beehive journaling. These can be categorized as mobile applications, web-
based platforms and IoT hybrid monitoring systems. The IOHIVE project deals with
the development of an integrated platform that combines a similar functionality with
the aforementioned implementations in terms of monitoring, but also adds an addi-
tional layer of interaction regarding beehive journaling in real-time when performing
inspections in the field/apiary.

In summary, the general objectives of the IOHIVE project are to design and devel-
op technological infrastructures and services for: a) remote hive monitoring of bee-
keeping data, b) the growth of bee collonies in accordance with local climatic condi-
tions, honey yield, and other hive-derived products, ¢) the support of beekeeping prac-
tices and management techniques targeting the proliferation and development of bee
populations, d) the endorsement and exploitation of all products stemming from the
practices of beekeeping. The project intends to collect, process, and display both
quantitative and qualitative data to enhance operational efficiency and elevate the
standard of the products [6]. This manuscript predominantly concentrates on the eval-
uation of the general structure and infrastructure fabricated to meet the project's re-
quirements. Accordingly, the paper is structured in the following sections. The intro-
duction describes an overview of the current status in smart beekeeping, precision
apiculture and IoT, it discusses the benefits and challenges of using these related
technologies. In the second section, beehive monitoring and journaling are discussed,
outlining the key factors that should be monitored and recorded for optimal beehive
management. In the third section, we describe the IOHIVE approach to smart bechive
monitoring and journaling, including the hardware and software components, data
collection and analysis methods, and user interface and interactions. Finally, the
fourth section presents a short critical analysis of the advantages and limitations of the
IOHIVE approach and outlines future directions for research and development.

1.1  The value of technology assisted apiculture

Smart beekeeping, precision apiculture, and the Internet of Things (IoT) along with
other technologies and beekeeping systems have revolutionised the way bee stake-
holders, including beekeepers, bee product producers and bee researchers, manage
their hives. In recent years, advancements in sensor technology, data analytics, and
wireless communication have enabled the aforementioned bee stakeholders to monitor
their hives in near real-time, collect and analyze data, and make informed decisions
based on the insights gained. On the one hand, smart beekeeping can help beekeepers
increase hive productivity, reduce hive losses, and optimize resource use.

In a broader sense, smart beekeeping involves utilizing a range of technologies to
achieve its objectives in supporting the beekeeping process. By leveraging sensors,



cameras, robotics, drones, wearables, mobiles and other advanced technologies, smart
beekeeping aims to monitor the health of the beehive and gather data on important
factors ranging from environmental conditions such as temperature, humidity to bee
or beekeeper activity and physiology. This data can then be further utilised to inform
critical decisions about the relationship of people with the bee colonies, develop strat-
egies for beekeeping and thus influence the actual practices of beehive observation,
inspection and management. In a similar fashion, Precision Apiculture aims to help
bee stakeholders identify and address specific issues related to bee management based
on precise and data-driven strategies [1-3]. It involves collecting and analyzing data
at a more granular level with numerous techniques and goals. It incorporates a num-
ber of different technologies ranging from geographical information systems (GIS),
satellite imagery analysis and sensors to robotics and other advanced digital tools, to
afford different applications for sustainable beekeeping [2, 4, 5]. These include: a)
site selection to ensure that bees have access to sufficient pollen and nectar resources
while minimizing competition with other colonies, b) hive management to create
hive-specific management plans (e.g. for feeding, pest control, queen replacement
etc), ¢) pollination services to optimize the pollination for specific crops, d) disease
and pest management by monitoring the health of individual colonies and detect signs
of disease or pest infestations early on and thus provide guidelines for efficient pre-
vention strategies, ¢) breeding programs to improve bee breeding by identifying and
selecting desirable traits, such as disease resistance or high productivity, based on the
analysis of colony data and genetic information, f) resource management to optimise
resource usage, such as feed, treatments, and equipment, based on the specific needs
of each colony or location, and g) environmental monitoring to develop conserva-
tion strategies, such as habitat restoration or the creation of pollinator-friendly land-
scapes. Precision apiculture aims to maximize productivity, minimize resource use,
and promote sustainable beekeeping practices by using technology and data to opti-
mize hive management decisions at the micro-level. In summary, smart beekeeping
can be considered a subset of precision apiculture. While both concepts involve using
technology and data-driven techniques to improve beekeeping, precision apiculture
takes a more comprehensive approach, emphasizing precise, customised management
strategies for individual colonies and locations [6].

Moreover, advancements in computing and the Internet of Things (IoT) are playing
an increasingly important role in supporting technology-assisted beekeeping [7-9].
IoT technologies mainly focus on interconnecting physical devices that are embedded
with sensors, software and networking capabilities. The goal is to enable these devic-
es to collect and exchange data with each other and the central systems they are con-
nected to. In the context of beekeeping, IoT technology can be used to remotely moni-
tor apiaries and bechives, automate tasks such as hive monitoring, data collection, and
reporting, and reduce the need for frequent on-site visits by beekeepers. By using [oT-
based monitoring systems, beekeepers can collect real-time data on factors such as
temperature, humidity, and sound levels in their hives, and remotely assess the health
of their colonies. This helps to minimize the amount of stress placed on the bees and
can reduce the number of interventions required to manage the hives, improving colo-
ny health and productivity [10, 11].



On the other hand, there are challenges associated with using these technologies,
such as the high cost of implementation, the need for technical expertise, and the po-
tential for data overload [9]. Furthermore, concerns have been raised about the priva-
cy and security of data collected through IoT devices, as well as the potential for these
devices to interfere with bee behavior [7, 12]. Despite these challenges, the benefits of
using smart technologies and IoT in beekeeping are clear, and these technologies have
the potential to revolutionize the industry in the coming years. As such, it is important
for beekeepers and researchers to continue exploring and developing these technolo-
gies, while also addressing the challenges and concerns associated with their use.

2 Beehive Monitoring and Journaling

Beekeeping is an agriculture-related practice that requires significant labor and at-
tention in order to maintain the health and productivity of bee colonies. [13]. In their
everyday practice, beekeepers routinely inspect the frames of each beehive almost
daily, varying frequency based on the season and objectives. Through diligent jour-
naling of observations and practices during field visits, beekeepers can draw insight-
ful conclusions regarding the status of the beehive and forecast its future health. In
addition, such journaling practices are also an effective means to validate the efficacy
of beekeeping protocols, by tracking the progress and outcomes of the monitored
practices. [13, 14]. Beekeeping inspections are often complex and journaling at the
same time can become a challenging task as the beekeeper must deal with various
tools and processes. Beekeepers often rely on empirical methods and tools, such as
paper journals, to record notes on their observations during or after the inspection.
These notes may include the use of symbols, numbers, or other shorthand to record
their observations. However, the process of journaling during beehive inspections can
be distracting and disrupt the beekeeper's focus.

The subsequent two paragraphs will be focused on presenting technologies and re-
search that are associated with the practice of journaling and monitoring beehives.

2.1  Technologies used for Beehive Journaling and Monitoring.

A broad array of systems, services, and applications have been developed for note-
taking or journaling during beehive inspections, along with monitoring conducted via
sensors [2]. This includes both systems and services rooted in academic research and
those available commercially, along with mobile applications accessible in most mo-
bile marketplaces. Noteworthy open-source systems explicitly addressing the need for
journaling encompass the Beep App, an online web service, accompanied by the Beep
Scale [15], and OSBeehives application, supported by the BuzzBox beehive monitor-
ing system [16]. Both services provide diary functionality to beekeepers and research-
ers, enabling them to take notes on the current status, treatments, and any changes
made during inspections, among other factors, for each hive. Additionally, monitoring
conducted via sensors is stored in databases and presented to users via various visuali-
sation techniques, such as graphs, charts, and widgets. Both systems classify infor-



mation according to the inspection checklists prevalently utilised within the beekeep-
ing community [17]. As both systems are currently under substantial development,
their graphical user interfaces and core functionalities are undergoing continuous
updates, enabling users to seamlessly navigate via both their mobile and desktop de-
vices.

Manual journaling by beekeepers is often complemented by automated systems that
monitor a variety of data pertinent to an apiary, including beehive status and the mi-
croclimate of the surrounding area. The monitored data is captured and scrutinised by
an array of systems and techniques, such as audio/acoustic or sound analysis [18, 19],
motion/track analysis [20, 21], population estimation and variability [22, 23], behav-
iour analysis [24], vibration [25], image analysis, and computer vision for detecting
diseases and parasites [26], energy consumption [27], and environmental data [28].
Several systems have also been developed to monitor combinations of the aforemen-
tioned data based on multi-sensor arrays, which fall under the domain of Internet of
Things (IoT). Such systems typically monitor temperature, humidity, weight, audio,
video, vibrations, among other factors. Some recent examples include BeePi [29],
Beemon [30], an IoT concept for precision beekeeping [31], and an IoT project of a
low-power beekeeping safety and conditions monitoring system [32].

2.2 Inspection and Journaling Workflow

Following the user research phase, the design team developed two standard inspection
scenarios that run parallel to the monitoring of sensor data from beehive sensors and
local weather stations. These scenarios are referred to as the ‘Minimal Inspection
Scenario’ and the ‘Standard Inspection Scenario’. Detailed information about these
scenarios is presented in another paper that has been submitted to another journal and
is currently under review. Therefore, we will provide a brief summary of these scenar-
ios here.

The Minimal Inspection Scenario.

The "Minimal Inspection Scenario" primarily centres on the steps that a beekeeper
follows to assess the current status of a beehive by solely observing it without any
interventions or beehive management. This scenario assumes that the beekeeper only
observes the beehive status in the following pattern, consisting of two inspections
named "Inspection 1" and "Inspection 2", (e.g., two weeks). It is important to note
that the actual time duration may differ from the specified interval and has been pre-
sented for scenario representation purposes only.
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Fig. 1. Diagram representing the ‘Minimal Inspection Scenario’

During "Inspection 1," which takes place on Day 1, the beekeeper performs the fol-
lowing tasks and observations in two hive states: "Hive State 1," which describes the
beehive's condition before the beekeeper opens it, and "Hive State 1'," which de-
scribes the bechive's status after the beekeeper's inspection. In this scenario, the bee-
keeper only observes the condition of the bechive without any interventions, and
therefore, "Hive State 1" and "Hive State 1" are not heavily influenced by any bee-
keeping protocols. However, the state of the beehive is considered different primarily
because even this mild intervention alters the status of the colony, as observed by the
monitored data, such as changes in temperature and sound frequency. During "Inspec-
tion 1," the beekeeper performs the following observations and actions:

Al: the beekeeper identifies the beehive ID.

A2: the beekeeper opens the beehive for inspection.

O1: the beekeeper observes bee populations.

02: the beekeeper counts the number of frames in the beehive.
0O3: the beekeeper observes food availability.

04: the beekeeper observes brood (eggs, larvae, pupae).

0O5: the beekeeper observes the existence of bee queen.

06: the beekeeper observes the overall impression of the beehive.
A3: the beekeeper closes the cover of the beehive and leaves.

During "Inspection 2," which takes place on the following apiary visit (Day 16 on this
example), the beekeeper follows a similar approach, but the actual status of the bee-
hive is altered due to the following reasons: a) the actual evolution that takes place



because of the actions performed by the colony, b) environmental conditions, and c)
human interventions (even by observing).

The Standard Inspection Scenario that includes both user observations and interven-
tions is more complicated as it involves significant alterations to the beehive's status
by the human following a specific beekeeping protocol. This scenario is beyond the
scope of this paper and is analysed in a separate publication.

3 The IOHIVE Approach to Smart Beehive Monitoring and
Journaling

In this project we have developed the IOHIVE approach which utilizes a combina-
tion of digital technologies and human-beehive interactions to provide a comprehen-
sive understanding of the current conditions within an apiary, including the state of
individual beehives. Specifically, in-beehive sensors, weather stations, and wearable
devices are employed to monitor the health, activity, and productivity of the hives.
The following figure provides a high-level overview of the IOHIVE architecture.
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Fig. 2. IOHIVE System and Service Architecture

In this section, we will describe the different components used in the IOHIVE archi-
tecture and the related infrastructures that have been developed to fulfill the sys-
tem/service's purposes. These components include the IOHIVE Architecture, Lo-
Ra/LoRaWAN implementation, LoRa Nodes and Gateways, Sensors, Weather Sta-
tions, and Wearables.



3.1 The IOHIVE Architecture

The IOHIVE architecture is centered around the IOHIVE Service, which is responsi-
ble for orchestrating the various data flows as described in the following sections. The
IOHive Service acts as a bridge between the different devices involved, managing the
different protocols and data streams coming from the users. These devices include
monitoring devices, such as sensors, gateways, and weather stations, as well as wear-
able devices used in the field to perform inspections, and desktop clients where end-
users can store and analyze data.

From a technical standpoint, the IOHIVE Service is a scalable application devel-
oped using NodeJS/NestJS, which subscribes to a TTN MQTT broker [33] for receiv-
ing data from the connected devices. Additionally, the service offers REST endpoints
for receiving and serving data to users. The IOHIVE Service seamlessly integrates
with both the public BEEP application [15] and a fork installation of the actual
IOHIVE application [34], which extends BEEP's functionality to meet the project's
requirements. The main service stores all data from the related services offered by the
various projects’ components in a MongoDB cluster, which provides timeseries col-
lections and the powerful aggregation framework.

In practical applications taking place in the field (e.g. apiary), LoRa nodes are em-
ployed for the purpose of data aggregation from bechives. These nodes establish a
connection with the closest LoRa gateway, which subsequently forwards the data to
the public TTN network. The payload, accompanied by a unique device ID and
timestamp, is then transmitted to the IOHIVE Service using suitable payload decoders
and webhooks. Moreover, certain devices are equipped with 3G/4G connectivity and
have the capability to communicate using SMS technology via an SMS gateway, a
solution designed to surmount challenges posed by areas lacking in LoRa coverage.
The IOHIVE Service bears the responsibility for preprocessing the data, encompass-
ing tasks such as validation and formatting, before committing it to the database. In
addition, the service furnishes endpoints for data extraction and aggregation that are
intended for use by the IOHIVE App. Grafana functions as the principal framework
for generating charts and integrating them within the IOHIVE App. Through the stra-
tegic utilisation of both the MongoDB aggregation framework and Grafana, a frame-
work for data visualization is portrayed, facilitating the derivation of valuable in-
sights.
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Fig. 3. The IOHIVE early v2 prototype interface includes visualisations and charts that display

various information related to beehive monitoring and local weather data.

The data gathered from continuous monitoring of the beehive and its surrounding

environment can be cross-referenced with the data gathered during inspections. By
extracting and analyzing data windows for each inspection cycle, the user can gain
insights into the issues encountered during the previous inspection period and plan
appropriate corrective actions. The attainment of this can be facilitated through the
deployment of suitable visualisation techniques.

However, the availability of communication channels such as LoRa, 3G, or SMS,

poses several restrictions related to data rate, payload size, and cost. For instance,
LoRaWAN has a raw maximum data rate of 27 kbps, which has been studied exten-
sively to understand its limitations [35]. The Things Network website [33] provides a
useful summary of these limitations and best practices. Therefore, it is essential to
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take these limitations into account when designing both the architecture and the inter-
action techniques used in the IOHIVE system.

The current state of the IOHIVE architecture integrates both the BEEP app (appli-
cation/platform) and the BEEP base (hardware scale). The IOHIVE Service facilitates
the transmission of data from various sensors to the BEEP app. Additionally, weara-
ble devices transmit inspection data directly to the IOHIVE API service, which then
forwards the data to the BEEP app.

To address the outcomes of the user research that took place in a previous stage
and presented in this publication [11], a series of inspection checklists were devel-
oped. A data transformation layer, integrated into the IOHIVE Service, is responsible
for converting data from multiple sources into formats that are optimally compatible
with different interfaces. This capability enables the development of dynamic and
configurable checklists that that meet the specific requirements of end-users.

Despite the BEEP framework's provision of configurable checklists, our inspection
requirements necessitated an extension of this capability. As a result, we have extend-
ed IOHIVE app to accommodate our specific needs for inspection, which can be en-
capsulated in the following abstract, BEEP-agnostic Data Transfer Model (DTO).

CreajelnspectionDlo v {

hiveld* string
deviceld* string
checklistId* string
createdAt* string
queenPresence* boolean
totalNumberOfFrames* number
population® number

pupaeNumberOfFrames* number
larvaeNumber0fFrames* number
eggsNumber0fFrames* number
honeyNumberOfFrames* number
pollenNumber0fFrames® number

totalImpression* number
needsAttention* boolean
notes* string
reminder=® string
reminderDate* string

Fig. 4. IOHIVE’s inspection data model.

We have created a mapping of this model to the aforementioned checklist to integrate
it with BEEP and leverage BEEP's functionality and accumulated experience in the
field.

Hive Monitoring and Workflow

The architecture outlined above and its integration with BEEP and IOHIVE apps
enables efficient management of apiaries and hives, connected monitoring devices,
and alert mechanisms, such as low battery notifications, right out of the box.

The following sequence diagram illustrates the monitoring process. Sensor data,
such as that from weather stations, scales, and temperature sensors, is predominantly
transmitted via Lora. Lora Gateways then transmit the data to TTN, and our service
receives the messages, stores, transforms, and forwards them to BEEP installations, in
combination with interactive Grafana charts.
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IOHiveAP! Public Beep Local Beep

Sensor Lora Gateway ™ 1OHiveAP! Public Beep Local Beep

Fig. 5. IOHIVE Sequence diagram

Inspection workflow.

The sequence diagram below presents the inspection flow. A user wearing such a
device initially scans the QR on every hive in order to identify the inspection target.
The device fetches either from local storage or from IOHIVE Service at the last in-
spection. The user adjusts the values (see model above) based on her observations and
data is being either persisted locally or directly transmitted through IP/REST to our
service. The service persists, transforms and publish inspections to beep installations.

Wearable I0HiveAP| Public Beep Local Beap

POST Inspection

Wearable I10HiveAP! Public Beep Local Beep

Fig. 6. Inspection Workflow Diagram

IOHIVE Service APIL.
The IOHIVE Service provides three distinct APIs:

e [OHIVE Sensor (Data) API - responsible for the integration of sensor data
e [OHIVE Weather (Data) API - responsible for the integration of weather data
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e [OHIVE Inspection (Data) API - responsible for the integration of inspection data

S api/weather /Last/{nun)

Fig. 7. IOHIVE Service API

3.2 LoRa/LoRaWAN implementation

Drawing on the design requirements and research gathered during the initial stages of
implementation, the focus of this project is to utilise IoT technologies that provide
long-range wireless communication at a low bitrate between connected objects, in-
cluding sensors that operate on a battery. The IOHIVE project employs LoRa, a long-
range, low-power wireless technology, to remotely monitor beehives. By operating in
the unlicensed radio spectrum and offering low data rates, it enables the deployment
of cost-effective, energy-efficient IoT devices for beekeeping. LoRaWAN, a wide
area network protocol, standardizes the communication and system architecture for
the network, including end nodes, concentrators, network servers, and application
servers. Given its far-reaching transmission capabilities, LoRa is an optimal solution
for connecting bechive sensors and actuators across varied landscapes, thereby sup-
porting the development of the IOHIVE project. LoORaWAN networks, employed in
the IOHIVE project, use a bidirectional ALOHA-based protocol to facilitate uplink
and downlink communication. In uplink, end devices send messages without targeting
specific concentrators, which forward them to the Network Server, and ultimately, the
Application Server processes the data. Downlink follows the reverse order, with the
Application Server sending encoded messages back to end nodes. LoORaWAN's com-
bination of modulation technology, system architecture, and unlicensed ISM band
operation makes it an ideal choice for large-scale IoT applications like IOHIVE. With
open and freely available LoORaWAN implementations, minimal technical expertise is
required to establish such infrastructure, thereby supporting the growth of the project.

Why and how LoRa-based infrastructure can be used for beehive monitoring
and journaling.

Apiculture is often practiced in remote areas and over large spatial distances. Typical-
ly, intensive apiculture areas are located in non-urban regions where conventional
radio technologies, such as cellular or WiFi, are not accessible. Satellite radio tech-
nologies, which are available globally, are relatively expensive and require high
transmission power, making them unsuitable for low-power IoT systems. Therefore,
the use of LoRa and LoRaWAN technologies is being advocated as a solution. The
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high link budget of LoRa signals allows them to travel long distances and penetrate
obstacles commonly found in the apiculture domain, such as high vegetation and
landscape geography. The low power requirements for transmitting and receiving
messages make it possible to extend the battery life of LoRa-compatible IoT devices
or even use energy harvesting techniques. Additionally, setting up a private local
LoRaWAN network infrastructure has become effortless. Concentrators are available
as standalone devices and can be connected to open-source LNSs deployed on-
premises or utilize publicly available open-source and free-to-use LNSs. Furthermore,
the availability of public networks deployed worldwide can enable the use of the
technology without the need to build a private infrastructure. In other words, LoRa
and LoRaWAN infrastructure can be effortlessly used as-is, expanded by collaborat-
ing with existing infrastructure or deployed privately on-premises without requiring
licensing or pay-per-use schemes.

Hardware used for Wearable, LoRa Sensor Nodes and Gateways.

A common issue of deployed IoT technologies is interoperability of systems and ar-
chitecture. In order to accommodate this issue, a different approach was required.
Journaling and monitoring of apiculture procedure requires both the use of stationary
low power IoT devices which can operate autonomously in a harsh environment for
long periods of time and the use of high-power wearable devices. Both these different
types of systems require different data acquisition, processing and transmission tech-
niques and technologies. Thus, the complexity of developing such a unified system is
regarded as high. Sprout IoT platform [36], implemented for the purposed of the
IOHIVE project, abstracts the common procedures which differentiate high power
wearable devices from stationary low power ones. Two of the main procedures which
normally require different design schemes are power management and data transmis-
sion. The developed abstraction embedded in the Sprout IoT platform hardware,
brings the power consumption and usage schemes and the use of different radio com-
munication technologies to the configuration level allowing for designers and devel-
opers to focus on the rest of the application procedure. The end result is a unified
platform which can be used in either way without the need to design specific power
management and transmission techniques.

IOHIVE Wearable.

The IOHIVE Wearable is a device designed for beekeepers to efficiently journal their
beekeeping practices during hive inspections. The device is designed on the basis of
the following user requirements and design specifications: a) Sprout-based: The
wearable is built upon the versatile Kudzu Sprout platform, ensuring compatibility
and seamless integration with other Sprout-based devices, such as scales, b) Re-
chargeable Battery: The device operates on a rechargeable battery, promoting eco-
friendliness and cost-effectiveness with many hours of operation in the field, ¢) Wi-Fi
Connectivity: The wearable supports Wi-Fi uplink and downlink for real-time data
transmission, allowing beekeepers to sync their journal entries quickly and easily with
the IOHIVE app, d) LoRa and LoRaWAN Compatibility: The wearable is designed to
work with LoRa and LoRaWAN technology, enabling long-range, low-power com-
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munication for remote connectivity, ¢) NFC Scanner: Equipped with an NFC scanner,
the wearable can quickly read information from NFC tags, streamlining data collec-
tion from the beehives, f) User Interface: The intuitive Ul includes buttons, LEDs, a
rotary encoder, and a screen, facilitating smooth navigation and interaction for bee-
keepers, g) User-Friendly Design: With a focus on usability and wearability, the
IOHIVE Wearable ensures comfort and functionality, making it an indispensable tool
for beekeepers, h) Dedicated Software: The device's software is tailored for beekeep-
ing inspections, providing a comprehensive and efficient solution for monitoring and
managing hives. Throughout the development process, the IOHIVE Wearable has
undergone various prototyping stages. In the following figures we provide CAD mod-
els and images of the 3D-printed prototypes that showcase the evolution of the design,
including the electronics and circuits, to offer a detailed insight into the wearable's
creation. The CAD models of the IOHIVE Wearable's design are readily available on
our online IOHIVE Digital Repository [34], which we update frequently to showcase
the latest advancements and improvements in the open design process.

Fig. 8.

LoRa Sensor Nodes and Gateways.

Devices (nodes and gateways) used in this project utilize LoRa low-power wide-area
network modulation. Some node devices, supporting 3G/4G, communicate via SMS
technology, ensuring coverage in areas with limited LoRa access. The aim is to install
low power LoRa nodes in apiaries, connecting to the nearest LoRa gateway [37, 38].
The gateways relay data to The Things Network [33]. Utilising suitable payload de-
coders and webhooks, the payload is supplemented with a unique device ID and
timestamp, and subsequently conveyed to the IOHIVE Service.

33 Sensors & Weather Stations

The IOHIVE platform boasts an open and extensible architecture, deliberately crafted
to facilitate the integration of diverse end devices. It is hardware-agnostic, meaning
that it allows for the integration of end devices, regardless of their manufacturer,
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model, or specifications. IOHIVE's core role is to facilitate remote beechive monitor-
ing, collection of weather and environmental data, and inspection data. Metrics such
as a) hive weight, b) internal/external hive temperature, c) humidity and d) internal
hive sound offer critical insights into bee colony status. Broad area climatic and api-
ary-specific microclimatic data serve as valuable environmental indicators. Further-
more, beehive inspection data, supplied by beekeepers, presents an invaluable addi-
tional information layer. This empirically derived data, rooted in observation and
experience, offers a subjective measure of phenomena as experienced firsthand by the
beekeepers. The significance of this data is undeniable, and it can be further employed
in correlating with sensor-derived data. An overview of the end devices already inte-
grated into the platform is provided in the subsequent figures:

Fig. 9. IOHIVE end devices. a) BEEP base, b) SaveBees SMS scale, ¢) Kudzu scale based on
Sprout, and d) MeteoHelix IoT Pro weather station MeteoWind IoT Pro wind sensor.

4 Advantages and future directions

IOHIVE presents a novel approach aimed at enhancing apiculture-related activities by
promoting sustainable beekeeping practices through the use of digital technologies for
monitoring and journaling. These practices aid in conserving bees as essential pollina-
tors while also fostering the economic viability of the beekeeping community. The
IOHIVE approach provides scalability, security, interoperability, and decentralisation
for large-scale IoT deployments for smart and precision apiculture. Future directions
for research and development will focus on evaluating the wearable/tangible device,
improve the design and UX of the GUIs of the web appplication, expanding network
coverage through optimized network planning and deployment, integrating Al and
data analytics, developing standards and protocols for beekeeping, and optimizing
costs through cloud-based solutions and automation.
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