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Abstract

In the wake of rapid advancements in artificial intelligence (AI) and sensor technologies, a new horizon of possibilities has
emerged across diverse sectors. Livestock farming, a domain often sidelined in conventional Al discussions, stands at the
cusp of this transformative wave. This paper delves into the profound potential of Al and sensor innovations in reshaping
animal welfare in livestock farming, with a pronounced emphasis on a human-centric paradigm. Central to our discourse is
the symbiotic interplay between cutting-edge technology and human expertise. While Al and sensor mechanisms offer real-
time, comprehensive, and objective insights into animal welfare, it’s the farmer’s intrinsic knowledge of their livestock and
environment that should steer these technological strides. We champion the notion of technology as an enhancer of farmers’
innate capabilities, not a substitute. Our manuscript sheds light on: Objective Animal Welfare Indicators: An exhaustive
exploration of health, behavioral, and physiological metrics, underscoring AI’s prowess in delivering precise, timely, and
objective evaluations. Farmer-Centric Approach: A focus on the pivotal role of farmers in the adept adoption and judicious
utilization of Al and sensor technologies, coupled with discussions on crafting intuitive, pragmatic, and cost-effective solu-
tions tailored to farmers' distinct needs. Ethical and Social Implications: A discerning scrutiny of the digital metamorphosis in
farming, encompassing facets like animal privacy, data safeguarding, responsible Al deployment, and potential technological
access disparities. Future Pathways: Advocacy for principled technology design, unambiguous responsible use guidelines,
and fair technology access, all echoing the fundamental principles of human-centric computing and analytics. In essence,
our paper furnishes pioneering insights at the crossroads of farming, animal welfare, technology, and ethics. It presents a
rejuvenated perspective, bridging the chasm between technological advancements and their human beneficiaries, resonat-
ing seamlessly with the ethos of the Human-Centric Intelligent Systems journal. This comprehensive analysis thus marks
a significant stride in the burgeoning domain of human-centric intelligent systems, especially within the digital livestock
farming landscape, fostering a harmonious coexistence of technology, animals, and humans.

Keywords Human-Centric Al in livestock farming - Sensor technologies in animal welfare - Digital livestock farming -
Objective animal welfare indicators - Al-driven animal health monitoring - Farmer-centric technology adoption

1 Introduction agriculture. Its multidimensional nature encompasses the

physical health, mental well-being, and natural behavior of

The ever-increasing global demand for animal products
necessitates innovative solutions to improve animal welfare
while maintaining economic viability for farmers. Animal
welfare, once considered merely a moral imperative, has now
come to be recognized as an essential element in sustainable
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livestock [1]. The welfare of animals has profound impli-
cations not only for ethical and social reasons but also for
product quality, disease control, and environmental impact.
Thus, improving animal welfare is a shared responsibility
of farmers, technologists, policymakers, and consumers [2].

In the pursuit of superior animal welfare practices,
objective indicators have emerged as indispensable tools
for informed decision-making [3]. They provide a means to
quantify and monitor welfare status, enabling early detec-
tion of potential issues, measuring the impact of interven-
tions, and facilitating continuous improvement. Traditional
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assessment methods, relying on subjective evaluations or
periodic physical examinations, can be labor-intensive, time-
consuming, and prone to inconsistency [4]. The complexity
of animal welfare, with its intricate interplay of physical,
physiological, and behavioral factors, calls for more com-
prehensive and objective assessment methods.

This is where the role of sensor technology and artificial
intelligence (AI) becomes paramount. In the age of digital
transformation, these technologies offer compelling solu-
tions to revolutionize livestock farming [5]. Sensor tech-
nologies, including wearable devices and environmental
monitoring systems, can continuously capture a vast array of
data points, such as body temperature, heart rate, movement
patterns, feeding behavior, and environmental conditions.
When coupled with Al algorithms, these data can provide
real-time, objective, and holistic insights into animal welfare
[6]. AT’s prowess in handling large data sets allows for pre-
cise and predictive analysis, making it possible to preempt
health issues, optimize living conditions, and promote natu-
ral behaviors.

However, the successful deployment of these advanced
technologies fundamentally depends on one crucial factor—
the farmer. A farmer-centric approach is vital to ensure that
technologies truly serve the needs of farmers and the wel-
fare of animals [7, 8]. Farmers’ deep-rooted understanding
of their animals and their environments must be the guid-
ing force behind technological advancements. Technol-
ogy should be a tool to enhance farmers’ capabilities, not
to override them. A farmer-centric approach facilitates the
design of intuitive, practical, and affordable solutions [9].
Moreover, it promotes technology acceptance and proper
usage, ultimately leading to sustainable and effective animal
welfare management.

To enhance the synergy between human expertise and Al,
the farmer’s deep-rooted understanding of their livestock
and surroundings must guide technological advancements.
The transformative power of Al and sensor technologies in
elevating animal welfare within livestock farming is evident.
This paper delves into the nuances of objective animal wel-
fare metrics, the importance of a farmer-centric approach,
and the broader ethical and societal ramifications. By doing
so, it bridges the gap between cutting-edge technological
progress and its human stakeholders, offering a fresh and
innovative viewpoint.

The integration of Al and sensor technologies into the
agricultural sector is not just about the introduction of new
tools but about a paradigm shift in how we approach farm-
ing. It's about merging the age-old wisdom of farmers with
the cutting-edge advancements of the modern age. This syn-
ergy can lead to a more harmonious relationship between
humans and animals, where technology aids in understand-
ing and catering to the needs of livestock, rather than merely
exploiting them for maximum yield.
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Furthermore, the ethical considerations surrounding the
use of Al in farming are paramount. As we move towards a
more digitized world, questions about data privacy, security,
and the ethical treatment of animals become more press-
ing. The data generated from these technologies is vast and
can be used in various ways, both beneficial and potentially
harmful. It's crucial to have robust guidelines and regula-
tions in place to ensure that this data is used responsibly
and ethically.

The exploration of sensor technologies and Al in live-
stock farming marks a critical juncture in the evolution of
agriculture. As we stand on the brink of this exciting fron-
tier, we must ensure that our journey is guided by a holistic
vision, integrating scientific innovation, ethical responsi-
bility, and social equity. This is the pathway to a future of
livestock farming where technology, animals, and humans
harmoniously coexist, fostering a symbiotic relationship that
nurtures the welfare of all.

The digital transformation of the agricultural sector is
not without its challenges. The rapid pace of technological
advancement can sometimes outstrip the ability of regula-
tory bodies and ethical frameworks to keep up. This can
lead to situations where technology is deployed without
fully understanding its long-term implications. It’s essen-
tial to approach this transformation with a sense of caution
and responsibility, ensuring that we do not lose sight of the
fundamental principles of animal welfare and sustainable
farming.

Moreover, the role of the farmer in this digital age can-
not be overstated. While technology can provide tools and
insights, it is the farmer who must make the final decisions
about how to care for their livestock. The farmer’s deep
understanding of their animals, honed over years of experi-
ence, cannot be replicated by any algorithm or sensor. It's
essential to ensure that as we move forward, we do not lose
this invaluable human touch.

In the end, the goal is to create a future where technology
and humanity work hand in hand to create a more sustain-
able, ethical, and prosperous agricultural sector. A future
where we harness the power of Al and sensors to enhance
the welfare of animals, while also respecting the rights and
needs of farmers and consumers. This is the vision that
drives our research and the message we hope to convey
through this review.

2 Animal Welfare Indicators: An In-Depth
Exploration

In the domain of animal welfare, achieving a comprehensive
understanding necessitates a multifaceted range of indica-
tors encompassing the physical, physiological, and behavio-
ral aspects of animals. These indicators are instrumental in
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gauging the overall well-being of animals and serve as the
bedrock for informed decision-making and intervention [10].

2.1 Understanding the Comprehensive Array
of Indicators

2.1.1 Health Indicators: A Window into Physical Well-Being

Health indicators serve as the most direct and immediate
measures of an animal's welfare, manifesting as tangible
signs such as the presence of diseases, injuries, or altera-
tions in physical condition [11-13]. These indicators can
be assessed through clinical examinations by veterinarians,
laboratory tests, or visual inspections. Their sensitivity lies
in their ability to detect both glaring health issues and subtle
health shifts. For instance, normal body condition serves as
a positive health indicator, whereas the presence of diseases
or injuries represents negative indicators. Stable body weight
is an example of a neutral health indicator (Table 1).

2.1.2 Behavioral Indicators: Unveiling Mental
and Emotional States

Behavioral indicators offer insights into the mental and
emotional facets of animal welfare, providing a glimpse into
an animal's inner world and reflecting its comfort, stress,
or frustration levels [14, 15]. These indicators encompass
a broad spectrum of behaviors, ranging from eating and
sleeping patterns to social interactions and the expression
of natural behaviors. Continuous observations, ethological
studies, and advanced techniques like video analysis and
machine learning are employed to monitor behavioral pat-
terns. Behavioral indicators are highly sensitive, capable of
capturing subtle and nuanced changes in behavior. Positive
behavioral indicators may include active social interac-
tions and engagement in natural behaviors, while negative
ones could involve reduced social interactions or increased
aggression. Routine feeding behavior can be categorized as
a neutral indicator.

2.1.3 Physiological Indicators: Deciphering the Language
of the Body

Physiological indicators, operating beneath the surface like
the hidden depths of an iceberg, offer objective assessments
of an animal's physiological responses to its environment
[16, 17]. These indicators can be continuously monitored
using wearable sensors, laboratory tests, or advanced con-
tinuous monitoring systems. They provide real-time insights
into an animal’s physiological state and can detect early
responses to stressors. Positive physiological indicators may
encompass a stable heart rate and normal body temperature.
Conversely, negative indicators may involve elevated stress

Table 1 Comprehensive classification of animal welfare indicator categories: nature, measurement, sensitivity, and examples

Examples of positive, negative, and

Sensitivity and subtlety
neutral indicators

Measurement and quantification pos-

sibilities

Nature and nuances

Indicator category

- Often highly sensitive to acute health  Positive: Normal body condition, absence

- Clinical assessments by veterinarians

- Laboratory tests (e.g., blood tests,

- Direct and tangible manifestations of

Health indicators

of lameness. Negative: Presence of

issues
- Can detect both severe and subtle

an animal's physical well-being
- Include presence of disease, injuries,

diseases, injuries. Neutral: Stable body

weight

X-rays)
- Visual inspections

ailments

or changes in physical condition

Positive: Social interactions, engagement

- Continuous observations and behavio- - Can capture subtle, nuanced changes

- Offer insights into an animal's mental

Behavioral indicators

in natural behaviors. Negative: Reduced
social interactions, aggression. Neutral:

Routine feeding behavior

in behavior
- May indicate underlying stress or

ral scoring
- Ethological studies

state and psychological well-being
- Range from eating and sleeping pat-

discomfort

- Video analysis and machine learning

terns to social interactions and natural

behaviors

for pattern recognition

Positive: Stable heart rate, normal

- Offer real-time insights into an ani-

- Wearable sensors (e.g., heart rate

Physiological indicators - Provide an objective assessment of an

body temperature. Negative: Elevated
stress hormone levels, increased heart
rate. Neutral: Baseline physiological

parameters

mal's physiological state
- Can detect early physiological

monitors)
- Laboratory tests for hormone levels

- Continuous monitoring systems

animal's physiological responses to its

environment
- Include parameters like heart rate,

responses to stressors

body temperature, stress hormone

levels
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hormone levels or an increased heart rate. Baseline physi-
ological parameters are examples of neutral indicators.

2.1.4 Interplay of Animal Welfare Indicators:
A Comprehensive Understanding

Understanding the intricate interplay among these vital
animal welfare indicators is essential for a nuanced assess-
ment of animal well-being. These indicators, encompassing
health, behavior, and physiology, provide multidimensional
insights into the lives of animals, enabling us to address their
needs and improve their quality of life.

2.1.5 A Compassionate Approach to Animal Welfare
Indicators

In conclusion, animal welfare indicators offer a multifaceted
lens through which we can assess the well-being of animals.
Their nature, sensitivity, and subtlety make them invaluable
tools for evaluating and enhancing animal welfare. By rec-
ognizing these indicators as interconnected components of
a holistic system, rather than isolated data points, we can
adopt a more compassionate and precise approach to caring
for animals.

As technology continues to advance, particularly through
the integration of sensor technology and artificial intelli-
gence, our ability to monitor and respond to these indicators
becomes increasingly sophisticated. Subsequent sections of
this paper delve into how these technological advancements
empower us to revolutionize the assessment and improve-
ment of animal welfare, placing the well-being of animals
at the forefront of modern agriculture.

2.2 Current Practices and Their Limitations

Current practices for assessing animal welfare primarily
rely on manual, periodic inspections and evaluations. While
these methods can provide valuable insights, they come with
several limitations.

Health indicators are generally assessed through visual
inspections and veterinary examinations. However, these
methods can be labor-intensive, time-consuming, and poten-
tially stressful for the animals. More significantly, periodic
examinations may miss sudden health issues or subtle, grad-
ual changes in an animal’s condition.

Behavioral indicators are typically evaluated by observ-
ing the animals over time. This approach requires a keen
understanding of animal behavior and can be subjective,
varying based on the observer’s knowledge and interpre-
tation. Moreover, continuous observation is impractical in
large-scale farming operations.

Physiological indicators are often measured using spe-
cialized equipment and laboratory testing, making them
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costly and impractical for regular monitoring. Further-
more, capturing these measures can be invasive and stress-
ful for the animals.

2.3 Potential of Sensor Technology and Al
for Objective, Real-Time Assessment

The advent of sensor technology and Al offers promising
solutions to overcome these limitations, enabling real-
time, objective, and non-invasive assessment of animal
welfare indicators.

Sensor technologies, such as wearable devices, can con-
tinuously monitor health and physiological parameters like
body temperature, heart rate, and movement. Environmen-
tal sensors can detect changes in the animal’s surroundings
that may affect its wellbeing. Automated video analysis
can observe and interpret animal behavior on a scale far
beyond human capabilities [18].

Coupling these sensor data with Al algorithms can
unlock new levels of understanding and monitoring of ani-
mal welfare. Al can analyze vast amounts of data, identify
patterns, and make predictions [19]. For instance, it can
learn to detect subtle changes in behavior that indicate
stress or illness, often before visible symptoms appear. Al
algorithms can also integrate data from multiple sources,
providing a holistic picture of an animal’s welfare.

Moreover, Al-driven systems can alert farmers to poten-
tial issues in real time, enabling swift interventions. By
predicting potential health issues or welfare risks, these
systems can support proactive rather than reactive manage-
ment, potentially preventing problems before they occur.

In essence, the combined potential of sensor technology
and Al promises a revolution in animal welfare assess-
ment. However, to achieve this potential, we must ensure
that these technologies are implemented in a manner that
respects and supports the crucial role of farmers in animal
welfare management. With the farmer-centric approach
at its core, this digital transformation can truly enhance
animal welfare and sustainable farming practices.

2.4 Sensor Technologies in Livestock Farming:
A Transformative Tool for Animal Welfare

Sensor technologies have emerged as a significant con-
tributor to the evolution of precision livestock farming,
opening up a wealth of opportunities for enhanced ani-
mal welfare and efficient farm management. By providing
continuous, real-time data on various health, behavioral,
and environmental parameters, these technologies enable
more informed, timely, and accurate decision-making [5].
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2.4.1 Types of Sensors Technologies

The burgeoning landscape of sensor technologies in live-
stock farming encompasses an array of tools, each offer-
ing unique capabilities. They can be broadly categorized
into wearable sensors, environmental sensors, and imaging
technologies.

Wearable Sensors: As the name suggests, these devices
are attached directly to the animals, often in the form of
collars, ear tags, or implants. They are designed to monitor
various physiological parameters such as body temperature,
heart rate, and movement [20]. For example, accelerometers
can capture detailed movement data, providing insights into
the animals’ activity levels, feeding behavior, or signs of
restlessness. Similarly, rumination sensors can track an ani-
mal’s chewing activity, offering valuable information about
its digestive health and welfare.

Environmental Sensors: These sensors are used to moni-
tor environmental conditions that can significantly impact
animal welfare. This includes ambient temperature, humid-
ity, air quality, light intensity, and noise levels. By providing
real-time feedback on the environment, these sensors can
help maintain optimal living conditions for the animals and
identify any adverse changes [21] promptly.

Imaging Technologies: Advanced imaging technologies
such as CCTV cameras, thermal cameras, and 3D imaging
systems can capture a wealth of information about animal
behavior and physical condition. Combined with computer
vision and machine learning algorithms [22], these systems
can analyze animal movements, social interactions, body
condition, and even detect physical abnormalities.

2.4.2 Strengths and Weaknesses of Sensor Technologies

Sensor technologies offer several key advantages in the
context of animal welfare. By providing continuous, real-
time data, they allow for proactive management and early
detection of potential issues. Moreover, they offer objec-
tive, quantifiable measures of welfare, reducing reliance on
subjective assessments.

However, sensor technologies are not without their limi-
tations. Wearable sensors, for instance, need to be robust,
lightweight, and comfortable for the animal, which can pose
design challenges. They may also require regular mainte-
nance or battery replacements, adding to the workload and
costs.

Environmental sensors, while highly useful, can only pro-
vide indirect measures of animal welfare, and may not accu-
rately reflect individual animals’ experiences within a herd.

Imaging technologies, despite their advanced capabili-
ties, can be expensive and require substantial computa-
tional resources. They may also struggle with issues like

poor lighting, occlusions, or distinguishing between ani-
mals in crowded conditions.

2.4.3 Current Research and Applications in Livestock
Farming

The application of sensor technologies in livestock farm-
ing is a dynamic and rapidly advancing field. Wearable
sensors are becoming increasingly common in dairy farm-
ing, where they are used to monitor cows’ health, estrus
cycles, and feeding behavior. These systems can alert
farmers to potential health issues or when a cow is ready
to be inseminated, improving herd health and productivity.

Environmental sensors are widely used in poultry farm-
ing to maintain optimal temperature, humidity, and ven-
tilation in chicken houses. Recent research is exploring
the potential of these sensors for detecting harmful gases
like ammonia, which can adversely affect the birds' health
and welfare.

Imaging technologies are being harnessed for diverse
applications, from monitoring pig behavior and detecting
lameness in cows, to automated body condition scoring
in dairy cattle. Thermal imaging, in particular, is show-
ing promise for non-invasive detection of health issues like
inflammation or stress.

Sensor technologies hold immense potential for enhanc-
ing animal welfare in livestock farming. However, their suc-
cessful deployment requires careful consideration of their
strengths, limitations, and the specific needs and conditions
of each farm. Furthermore, it is crucial to remember that
these technologies are tools to aid, not replace, the farm-
ers' expertise and care. By integrating sensor technologies
within a farmer-centric approach, we can harness their full
potential to create a more sustainable, humane, and efficient
livestock industry.

3 Al Algorithms for Animal Welfare
Assessment: Innovating Livestock
Farming

Artificial intelligence (Al) has emerged as a transformative
tool for data-driven decision-making in various fields, and
livestock farming is no exception. The deluge of sensor data
generated on farms is a gold mine of insights, but extracting
these insights requires advanced computational techniques.
Al algorithms can analyze these complex, multi-dimensional
data, making sense of patterns [23] and trends that may be
too subtle or complex for the human eye. These capabilities
unlock unprecedented possibilities for real-time, predictive,
and holistic assessment of animal welfare.
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3.1 AlTechniques for Sensor Data Analysis

Al brings a toolkit of sophisticated techniques for analyz-
ing sensor data, each with its unique strengths and applica-
tions. Two of the most relevant techniques for animal welfare
assessment are machine learning and predictive modeling.

Machine Learning: Machine learning algorithms learn
from data, identifying patterns and making predictions or
decisions without being explicitly programmed. They can
analyze large and complex datasets, uncovering relationships
that may not be readily apparent. Supervised learning algo-
rithms, such as decision trees, support vector machines, and
neural networks, can be trained to classify animals based on
their welfare status, such as healthy vs. diseased or stressed
vs. comfortable. Unsupervised learning algorithms, like
clustering techniques, can group animals based on similari-
ties in their sensor data, potentially revealing different wel-
fare needs within a herd.

Predictive Modeling: Predictive modeling involves using
statistical techniques to predict future outcomes based on
historical data. In the context of animal welfare, predictive
models can forecast potential health issues or welfare risks,
allowing for proactive interventions [24, 25]. For instance,
a model could predict the risk of lameness based on a cow’s
movement data or forecast a disease outbreak based on
trends in body temperature and eating behavior.

3.2 Current Research and Applications in Animal
Welfare Assessment

The application of Al in animal welfare assessment is a rap-
idly growing field, with promising results in both research
and practical applications. Here are a few examples:

Health Monitoring: Machine learning algorithms have
been successfully trained to detect diseases in livestock
based on sensor data. For example, research has demon-
strated the ability of Al to identify respiratory diseases in
pigs based on sound data, and to detect mastitis in dairy
cows based on milk conductivity measurements. These sys-
tems can alert farmers to health issues in real-time, enabling
early treatment and reducing the spread of disease.

Behavior Analysis: Al can analyze complex behavioral
data, providing insights into animals’ mental welfare. For
instance, machine learning algorithms have been used to
classify pig behaviors from video data, identifying behav-
iors associated with comfort or stress. This information can
help farmers optimize living conditions and manage social
dynamics within a herd.

Predictive Welfare Assessment: Predictive models are
being developed to forecast welfare issues before they occur.
For example, a study used machine learning to predict the
risk of lameness in dairy cows based on accelerometry data,
with over 90% accuracy. These tools can support preventive
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healthcare and welfare management, reducing the prevalence
of welfare issues and improving animals’ quality of life.

Decision Support Systems: Al can integrate and analyze
multiple sources of data, providing holistic assessments of
animal welfare and personalized recommendations for man-
agement. Decision support systems can use Al to interpret
sensor data, evaluate welfare status, predict future risks, and
suggest interventions [26]. This can guide farmers in making
informed, timely, and effective decisions, enhancing both
productivity and animal welfare.

Al algorithms hold immense promise for advancing ani-
mal welfare in livestock farming. By making sense of sensor
data, they can provide real-time, predictive, and compre-
hensive insights into animals’ wellbeing. However, the suc-
cessful deployment of Al in farming requires careful con-
sideration of its limitations, ethical implications, and the
context-specific needs of each farm. Most importantly, it
must be integrated within a farmer-centric approach, com-
plementing the farmers’ expertise and serving their needs.
By doing so, we can harness the full potential of Al to create
a more sustainable, humane, and efficient livestock industry.

The convergence of Al and sensor technologies has
brought forth the imperative for a systematic and compre-
hensive framework. This is eloquently represented by the
Algorithmic Life Cycle in Human-Centric Animal Welfare
Management, as illustrated in Fig. 1. This life cycle deline-
ates the intricate journey of Al-driven solutions from their
inception to their practical deployment. Beginning with the
meticulous collection of data, it progresses to the design of
bespoke algorithms tailored to the unique challenges of ani-
mal welfare. Subsequent stages involve rigorous validation,
ensuring that these algorithms not only function optimally
but also resonate with the core values of animal welfare. The
life cycle culminates in the real-world application, where
the technology interfaces directly with the dynamic envi-
ronments of livestock farming. Throughout this continuum,
there’s an unwavering emphasis on human-centric princi-
ples. These principles champion the well-being of animals,
leverage the invaluable insights of farmers, and navigate
the myriad ethical quandaries associated with integrating
advanced technologies into traditional farming practices.
By meticulously adhering to this life cycle, the promise is a
future where livestock farming harnesses cutting-edge tech-
nology, yet remains deeply rooted in ethical considerations,
ensuring a symbiotic relationship between innovation, ani-
mal welfare, and human expertise.

In our exploration of the integration of Al and sensor
technologies within livestock farming, we've identified
several pivotal elements that emphasize a human-centric
approach. These elements not only highlight the technologi-
cal advancements but also underscore the profound impact
on animal welfare and the deepening bond between farm-
ers and their livestock. A comprehensive overview of these
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Fig. 1 Algorithmic life cycle in human-centric animal welfare management

elements and their implications from both a livestock farm-
ing and human-centric perspective is shown in Table 2.

4 Farmer-Centric Approach to Technology
Adoption: Catalyzing Change in Livestock
Farming

The escalating pace of technological advancement in agri-
culture has brought an array of sophisticated tools to farm-
ers’ fingertips. Yet, the mere existence of these technolo-
gies does not guarantee their effective utilization. A pivotal
ingredient to the recipe for successful technology adoption
in agriculture is understanding the farmer’s perspective [27,
28], often encapsulated in a farmer-centric approach. This
approach posits the farmer as the primary stakeholder, rec-
ognizing their unique knowledge, needs, and challenges, and
integrating these elements into the technology development
and implementation process.

4.1 Understanding the Farmer-Centric Approach

At its core, a farmer-centric approach values the insights and
experiences of farmers, acknowledging that their intimate

understanding of their animals and their environments is
unmatched by any technology. It emphasizes the impor-
tance of developing technologies that address the real-world
needs of farmers and enhancing their capabilities rather than
attempting to replace them [29].

A farmer-centric approach is not about delivering ready-
made solutions to farmers. Instead, it involves farmers in
the technology development process, using their feedback to
shape the design and functionality of technologies. It seeks
to develop solutions that are practical, affordable, and easy-
to-use in the context of a farm, recognizing that the value of
a technology lies in its utility to the farmer.

4.2 Factors Influencing Farmers’' Technology
Adoption Behaviors

Despite the obvious benefits of advanced technologies,
their adoption in farming is not always straightforward. A
multitude of factors influence farmers’ technology adoption
behaviors. These can broadly be categorized into personal
factors, farm-related factors, and technology-related factors.

Personal Factors: Farmers’ attitudes, knowledge,
and skills significantly influence their willingness to
adopt new technologies. Age, education, and previous
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Table 2 Deep dive: pillars of Al and sensor technologies in human and farmer-centric digital livestock farming

Element Description

Livestock farming implications

Human-centric benefits

Behavioral monitoring Al analyzes sensor data to detect

animal behaviors

Health diagnostics Sensors monitor vital signs; Al

predicts health issues
Sensors monitor environmental fac-
tors; Al adjusts conditions

Environmental control

Nutrition optimization Al analyzes sensor data to optimize

feed

Sensors track animal movement; Al
assesses activity levels

Movement and activity

Social interaction analysis Al evaluates sensor data on animal
interactions

Bioacoustic sensing Sensors capture animal sounds; Al

interprets vocalizations

Predictive analytics Al predicts potential outbreaks or

health issues

Ethical decision support Al provides ethical guidelines based

on sensor data

Feedback mechanisms Al and sensors provide continuous

feedback

Al interprets sensor data to gauge
animal emotions

Emotions measurement

Improvement of animal-

human interactions tions with animals

Bonding enhancement Al provides insights into animal

preferences and behaviors

Early detection of stress or illness in
animals

Proactive health management

Optimal living conditions for
livestock

Balanced nutrition for livestock

Monitors physical well-being and
exercise

Understands social dynamics in
herds

Deciphers distress or comfort calls

Early intervention in health crises
Guides farmers on humane practices
Refinement of care strategies

Enhanced understanding of animal
moods and feelings

Sensors and Al guide human interac- More harmonious and positive

interactions

Facilitates better bonding between
farmers and animals

Enables farmers to take timely action,
ensuring animal well-being

Reduces suffering, aligning with
human ethical values

Ensures ethical treatment by providing
comfort to animals

Promotes humane treatment by ensur-
ing animals' dietary needs are met

Aligns with human values of provid-
ing adequate space and freedom

Ensures animals maintain natural
social behaviors, respecting their
nature

Allows humans to understand and
address animal needs more intui-
tively

Minimizes animal suffering, reflecting
human compassion

Reinforces human values in daily
livestock management

Ensures evolving care standards, mir-
roring human adaptability

Deepens human empathy and connec-
tion to animals

Strengthens the bond and trust
between humans and animals

Fosters a deeper emotional connec-
tion, enriching the farming experi-
ence

experience with technology can also play a role. Further-
more, the farmer’s values and beliefs about animal wel-
fare, sustainability, and traditional farming methods can
impact their openness to technological innovation.

Farm-Related Factors: The characteristics of a farm
can shape the feasibility and attractiveness of technol-
ogy adoption. The farm’s size, type of livestock, financial
resources, and labor availability can all impact the deci-
sion to adopt a technology. Additionally, the geographical
location of the farm can influence access to technology
and related support services.

Technology-Related Factors: The characteristics of the
technology itself are critical to its acceptance. The per-
ceived usefulness and ease of use are key determinants
of technology adoption. The cost of the technology, as
well as the expected return on investment, can also influ-
ence the decision. Furthermore, the compatibility of the
technology with existing practices, equipment, and infra-
structure can affect its adoption.
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4.3 Strategies for Promoting Technology Adoption
Among Farmers

Given the complex interplay of factors influencing tech-
nology adoption, a multifaceted strategy is required to pro-
mote the uptake of technologies among farmers.

User-Centric Technology Design: By involving farm-
ers in the technology design process, we can ensure that
the end product is tailored to their needs, abilities, and
contexts. User testing and feedback should be integral to
technology development, ensuring practical, intuitive, and
robust solutions.

Education and Training: Providing farmers with the
knowledge and skills to use new technologies is crucial for
successful adoption. This could involve hands-on training
sessions, instructional videos, or user-friendly manuals.
Furthermore, ongoing technical support should be avail-
able to assist farmers with any issues or questions.
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Demonstrating Value: Farmers need to see the tangible
benefits of a technology to invest in it. This could involve
demonstrating how the technology can improve animal wel-
fare, increase productivity, or save time and resources. Case
studies, on-farm trials, or economic analyses can provide
compelling evidence of a technology’s value.

Facilitating Access: Ensuring that farmers have access
to technologies and related services is critical for adoption.
This could involve strategies to reduce the cost of technolo-
gies, such as subsidies or financing options. Additionally,
remote farmers should have access to support services,
either digitally or through mobile services.

A farmer-centric approach is not merely a noble ideal
but a pragmatic strategy for successful technology adop-
tion in livestock farming. It recognizes the pivotal role of
farmers in animal welfare management and harnesses their
wisdom to shape technological innovations. By integrating
a farmer-centric approach into the development and deploy-
ment of sensor technology and Al in livestock farming, we
can catalyze a shift towards a more sustainable, humane,
and efficient industry. Through this collaborative endeavor,
we can create a future where technology serves farmers and
animals alike, enhancing the welfare of livestock and the
livelihoods of those who care for them.

To shed light on the complex relationship between
human-centric principles and intelligent systems within
the domain of animal farming, Fig. 2 serves as a pivotal

visual guide. This figure intricately maps out the fusion of
cutting-edge technology with foundational ethical consid-
erations, emphasizing the paramount importance of human
values in the equation. By doing so, it paints a comprehen-
sive picture of a harmonized ecosystem where technological
advancements work hand-in-hand with human ethics. This
synergy ensures an environment that is not only technologi-
cally advanced but also deeply considerate of the welfare
and well-being of livestock. Furthermore, it underscores the
potential for farmers to harness these technologies in ways
that resonate with their values, fostering a more humane and
efficient farming landscape.

5 Navigating the Ethical and Social Terrain
of Technology Adoption in Livestock
Farming

As sensor technology and Al find increasing application in
livestock farming, it is essential to address the ethical and
social considerations that accompany this digital transforma-
tion [30]. While these technologies offer significant potential
for enhancing animal welfare, they also raise new questions
about animal privacy, data security, and the social impli-
cations of technology adoption. Carefully navigating these
concerns is crucial to ensure a responsible and equitable
transition towards digital farming.
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Fig.2 Comprehensive human-centric intelligent ecosystem in animal farming
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6 Ethical Issues in Using Sensors and Al
for Animal Welfare

6.1 Animal Privacy

The concept of privacy, traditionally a human-centric con-
cern, has found new relevance in the realm of animal farm-
ing with the advent of sensor technologies [31]. Continuous
monitoring of animals, while serving the commendable pur-
pose of enhancing welfare, raises complex ethical questions.
Animal privacy emerges as a novel yet vital consideration in
this context. Wearable sensors and continuous surveillance,
though beneficial for health monitoring, might impact ani-
mals’ natural behaviors, cause discomfort, or disrupt social
dynamics. Unlike human subjects, animals cannot consent
to being monitored, placing the responsibility on farmers,
technologists, and policymakers to define acceptable bound-
aries. Striking a balance between necessary observation and
intrusive surveillance is paramount. Ethical guidelines must
be crafted to ensure that monitoring prioritizes the welfare of
the animals [32], avoiding unnecessary intrusion into their
natural behaviors and habitats.

6.2 Data Security

With the integration of sensor technologies and Al in mod-
ern farming, a deluge of sensitive data is generated, encom-
passing genetic information, health records, and behavioral
patterns. This technological advancement not only heralds
a new era of precision and efficiency but also brings to the
fore critical concerns about data security and ownership. The
potential risk of data breaches looms large, with far-reaching
implications for a farm’s reputation and competitive standing
[33]. Moreover, the question of ownership and permissible
use of the data necessitates clear and unequivocal guide-
lines. Implementing robust data security measures becomes
paramount in this landscape. Stringent protection protocols,
adherence to relevant regulations, and a cultivated culture
of data stewardship are essential in safeguarding the integ-
rity and confidentiality of animal-related information. These
measures collectively ensure that the promise of technology
does not overshadow the ethical imperatives of privacy and
responsible data management in the complex ecosystem of
animal farming.

6.3 Fostering Transparency and Accountability
with Explainable Al

Explainable AI (XAI) stands as a transformative pillar in the

landscape of artificial intelligence. It champions the impera-
tive for Al models to provide not only accurate predictions
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but also clear and comprehensible explanations for their
decisions and actions. In an era where Al-driven systems
are increasingly deployed in various domains, its signifi-
cance in ensuring transparency, accountability, and ethical
Al practices cannot be overstated.

In the context of animal farming, where Al-driven deci-
sions exert a profound influence on animal well-being and
farm management, the demand for transparency and inter-
pretability reaches new heights. Farmers, veterinarians, and
an array of stakeholders within the agricultural ecosystem
must possess the capacity to understand how and why spe-
cific determinations are made by Al systems. This compre-
hension goes beyond mere curiosity; it is the bedrock upon
which trust is built, forming the linchpin of effective collabo-
ration between human experts and Al entities. Furthermore,
it serves as a safeguard to ensure that Al decisions align with
ethical tenets and welfare standards [34, 35].

The journey toward achieving Al models that seamlessly
integrate robust predictive capabilities with transparency is
far from a solitary endeavor. Instead, it necessitates a unified
and interdisciplinary effort involving researchers, technolo-
gists, and industry practitioners. Collaboration across these
domains is paramount, as it bridges the chasm between the
computational prowess of Al and the imperative need for
accountable, intelligible Al systems in animal farming.

Recent international conferences on Explainable Al
(XAI) have provided a platform for researchers and practi-
tioners to exchange ideas and present innovative approaches
aimed at enhancing the interpretability of Al models [36,
37]. These conferences have served as crucibles of knowl-
edge, incubating new methodologies and frameworks that
hold the promise of revolutionizing the transparency and
explainability of Al systems. Importantly, they have recog-
nized and emphasized the critical role of XAl in diverse
applications, ranging from healthcare to finance and, indeed,
agriculture.

One of the key takeaways from these conferences is
the recognition that XAl is not a one-size-fits-all solution
but rather a spectrum of techniques and methods tailored
to specific contexts and user needs. In the realm of animal
farming, this means customizing XAI solutions to align
with the unique challenges and intricacies of the industry.
For instance, XAl techniques in healthcare may differ sig-
nificantly from those applied in agriculture due to varia-
tions in data types, decision-making processes, and ethical
considerations.

One promising avenue explored in recent XAl research
is the development of interpretable machine learning mod-
els that inherently provide clear rationales for their predic-
tions. These models are designed with transparency as a
foundational principle, making it easier to understand their
decision-making logic. In the context of animal farming,
this could mean adopting machine learning techniques that
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not only deliver accurate results but also reveal the key
factors and features that led to a specific decision. For
example, in disease diagnosis, an interpretable AI model
can elucidate which symptoms, biomarkers, or historical
data points contributed most significantly to the diagnosis.

Another noteworthy development in the XAl landscape
is the fusion of Al and domain-specific knowledge. In ani-
mal farming, where domain expertise is invaluable, Al
systems can be enhanced by incorporating insights from
veterinarians, animal scientists, and farmers themselves.
These experts can collaborate with Al researchers to cre-
ate models that not only make predictions but also pro-
vide contextual explanations rooted in the realities of farm
management and animal care.

Furthermore, the importance of human-AlI collaboration
is accentuated by recent research efforts that focus on the
concept of “glass box” Al models. Unlike the traditional
“black box” models, which offer little insight into their
internal workings, glass box models are designed to be
transparent and easily interpretable. This transparency
empowers users to validate Al decisions, identify potential
biases, and ensure that ethical and welfare considerations
are upheld.

XALI is an indispensable asset in the realm of animal
farming, offering a pathway to transparency, accountability,
and the ethical use of Al technologies. As the field of XAI
continues to evolve, it holds the promise of not only enhanc-
ing the performance of Al systems but also fostering trust
and ethical practices in the intricate ecosystem of animal
farming.

Some XAI models or systems that can possibly be applied
to animal welfare and farming animals:

Concept Relevance Propagation (CRP): CRP is an XAl
approach that can provide insights into AI models' decision-
making processes. It can be applied to understand and inter-
pret Al systems used in animal welfare applications.

Local Interpretable Model-agnostic Explanations
(LIME): LIME is a framework that can be used to explain
the predictions of machine learning models, including those
used in animal farming and welfare. It can help make black-
box models more understandable.

SHapley Additive exPlanations (SHAP): SHAP is an XAl
framework that provides explanations for individual predic-
tions. It can be applied to AI models used in animal welfare
to understand the importance of different features in making
decisions.

Interpretable Temporal Convolutional Networks (iTCN):
iTCN is an interpretable deep learning model that can be
used in applications involving time-series data, such as
monitoring animal behavior on farms.

Gradient-weighted Class Activation Mapping (Grad-
CAM): Grad-CAM is a technique that visualizes the regions
of an image that are important for a deep learning model’s

prediction. It can be applied to understand how AI models
analyze images related to animals on farms.

SHAPLEY feature selection for Bayesian Neural Net-
works (SHAPLEY-BNN): This method combines SHAP
values with Bayesian Neural Networks and can be used to
explain and interpret the decisions made by Al models in
animal farming.

Counterfactual Explanations: Counterfactual explana-
tions involve providing alternative scenarios to explain Al
model predictions. They can be used to understand how
changing inputs or conditions might impact animal welfare
predictions.

Explainable Reinforcement Learning (XRL): XRL tech-
niques can be applied to reinforcement learning models used
in managing and optimizing animal farming processes. They
help in understanding the policies and decisions made by
Al agents.

Integrated Gradients: Integrated Gradients is an attribu-
tion method that assigns importance scores to input features.
It can be used to explain the role of various factors in Al
models used for animal welfare assessment.

Human-AI Collaboration Tools: Some XAI systems are
designed to facilitate collaboration between human experts
and Al models. These tools can be applied in scenarios
where experts work together with Al systems to improve
animal welfare practices.

These XAI models and techniques can contribute to
greater transparency, accountability, and ethical decision-
making in the context of animal farming and welfare. They
enable stakeholders to better understand and trust the deci-
sions made by Al systems while ensuring the well-being of
animals.

6.4 Responsible Al: Ensuring Ethical, Transparent,
and Sustainable Al in Animal Farming

In the rapidly evolving landscape of artificial intelligence,
the issue of algorithmic opacity, often referred to as the
“black box” problem, has garnered significant attention and
concern. The inherent lack of transparency in Al algorithms
can impede our ability to comprehend and trust the recom-
mendations and decisions they generate, particularly when
these algorithms are trained on biased or incomplete data-
sets. This opacity poses substantial challenges, especially in
domains where Al-driven systems have a substantial impact,
such as animal farming.

In the context of animal farming, achieving responsible
Al practices extends beyond mere legal compliance [2].
It involves a profound commitment to upholding ethical
principles, respecting social values, and promoting sustain-
ability. Responsible Al in animal farming encompasses the
deployment of technologies that not only enhance animal
welfare but also support and bolster sustainable agricultural

@ Springer



88

Human-Centric Intelligent Systems (2024) 4:77-92

practices while remaining sensitive to the values held by
local communities. This commitment necessitates an ongo-
ing process of ethical evaluation, continuous stakeholder
engagement, and adaptability to emerging insights and
evolving societal expectations.

Responsible Al is not a solitary endeavor but a multidis-
ciplinary and collaborative one. It requires the concerted
efforts of ethicists, animal welfare experts, farmers, and
technologists. Together, they work toward ensuring that Al
serves the greater good without compromising ethical integ-
rity. In essence, responsible Al becomes more than just a
technological pursuit; it evolves into a holistic endeavor that
harmonizes innovation with ethical stewardship within the
intricate landscape of modern animal farming.

6.4.1 The“Black Box” Predicament and Its Implications

The “black box” problem in Al refers to the inherent opac-
ity of many machine learning algorithms, particularly deep
learning models. These algorithms, while capable of making
accurate predictions and decisions, often do so without pro-
viding a clear and interpretable rationale for their choices.
This opacity can be problematic for several reasons, espe-
cially in applications where the consequences of Al deci-
sions are substantial.

In animal farming, where Al systems are increasingly
being employed to optimize various aspects of farm man-
agement, the “black box” problem raises several concerns:

1. Lack of Accountability:

When AI systems make decisions without offering
transparent explanations, it becomes challenging to
attribute responsibility for those decisions. In cases of
undesirable outcomes or ethical dilemmas, identifying
who or what is accountable can be elusive. Responsible
Al practices aim to address this issue by introducing
transparency and traceability into Al decision-making
processes.

2. Trust and Adoption:

Farmers, veterinarians, and other stakeholders in
animal farming need to have confidence in Al-driven
recommendations and decisions. Trust is a cornerstone
of successful Al adoption, and it can be eroded when
users cannot understand or trust the reasoning behind
Al-generated outcomes. Responsible Al seeks to rebuild
and reinforce this trust by providing clear explanations
for Al decisions.

3. Ethical Considerations:

Al algorithms are only as unbiased as the data they
are trained on. In animal farming, biased data can lead to
Al decisions that inadvertently discriminate against cer-
tain animals or favor specific practices. Responsible Al
acknowledges the ethical dimension of Al applications
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and strives to mitigate bias while promoting fairness and
ethical treatment of animals.

6.4.2 Responsible Al in Animal Farming: A Holistic
Approach

Responsible Al in the context of animal farming extends
beyond mere compliance with legal regulations. It repre-
sents a comprehensive commitment to ethical, transparent,
and sustainable Al practices. This commitment manifests in
several key principles and practices:

1. Ethical Assessment:

Ethical considerations are at the forefront of respon-
sible Al in animal farming. Ethicists, in collaboration
with domain experts, help identify potential ethical chal-
lenges and dilemmas posed by Al applications. They
assess the impact of Al decisions on animal welfare,
human stakeholders, and the broader environment. Ethi-
cal assessments provide a foundation for designing Al
systems that align with ethical principles.

2. Stakeholder Engagement:

Responsible Al recognizes the importance of engag-
ing with various stakeholders, including farmers, vet-
erinarians, local communities, and consumers. These
stakeholders offer diverse perspectives and values that
must be considered in Al system design and deployment.
Engaging with stakeholders ensures that Al solutions
are sensitive to the needs and values of the communities
they serve.

3. Transparency and Interpretability:

Addressing the “black box” problem requires a con-
certed effort to enhance the transparency and interpret-
ability of AI models. This can be achieved through the
development of interpretable machine learning models
that provide clear rationales for their decisions. In ani-
mal farming, transparent AI models can elucidate how
specific factors, such as animal health indicators or
environmental conditions, influence Al-generated rec-
ommendations.

4. Bias Mitigation:

Biased data can perpetuate inequalities and unfair
treatment in Al-driven decision-making. Responsible Al
employs techniques to identify and mitigate bias in train-
ing data and algorithms. This includes actively seeking
diverse and representative datasets and implementing
fairness-aware machine learning methods.

5. Sustainability:

Sustainable agricultural practices are a fundamental
consideration in responsible Al for animal farming. Al
solutions should not only optimize efficiency but also
promote practices that are environmentally sustain-
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able and respectful of natural resources. Sustainability
assessments are integrated into Al system evaluations.
6. Adaptability and Continuous Improvement:

The landscape of animal farming is dynamic, with
evolving insights, changing societal expectations, and
emerging challenges. Responsible Al is adaptable and
embraces a culture of continuous improvement. Al sys-
tems are designed to evolve with new information and
feedback from stakeholders.

6.4.3 The Multidisciplinary Collaboration

Responsible Al in animal farming necessitates a collabora-
tive effort that brings together experts from various domains:

1. Ethicists:

Ethicists specializing in Al ethics play a crucial role
in guiding the ethical assessment of Al applications in
animal farming. They ensure that Al systems align with
moral principles and ethical frameworks.

2. Animal Welfare Experts:

Experts in animal welfare contribute their knowledge
to assess the impact of Al decisions on the well-being of
animals. They advocate for practices that prioritize the
health and humane treatment of animals.

3. Farmers:

Farmers are vital stakeholders in responsible Al. Their
practical experience and insights inform the develop-
ment and deployment of Al solutions that address real-
world challenges in farming.

4. Technologists:

Al technologists and researchers work on the technical
aspects of responsible Al, including the development
of interpretable models, bias mitigation techniques, and
sustainability assessments.

6.4.4 Responsible Al in Action

To illustrate the principles of responsible Al in animal
farming, let's consider a hypothetical scenario: the use of
Al-based systems to monitor and optimize the health and
productivity of dairy cows on a farm.

Ethical Assessment: Ethicists collaborate with veterinar-
ians to assess the ethical implications of using Al to moni-
tor dairy cows. They identify potential concerns related to
animal ‘privacy’, data security, and the humane treatment
of cows.

Stakeholder Engagement: Farmers and local communi-
ties are actively engaged in the Al deployment process. Their
input helps shape the design of the Al system. For example,
farmers may emphasize the importance of minimizing stress
on cows during data collection.

Transparency and Interpretability: AI models used
for cow monitoring are designed to be transparent. When
the Al system recommends specific interventions, it pro-
vides clear explanations based on factors such as cow
behavior, vital signs, and historical health data.

Bias Mitigation: The Al system is trained on a diverse
dataset representing various cow breeds and farm condi-
tions. Bias mitigation techniques are applied to ensure
that the AI system does not favor specific groups of cows
unfairly.

Sustainability: The AI system not only focuses on
maximizing milk production but also considers environ-
mental sustainability. It recommends practices that reduce
water usage and minimize the farm’s carbon footprint.

Adaptability and Continuous Improvement: The Al
system evolves over time as new research findings on dairy
cow health emerge. Feedback from farmers and veterinar-
ians is incorporated to enhance the system’s accuracy and
effectiveness.

Responsible Al in animal farming represents a para-
digm shift in the way Al technologies are developed and
deployed. It emphasizes ethics, transparency, sustainabil-
ity, and collaboration among diverse stakeholders. By
aligning innovation with ethical stewardship, responsible
Al ensures that Al-driven decisions in animal farming pri-
oritize the well-being of animals, the interests of human
stakeholders, and the sustainability of agricultural prac-
tices. In this holistic pursuit, Al emerges not only as a
tool for efficiency but as a force for positive change in the
intricate landscape of modern animal farming.

7 Social Implications of Technology
Adoption in Farming Communities

The adoption of sensor technology and Al can also have
significant social implications within farming communi-
ties. These include changes in farm labor, the dynamics of
farming communities, and potential disparities in technol-
ogy access.

7.1 Changes in Farm Labor

The integration of advanced technologies in farming could
lead to shifts in the labor landscape. Routine monitoring
tasks may be automated, potentially affecting employment
opportunities on farms. Conversely, technology adop-
tion might create new roles for technology management
and data analysis. Furthermore, the transition to digital
farming could necessitate new skills and training for
farmworkers.
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7.2 Dynamics of Farming Communities

The adoption of sensor technology and Al could influ-
ence social dynamics within farming communities. Farms
using advanced technologies could gain a competitive edge,
potentially exacerbating disparities within the community.
Furthermore, data sharing between farms could foster col-
laboration but might also raise concerns about competition
and privacy.

7.3 Technology Access

There could be disparities in access to technology, with
larger or wealthier farms more able to invest in advanced
technologies. This could lead to a digital divide within farm-
ing communities, with smaller or resource-poor farms being
left behind.

8 Strategies for Addressing Ethical
and Social Issues

Addressing these ethical and social issues requires a mul-
tifaceted approach, integrating ethical considerations into
technology design, promoting responsible use, and fostering
equitable access.

8.1 Ethical Technology Design

Ethics should be a key consideration in the design of sensor
technologies and Al algorithms. This could involve design-
ing wearables that minimize discomfort or stress for animals,
implementing robust data security measures, and developing
transparent and fair Al algorithms.

8.2 Guidelines for Responsible Use

Clear guidelines and regulations should be established for
the responsible use of sensor technologies and Al in farm-
ing. This could involve rules on data ownership, usage, and
sharing, and guidelines on the humane use of surveillance
technologies. Farmers should be provided with the knowl-
edge and tools to use these technologies responsibly and
effectively.

8.3 Equitable Access

Efforts should be made to ensure that all farms can benefit
from the potential of sensor technologies and Al. This could
involve subsidies or financing options for technology adop-
tion, tailored solutions for small or resource-poor farms, and
support services to assist all farmers in integrating these
technologies into their operations.
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The ethical and social considerations of using sensor
technologies and Al in livestock farming are as crucial as
the technical aspects. By addressing these considerations, we
can ensure that the digital transformation of farming aligns
with our ethical obligations to animals, respects the rights
and needs of farmers, and fosters social equity within farm-
ing communities. This will require collaboration between
farmers, technologists, ethicists, and policymakers, and a
shared commitment to a future of farming that is not only
efficient and productive, but also humane, fair, and socially
sustainable. As we navigate the exciting frontier of digital
farming, we must ensure that our journey is guided by a
compass of ethical and social responsibility.

9 Human-Centered Al in Modern Animal
Farming: Building an Ecosystem of Trust

In the dynamic realm of artificial intelligence, the pursuit
of ‘Human-centered Al for an inclusive society’ emerges
as a guiding principle, directing the evolution of innova-
tions that synergize Al’s capabilities with human values
and societal imperatives. This perspective underscores the
crafting of Al technologies that not only respect and uphold
public values, constitutional rights, and human rights but
also actively reinforce them. The overarching ambition is
to cultivate an ecosystem of trust, ensuring that Al applica-
tions garner public endorsement and integrate seamlessly
into societal structures.

Central to this approach is the formulation of Al solutions
that are both generalizable and scalable. This ensures that
innovations transcend niche applications and find relevance
across diverse sectors, amplifying their beneficial impact.
A paramount challenge in this journey is preserving signifi-
cant human control over Al-powered systems. As we bestow
increased autonomy upon machines, it becomes crucial to
ensure that human dignity remains uncompromised, and that
the essence of human intervention remains intact.

Within the specific milieu of modern animal farming, the
aspiration is to establish a resilient, consultative ecosystem
that promotes the judicious use of Al This ecosystem would
not only pioneer and evaluate human-centered, value-driven
Al applications but also lay down robust ethical and legal
frameworks to guide their utilization. The focus is on har-
monizing technological advancements with ethical consid-
erations, positioning Al as an instrument of enhancement
rather than discord.

A vital element of this vision is the integration of Val-
ues, Integrity, Social, Technological, and Accountabil-
ity (VISTA) facets into the Al developmental trajectory.
By delving deep into the challenges and opportunities
VISTA presents in relation to Al applications for sustain-
able food systems, we can sculpt methodologies that are
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both groundbreaking and ethically aligned. The initiative
to devise a VISTA lab methodology stands as a testament
to this commitment. This methodology would comprise a
comprehensive toolkit, ethical and legal guidelines, and
engagement strategies tailored for the agri-food sector.
Through a series of case studies, the objective is to embed
VISTA considerations into the DNA of Al design and itera-
tive processes.

The odyssey towards responsible and trustworthy Al in
sustainable food systems is both multifaceted and promising.
By championing a human-centered ethos and intertwining
ethical, legal, and social reflections, we chart a course for
innovations that echo societal values, engender trust, and
usher the agri-food sector into a future characterized by
responsibility and advancement.

10 Conclusions

The integration of sensor technologies and artificial intel-
ligence into livestock farming holds tremendous promise for
advancing animal welfare. By providing real-time, objective,
and comprehensive assessments of animal health and well-
being, these tools can catalyze a shift towards more proac-
tive, personalized, and humane farming practices. However,
the realization of this potential relies heavily on adopting
a farmer-centric approach, ensuring that these technolo-
gies genuinely serve the needs of farmers and respect their
unique knowledge and experience.

At the same time, the increasing reliance on digital tech-
nologies brings new ethical and social considerations to the
fore. Animal privacy, data security, and the responsible use
of AI are fundamental issues that must be carefully navi-
gated. As we dive deeper into the era of digital livestock
farming, our ethical commitment to both animals and farm-
ers must remain unwavering.

Moreover, the advent of these technologies could have
profound implications for farming communities, from
changing labor needs to shifting social dynamics. It is cru-
cial to ensure that the transition to digital farming is not
only technologically sound and ethically responsible, but
also socially equitable.

Addressing these multifaceted challenges necessitates
a collaborative and interdisciplinary approach. Farmers,
technologists, researchers, policymakers, and society at
large must all play a part in shaping the future of farming.
Together, we can harness the potential of sensor technolo-
gies and Al in a manner that respects the dignity of animals,
honors the role of farmers, and fosters a sustainable and
equitable livestock industry.

Ultimately, the successful adoption of sensor technologies
and Al in livestock farming is not just about the technologies
themselves, but about the values, principles, and practices

that guide their use. It is about creating a future of farm-
ing where technology serves as an empowering tool, not an
overriding force. A future where every decision is guided
by a commitment to animal welfare, farmer well-being, and
social sustainability.

The exploration of sensor technologies and Al in live-
stock farming marks a critical juncture in the evolution of
agriculture. As we stand on the brink of this exciting fron-
tier, we must ensure that our journey is guided by a holistic
vision, integrating scientific innovation, ethical responsi-
bility, and social equity. This is the pathway to a future of
livestock farming where technology, animals, and humans
harmoniously coexist, fostering a symbiotic relationship that
nurtures the welfare of all.
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