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Simple Summary: In response to the challenges posed by a growing global population, the livestock
industry must increase food production while ensuring environmental sustainability. This paper
explores how feed producers can tackle these challenges using advanced formulation techniques.
By leveraging AI decision support systems, producers can optimize feed composition to promote
animal health and environmental stewardship. The study’s findings offer valuable insights into
improving animal feed production, supporting the livestock industry in achieving sustainability
goals and contributing to global environmental conservation efforts.

Abstract: The unprecedented challenges presented by the increase in global population have placed
substantial demands on the livestock industry for human nutrition, necessitating heightened animal
productivity and leading to an increased demand for natural resources to produce animal feed. Feed
producers are leading the charge, consistently refining formulations to adapt to the evolving needs
of livestock, driven in part by the cost of over 50% associated with feed production. This paper
critically analyses the pressing issues within feed formulation, addressing the requirement for envi-
ronmentally sustainable practices amidst the challenges of climate change. The exploration extends
to how advanced decision support tools can enhance formulation techniques and profitability and
contribute to environmental sustainability. Through an in-depth review of current feed formulation
technologies, encompassing their applications and limitations, this study aims to enhance the existing
knowledge base. Additionally, we examined future trends, highlighting the essential role of connect-
ing technologies to establish a resilient and sustainable system. The emphasis is on the potential of
formulation techniques to positively impact the environment and enhance the overall quality and
performance of the animals. This paper provides actionable insights to improve animal production
by examining feed formulation models and decision support tools. The anticipated outcome is a
more informed and sustainable decision-making process, addressing the multifaceted challenges
confronted by the livestock industry and making contributions to global efforts in climate change
mitigation and environmental stewardship in animal production agriculture.

Keywords: animal feed formulation; nutrition; livestock; decision support tools; environmental
sustainability

1. Introduction

The global demand for high-quality animal products, driven by an increasing popula-
tion and evolving dietary preferences, has cast an unparalleled spotlight on the livestock
industry. Within this dynamic landscape, the formulation of nutritionally balanced and
sustainable animal feeds emerges as the requirement for producing outstanding animal
products that meet the demands of a changing world [1]. The West African region, com-
prising countries like Benin, Burkina Faso, Ghana, Nigeria, and Senegal, grapples with a
surging population projected to exceed 800 million by 2050 [2]. This growth intensifies
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the need for food security, particularly in livestock farming, which is important for the
region’s economy. Livestock contributes significantly to agricultural GDP, with up to 34%
of rural incomes reliant on it. Despite abundant livestock diversity, meeting the escalating
demand for animal products, notably red meat, poses a challenge. To address this, there is
a critical need for improved production practices and policies to bolster local capacity. West
Africa faces significant challenges and opportunities in its livestock sector. Enhancing feed
formulation and sustainable farming practices is crucial for ensuring food security and
economic growth amidst a changing world. As the 21st century unfolds, the obligations
of ensuring food security, mitigating environmental impacts, and addressing the ethical
dimensions of animal agriculture become ever more pressing. In response to these multi-
faceted challenges, the integration of cutting-edge technologies in animal feed formulation
takes center stage, offering a pivotal pathway toward building a resilient and sustainable
system [3]. Conventionally, animal feed formulation has been a process of intricately opti-
mizing nutrient content to align with the specific requirements of diverse animal species
and varied production goals [4]. The foundation of these formulations leaned heavily on
nutritionists’ expertise, grounded in empirical knowledge and general guidelines. How-
ever, modern technologies have signaled a shift, leading to tools that enable a more precise
and efficient approach and align with sustainability needs [5]. Conventional feed formu-
lation techniques, while historically significant, have several disadvantages. They often
rely on fixed ingredient ratios, which can lead to nutritional imbalances if the quality of
ingredients varies. These methods typically ignore the dynamic nature of ingredient prices
and availability, potentially resulting in cost inefficiencies [6]. Moreover, conventional
techniques may not account for the specific dietary needs of different animal breeds or life
stages, potentially compromising animal health and productivity. The lack of precision in
these methods can also contribute to environmental issues, such as nutrient runoff from
over-supplementation. Lastly, they are less adaptable to incorporating alternative and novel
ingredients, which can be a limitation in the face of global feed resource challenges [7].

A key technological advancement shaping the landscape of animal feed formulation is
the integration of computational models and artificial intelligence [8,9]. This transformative
pair facilitates the analysis of vast datasets, considering factors such as animal physiology,
genetics, and environmental conditions. Applying machine learning algorithms allows
researchers and nutritionists to determine intricate patterns within these datasets, leading
to a unique level of precision in formulating feeds. This precision optimizes animal perfor-
mance and minimizes resource utilization, aligning with the broader sustainability goals.
Beyond artificial intelligence, the fusion of molecular biology and genomics marks a new
era of personalized nutrition for livestock. By unraveling the genetic makeup of animals, it
becomes possible to identify specific nutritional requirements based on individual varia-
tions. This customized approach enhances feed efficiency and contributes to the overall
health and well-being of the animals, signaling a departure from reliance on additives and
medications [10,11].

In addition to these technological advancements, incorporating sustainable sourcing
and processing technologies in feed formulation is a foundation for building a resilient
system. In response to escalating concerns about environmental degradation and resource
depletion, there is a growing emphasis on alternative protein sources, such as insect meal
and plant-based proteins [12]. This shift towards sustainable feed ingredients reduces the
environmental footprint of animal agriculture and addresses the ethical considerations as-
sociated with conventional feed sources. The interconnectedness of technologies in animal
feed formulation extends its influence beyond the laboratory to the farm level. Precision
feeding, made possible through automated monitoring systems and sensor technologies,
facilitates real-time adjustments to feed rations based on animals’ individual needs and
behaviors. This optimizes production efficiency and minimizes waste, creating a more
sustainable and economically viable animal agriculture system [13]. The convergence of
cutting-edge technologies in animal feed formulation is a pivotal force in constructing a
resilient and sustainable system capable of meeting the challenges of our era. By harnessing
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the power of artificial intelligence, genomics, and sustainable sourcing, the industry is
poised to tailor nutrition to individual animal needs, optimize resource utilization, and
mitigate the environmental impact of livestock production. As we navigate the path to-
wards a more sustainable and ethical future for the livestock industry, integrating these
technologies in animal feed formulation is an example of innovation, guiding the way
towards coexistence with the demands of a growing global population [12,14].

The objectives of this study were as follows: (1) to conduct a comprehensive review
and critically analyze the pressing issues in feed formulation, addressing the requirements
for environmentally sustainable practices, and (2) to review current feed formulation
technologies, encompassing their applications and limitations and (3) to connect animal
feed formulation models with decision-support tools and integrate artificial intelligence
(AI) to optimize processes in the context of a sustainable environment.

In this review paper, we comprehensively searched scholarly articles published from
1980 to the present (2024). Our focus was on animal feed formulation and related topics.
Additionally, we thoroughly gathered literature relating to decision support systems (DSS)
for animal feed formulation, with a specific emphasis on the role of artificial intelligence
(AI) in enhancing sustainability in feed formulation practices. By synthesizing the selected
literature, our objective was to determine starring themes and trends. We systematically
organized these findings into cohesive sections to explain the intricate relationship between
technological advancements and the development of robust and sustainable feed systems.

2. Relevant Works
2.1. Animal Feed Formuation

Feed formulation plays a crucial role in the livestock industry. It ensures that animals
receive optimal nutrition, contributing to economic viability and environmental sustain-
ability. This process meets a wide range of human needs, including food, employment,
clothing, and income [15].

As the human population burgeons, the livestock sector faces escalating demands,
notably in animal feed production. This surge in demand necessitates livestock production
to vie for natural resources, notably land and water, while fortifying resilience against
environmental, social, and political upheavals [16,17]. However, in regions like sub-Saharan
Africa, escalating water scarcity, exacerbated by reduced rainfall due to climate change or
heightened demand from alternative sources, poses a grave threat to water availability for
livestock production [11]. This creates a need for more prudent use of water resources in
livestock production. Frequent and severe weather phenomena such as storms and floods
may also decrease feed availability. Both water scarcity and overabundance in the form of
storms and floods may lead to reduced feed production capabilities and result in high feed
costs [18].

Climate change poses significant challenges to animal nutrition and productivity, with
implications for sustainability in animal agriculture [19]. Rising temperatures exacerbate
animal heat stress, disrupting metabolic processes, appetite, and nutrient utilization. Heat-
stressed animals may reduce feed intake, leading to inadequate nutrient intake. Moreover,
increased energy expenditure to regulate body temperature during hot weather reduces
energy available for growth, reproduction, and milk production [20,21]. Heat stress also
alters mineral metabolism, leading to electrolyte imbalances, and degrades vitamins crucial
for overall health [20].

The effects of climate change on animal productivity are profound. Heat stress reduces
growth rates in young animals and negatively impacts reproductive efficiency, reducing
conception rates, embryonic mortality, and lower sperm quality [19]. Dairy cows experience
decreased milk yield during heat stress, while poultry, especially layers, lay fewer eggs dur-
ing extreme heat, affecting egg quality. Heat-stressed animals may also have tougher meat
due to altered muscle metabolism [20]. To address these challenges, technological solutions
are crucial. Providing shade, proper ventilation, and cooling systems can mitigate heat
stress while formulating diets with heat-resistant nutrients like electrolytes, antioxidants,
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and amino acids helps combat heat stress. Feed additives such as probiotics, prebiotics, and
enzymes enhance nutrient utilization and gut health. Precision feeding technologies ensure
animals receive optimal nutrients based on their specific needs, while genetic selection for
heat tolerance and resilience is essential [21]. Adopting sustainable practices, leveraging
technology, and prioritizing animal welfare are key strategies to mitigate the adverse ef-
fects of climate change on animal agriculture. By implementing these measures, we can
ensure resilient livestock and poultry production systems while promoting environmental
sustainability [20].

Due to the increasing demand placed on land resources by population growth and the
needs of various sectors, the availability of livestock grazing lands is diminishing [22]. Feed
availability and the costs for production are essential to the livestock industry in terms of
profit and overall sustainability. An estimate of feeding showed a contribution of 60–80%
of the variable costs of animal products, such as pork, milk, and poultry production [23–25].
Cost-effective feed rations are, therefore, essential for building resilience in the livestock
industry. Feed costs can be managed effectively with knowledge of the vital nutrient
requirements for every growth and reproduction stage of a livestock species and the
related costs. According to Minson et al. [26] and Underwood [27], relaxation of some
nutritional requirements that may not be vital for a particular growth stage can lead to
significant reductions in feed costs while maintaining the animal’s performance. This was
demonstrated by Uyeh et al. [28], using an interactive feed formulation approach based on
an evolutionary algorithm.

Animal feed formulation has been defined as allocating feed ingredients that satisfy
the minimum requirements of nutrients to achieve specific objectives or achieve the best
animal performance regarding yield and weight gain [29,30]. This implies the main aim of
feed production is to achieve the optimal composition of ingredients, which results in the
desired outcomes when fed to the animal. On the other hand, feed materials are the carriers
of nutrients, and feed formulation allows the measurement and combination of several
ingredients needed to supply the nutrient requirements of an animal with the desired
aim [31]. Also, feed formulation consists of multiple objectives, such as maximizing land
use and minimizing feed cost while meeting the appropriate nutrient requirements [28].

Feed formulation techniques have gone through many evolutions. In the 1950s, time-
consuming electromechanical machines were used. The 1980s and 1990s brought in the
computerized linear programming method to maximize income while considering feed
costs. By the turn of the next decade, non-linear programming models were introduced in
feed formulation to optimize weight gain in animals and increase yield in products such as
milk. Standard practices in the formulation of feed in animal diets are constant formulation,
least-cost formulation, and fixed formulation [32].

Constant formulations focus on delivering a consistent amount of nutrient levels. They
account for differences in the biological natural feed components and aim to minimize
variations in nutrients. The formulation is fixed, involving the addition of a fixed level of
feed ingredients and nutrients. This ensures the feed’s nutritional content remains constant,
regardless of variations in the natural ingredients used. Least-cost formulations, on the
other hand, prioritize cost-effectiveness. They involve substituting a higher-cost ingredient
with a lower-cost one while still meeting the nutritional requirements of the feed. The goal
is to obtain the least-cost formula, hence the name. This method is used for commercial
purposes where cost efficiency is a significant factor. While both methods aim to provide
nutritionally balanced feed, constant formulations prioritize consistency in nutrient levels,
while least-cost formulations prioritize cost efficiency. The choice between these methods
depends on the specific goals and constraints of the feed production operation.

Feed formulation comprises two broad techniques: the manual approach and mathe-
matical linear, single/multiple programming methods [31]. The manual approach consists
of the Pearson’s square method, trial and error method, simultaneous algebraic equa-
tions, and the two-by-two matrix technique. Pearson’s square method is used to calculate
the percentage of two feed ingredients needed to meet the specific nutrient (crude pro-
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tein, energy, crude fat) level in a mixture. For example, grains such as corn and soybean
meal can be used to achieve the crude protein requirement of an animal. It is easy to
use; however, the limitation of this technique is that it cannot be used for complex feed
mixtures [33,34]. Simultaneous algebraic equations, on the other hand, can simulate two
or more feed ingredients to obtain the best possible nutritional content [34]. With this
method, the requirements for both protein and energy can be obtained in one mixture,
unlike Pearson’s square method, which allows for only one nutrient requirement. The
trial-and-error method is more prevalent in poultry, and the limitation is that it is tedious
and time-consuming [34]. With the two-by-two matrix technique, two feed ingredients are
used to solve a two-nutrient requirement problem, the two-by-two matrix is fixed, and a
series of equations is calculated to find the solution to the problem [4].

The mathematical linear, single, or multiple programming methods include the
single-linear programming approach, a frequent animal diet formulation technique [35].
Waugh [36] made the first attempt at the single-objective programming method to solve a
feed-mix problem by optimizing the ration for livestock with a linear program. In linear
programming, the model assumes the nutrient requirement as fixed; a few disadvantages
stated by Lara and Romeo [37] include that the model’s constraints are rigid, can tackle
only linear constraints, and can only operate on the objective function. They are also an
efficient tool in the decision-making process by solving a series of linear and non-linear
programs via interaction with decision-makers. Zhang and Roush [38] mentioned many
advantages of using the multiple-objective programming method, including trade-offs in
the decision-making process, concurrent action, and tractability. The linear programming
method has been the most used mathematical method in the past decades. Its weakness
is based on its reliance on cost as the only basis for the decision-maker in feed formula-
tion. These weaknesses can be remedied by decision-making techniques such as goal and
multi-objective programming.

2.2. Decision Support Tools in Livestock Feed Formulation

Decision support tools (DSTs) play a crucial role in Livestock Feed Formulation (LFF)
by addressing challenges related to diverse data sets and the complexity of monitoring
animal-related systems [39]. These tools are essential for achieving two main objectives: im-
proving animal welfare and mitigating greenhouse gas (GHG) emissions. Enhanced animal
welfare directly impacts outcomes in livestock production, such as meat, milk, and eggs, as
healthy animals yield higher quality and quantity of products. Additionally, optimizing
animal welfare contributes to reducing emissions intensity in the production of livestock
products, benefiting both farmers’ incomes and environmental sustainability [15,40]. Nu-
trition is a fundamental aspect of animal welfare, evaluated through the Five Domains
Model, which emphasizes the importance of providing animals with appropriate feed and
water [36,41]. Proper nutrition directly impacts animal health and well-being, influencing
growth, reproduction, and immune function. Feed formulation plays a crucial role in deter-
mining the nutritional content of animal products, contributing to high-quality meat, milk,
and eggs. Additionally, sustainable feed formulation practices promote natural resilience
in animals, reduce the need for pharmacological treatments, and minimize environmental
impact by reducing nutrient runoff. Prioritizing animal nutrition supports their welfare
and ensures the production of safe, high-quality food for consumers, fostering a sustainable
agricultural system [41].

Some existing designed decision support tools include diet checks. This method
creates a way to estimate whether dairy cows are consuming enough crude protein, metab-
olized energy, and neutral detergent fiber for a stipulated milk production quantity [42].
Milgen et al. [43] designed and developed another model, the InraPorc tool, to be used by
animal nutritionists to evaluate the utilization of nutrients and experiment with different
nutritional strategies. Dobos et al. [44] also introduced the FeedPlan decision support
tool, which combines parts of managing herd requirements and feed supply as a simple
approach to feed planning and budgeting.
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Decision support tools are developed to enable the appropriate users to make effective
decisions via a clear description of precise steps to undertake and display the various results
obtained from the several options executed [45,46]. These tools can be dynamic and non-
dynamic software tools with different recommendations specific to the user’s inputs. The
software tools can help achieve effective farm administration via efficient data recording,
analysis, and production of a series of results based on the evidence gathered [47]. Decision
support tools in feed formulation can be utilized by applying multiple criteria decision-
making techniques. This approach has more advantages over the linear programming
technique, such as simultaneously manipulating various conflicting objectives [48].

Rose, D.C. et al. [49] recommend taking into consideration the following factors in
designing effective decision support and delivery tools: cost-effectiveness, habit, trust,
ease of use, performance expectancy, peer recommendation, relevance to the user, farmer–
adviser compatibility, facilitating conditions, information technology, age, the scale of
farming, farming type, compliance, and levels of marketing, influencing the use of these
tools by the farmers and advisers. The authors concluded that these factors mentioned
above could serve as a checklist for a superior design of decision support tools in the future.

2.3. Techniques in Feed Formulation

Trends in feed production, such as advanced models for precision feed production,
have the potential to boost livestock productivity and aid in dissipating the pressures
it faces. Black, J.R. and Hlubik, J. [50] illustrated the basics of ration formulation via
computerized linear programming, outlining the application, upper and lower bounds
on feedstuffs, model ratio, and more. Using the linear programming method, a shrimp
diet was formulated in Barbieri, M., Cuzon, G. [40]. Eight feed ingredients and eighteen
constraints were used in diet formulation, and an optimal solution with a cost reduction
of about 30% and no significant loss in the growth performance was achieved. More
advanced computer techniques for feed production were developed in the ’90s. Lancaster,
L.M. [51] developed software for mainframe computers as the foundation for computer-
assisted menu planning. Another example is the multi-agent modeling approach Hamel
et al. [42] applied to simulate vegetal raw material for poultry production chains. This
model represents the multi-faceted workings of decision-making and human input in
the feed formulation process. It operates in Java programming language, simulates the
processes in production, and delivers the results. Table 1 shows the evolution of feed
formulation techniques with the applied models from 1980 to 2020.

Table 1. Feed formulation technique and various models used from 1980 to 2020.

Year Livestock Application/Objective Reference

1980

Beef A beef cattle ration formulation technique that satisfies the nutrient standards. [52]

Lactating
cow/growing cattle

Existence of variability in the nutrient requirements of individual animals and
errors in feed intake prediction. [53]

Mature dairy cows
The integration of current biological knowledge into mathematical models
that can be used both as a framework for defining research priorities and for
making decisions on dairy cattle feeding.

[54]

Unspecified
The introduction of multiple-criteria decision-making techniques to
agricultural systems modelers and the demonstration of their use in
livestock ration formulation.

[48]

1985
Broilers Chick Least-cost optimizer. This model calculates the dietary nutrients dynamically

for the entire growth period. [55]

Laying hens To simultaneously determine both the optimum economic dose and nutrient
density of feed for laying hens. [56]
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Table 1. Cont.

Year Livestock Application/Objective Reference

1990

Unspecified The development of a ration formulation program. [50]

Turkey
Predicting the values of the flock
performance indicators of significant economic importance, body
weight and feed consumption.

[57]

Dairy cow A method for relaxing the right-hand sides of a least-cost ration. [58]

Dairy cow Minimize cost and maximize the amounts of stored feeds in the diet. [59]

Dairy cow The relaxation of
over-rigid specifications of nutrient requirements for livestock rations. [37]

Not specified. To formulate two non-linear optimization problems as an iterative sequence of
LP problems. [60]

Dairy cattle
Treats the fuzziness of the right-hand side of constraint functions in nutrient
requirement. It also combines both relaxation and improvement in
trade-offs considered.

[61]

Dairy cow The determination of a realistic optimal replacement strategy. [62]

1995 Dairy cow An estimate of the cost of feeding a cow was studied, and the identification of
alternative lower-cost forage practices with the potential to replace feeding hay. [63]

2000
Broiler grower
ration To minimize nutrient variance and ration cost. [38]

Broiler Identification of optimal feed mix that maximizes profit margin. [64]

2005

Pig Determination of the optimal composition for an animal diet that will provide
the best result for the animal. [5]

Dairy cows To operationalize a programming method that can be used on a farm in
deciding the optimum diet formulation and minimization of nutrient loading. [65]

Sheep, dairy cow,
and buffalo

Three models were developed for maximizing animal weight gain in sheep,
cow milk yield, and buffalo weight gain. [66]

Pig An optimization method based on the traditional least-cost method that
reduces feed cost and total phosphorus. [67]

Beef Optimization of feed formulation with least-cost ration while ensuring a lesser
risk of worsening its nutritional value. [68]

Unspecified This method confronts the cost of the ration and meets nutrient requirements
while enhancing the feed formulation process. [69]

Dairy cow By applying a penalty function and merging two models, a more efficient ratio
was formulated in terms of economic and nutritional values. [70]

Pig A 3-step approach is used to formulate a nutritionally and economically
balanced ration that meets organic farming conditions. [70]

Beef Preparation of a user-friendly tool for optimal ration formulation via the
combination of mathematical programming techniques. [70]

Unspecified Determination of optimal livestock feed blend. [71]

Beef In the determination of economically and environmentally optimal rations
using various feed resources. [72]

Dairy cow A linear fuzzy model was used instead of linear programming models,
reducing feed cost to about eight percent. [73]

Poultry The application of a linear programming approach for higher productivity level. [74]

Unspecified animal The development of a feed formula to optimize maximum weight gain. [75]

Cattle The cost minimization of ration and maximization of the value of nutrients at
different weight stages. [30]

2010 Fish feed The development of an optimized feed
formulation model to enhance productivity. [76]
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Table 1. Cont.

Year Livestock Application/Objective Reference

2020

Broiler To optimize energy density and bird performance. [77]

Dairy cow To develop the optimal feed mix for dairy cows at different stages of livestock. [78]

Livestock The determination of the optimal
livestock feed mix. [78]

Broiler To minimize the total production
cost of the diet ration and make it affordable for the average farmer. [36]

Sheep, cattle, and
rabbit

High priority materials are selected by the decision-makers to solve the
mixture problem and cost minimization and optimization was also achieved
in the study.

[79]

Unspecified animal. Feed formulation technique to produce an optimal solution that is both
economical and high energy yield. [31]

Broiler Feed ration formulation to find the optimal quantities of Moringa Oleifera [80]

Poultry Development of an optimal solution that is both economical and brings out
the best energy yield. [79]

Poultry The development of a generic decision support system for feed formulation
optimization. [79]

Beef Cattle Identifying a least-cost ratio that captures the volatility of feedstuff prices. [6]

Dairy cattle during
pregnancy

The use of a real-coded genetic algorithm (RGA) to find least-cost feedstuffs
without any nutrient deficiency. [81]

Animal diet The evaluation of optimal values for feed components to achieve minimum cost
and maximum shelf life. [82]

Animal diet To obtain an optimized animal ration at minimum costs and better shelf life. [82]

Poultry
To find the minimum cost of feeding, considering many factors (the purpose
of breeding, poultry type, growth stage, nutritional requirements, and
available feedstuffs).

[83]

Broiler The development of a tool for broiler diet formation designed to target and
reduce specific environmental impact categories in the UK and US. [84]

Pig
An algorithm was developed to formulate diets that minimize the feed cost
per kg live weight gain (least-cost) for the grower/finisher phase in each
tax scenario.

[85]

Dairy Cow The development of algorithms for formulating an optimal feed mix with
minimal cost and maximum shelf life at distinct stages of livestock. [30]

Shrimp To formulate the most appropriate combination of ingredients for shrimp to
tackle the feed mix problem by leveraging genetic algorithms. [86]

Broiler To access the nutritional and economic benefits of using a multi-stage linear
programming model as an optimization model in broiler feed formulation. [84]

Swine
Studied the economic and environmental concerns (cost and phosphorus
content) involved with introducing distiller’s dried grains with soluble to swine
feed rations, which minimized cost and reduced the phosphorus content.

[87]

Sheep, cattle, and
rabbit

The use of a model that specifies the type of material and the amount of the
material to be selected. [88]

Non-pregnant dairy
buffaloes

Optimization of the total mixed ration cost where the vital requirements for
the feed are met with no deficiency in nutrients. [89]

Dairy and beef
cattle

An evolutionary algorithm minimizes feed cost and deviation from the
specified requirements. [28]

2020
Poultry The use of linear programming technique in the minimization of cost in a

small-scale poultry farm. [83]

Poultry In the determination of economically and environmentally optimal rations
using various feed resources. [90]
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Table 1. Cont.

Year Livestock Application/Objective Reference

Legend

Methods/Models

Linear programming algorithm

Multi-goal programming

Multi-objective optimization algorithm

Mixed-integer programming

Simulation

Combination spreadsheet

Non-linear programming

Multi-criteria decision model

Stochastic programming

Goal programming

Least-cost feed formulation method

Linear fuzzy model

proximal bundle approach

Real-coded genetic algorithm

Java Programming

Evolutionary algorithm

Multi-stage linear programming

Over the past four decades, animal feed formulation has witnessed a notable evolution
in the methods and models employed to optimize the intricate processes involved in meeting
the nutritional needs of diverse livestock. The trend and prevalence of various techniques
and models can be examined in Table 1 [76,83,91]. Beginning in 1980, the linear programming
(LP) algorithm emerged as a common choice due to its versatility and applicability to a
wide range of optimization problems. However, challenges persisted in accommodating
the intricate degrees of feed formulation, particularly when faced with diverse nutritional
requirements for different animal species and varying production objectives.

In response to these challenges, multi-goal programming and multi-objective opti-
mization algorithms emerged as potential solutions in the 1980s and 1990s [38,69]. These
methodologies allowed for the simultaneous consideration of multiple objectives, facili-
tating a balanced and holistic formulation that optimally catered to the diverse needs of
various livestock. Furthermore, mixed-integer and non-linear programming techniques
were explored to enhance the precision of feed formulation models, incorporating discrete
variables and accommodating nonlinear relationships inherent in nutritional requirements
and ingredient interactions. By the early 2000s, simulation became a powerful tool in
animal feed formulation, creating virtual environments to model and analyze the impact of
different feed formulations on animal health, growth, and overall performance. Integra-
tion of spreadsheets with other programming algorithms also gained traction, promoting
efficient data manipulation and computation for practical application [40,57].

As the complexity of feed formulation continued to evolve, multi-criteria decision models
and stochastic programming techniques were introduced to acknowledge and mitigate uncer-
tainties associated with ingredient variations and environmental factors. Goal programming
prioritized specific objectives while minimizing costs and aligning feed formulations with
economic viability. In the latter part of the 2000s and into the 2010s [73], introducing linear
fuzzy models and the proximal bundle approach added flexibility and adaptability to the
formulation process, handling imprecise or fuzzy data more realistically. Real-coded genetic
algorithms, drawing inspiration from natural selection and genetic mechanisms, offered an
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innovative means of optimizing feed compositions through iterative evolution. The challenges
encountered in animal feed formulation, characterized by diverse nutritional requirements
and fluctuating ingredient availability, have driven the exploration of advanced mathematical
programming and artificial intelligence-driven solutions [89]. From linear programming in
the early 1980s to evolutionary algorithms in the late 2010s, these diverse algorithms represent
opportunities to transform feed formulation [50]. The fusion of AI technologies with mathe-
matical models promises to overcome existing challenges, leading to more efficient, precise,
and sustainable practices in animal nutrition management.

2.4. AI-Driven Solutions for Resilient and Sustainable Agriculture

AI-driven decision support systems offer a sustainable approach to resilient agricul-
ture by revolutionizing feed formulation processes [76]. Optimization algorithms, such
as linear programming and genetic algorithms, integrated into AI systems determine the
optimal blend of ingredients in animal feed formulations. By considering factors like
nutritional requirements, ingredient availability, cost constraints, and dietary regulations,
these algorithms generate balanced and cost-effective feed compositions that promote
sustainability in agriculture. Predictive models, powered by machine learning techniques,
are crucial in selecting suitable feed compositions based on historical data on animal perfor-
mance, feed composition, and environmental factors. By forecasting the effects of different
feed formulations, these models aid in optimizing feed compositions for specific livestock
breeds, growth stages, or production objectives [92]. This data-driven approach minimizes
resource waste and ensures efficient use of ingredients, contributing to sustainable feed pro-
duction [92,93]. Figure 1 illustrates the evolution of feed formulation techniques, leading to
AI decision support systems that foster improved sustainability practices.

Figure 1. Moving towards AI decision support systems with the evolution of formulation methodolo-
gies over the decades.

The knowledge base, serving as the basis for decision support systems (DSS), encom-
passes essential data, information, and knowledge required for informed decision-making.
Modern knowledge bases facilitate the storage of both structured and unstructured data,
aggregating information from diverse sources, including spreadsheets, data streams, ex-
ternal APIs, and sensors tracking and monitoring livestock. Furthermore, the knowledge
base captures model analyses, simulations, and user feedback as valuable data points
contributing to system enhancement in the future [7,94]. Operating within the context of
animal feed formulation, the DSS model plays a crucial role in optimizing feed composi-
tion through either a simple rule-based system or a complex machine-learning algorithm.
These models generate simulations and identify trends, patterns, and insights, providing
recommendations relevant to animal nutrition [95].

The user interface of the decision support system incorporates advanced technologies
to enhance user interaction and system capabilities. Natural Language Processing (NLP)
powers the chat box feature, enabling conversational interactions and providing personal-
ized diet recommendations based on user queries. Virtual Reality (VR) utilizes Generative
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Adversarial Networks (GANs) to simulate diet outcomes visually for prospective livestock,
offering immersive experiences for users to explore various scenarios. Furthermore, the
integration of self-improvement mechanisms, such as Reinforcement Learning (RL), ele-
vates the capabilities of DSS by enabling continuous learning and decision improvement
over time. RL, a branch of machine learning, empowers DSS to make decisions based on
rewards or punishments derived from past experiences. AI-driven precision nutrition sys-
tems further customize feed formulations for individual animals or groups based on their
distinct nutritional needs, health status, and performance goals. Real-time data from sen-
sors, wearable devices, and automated monitoring systems enable these systems to adjust
feed compositions to optimize animal health and performance dynamically. Additionally,
AI-driven precision nutrition systems customize feed formulations based on individual
animals’ distinct nutritional needs, health status, and performance goals. Real-time data
from sensors and wearable devices enable dynamic adjustments to feed compositions,
optimizing animal health and performance while minimizing resource waste. AI evaluates
nutritional properties, suggests substitutions, and minimizes costs without compromis-
ing feed quality, thereby promoting sustainability in feed production [96]. AI-powered
monitoring systems continuously oversee feed production processes, ingredient quality,
and final product characteristics in real time. By identifying deviations or anomalies, these
systems prevent quality issues, reduce waste, and enhance resource efficiency, contributing
to sustainable agriculture practices [97]. AI-driven decision support systems bridge the gap
between precision livestock farming, sustainable feed formulation, and efficient resource
management, paving the way for resilient and environmentally conscious agriculture.
Figure 2 illustrates the use of AI decision support systems feed formulation.

Figure 2. Connecting technologies to build a resilient and sustainable system (Line colors used to
differentiate the User Interfaces).
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3. Perspectives

This study contributes to addressing the challenges posed by global population growth
in the livestock industry, emphasizing the need to enhance animal productivity and prof-
itability for human food security. Feed producers play a fundamental role by continuously
refining formulations to meet evolving livestock needs. We critically explored pressing
issues in feed formulation over the decades, particularly highlighting the urgency for
environmentally sustainable practices amid climate change challenges. In response to
the industry’s dual challenge of meeting global demands and mitigating environmental
impacts, the integration of artificial intelligence (AI) is proposed. AI technologies are key
in optimizing formulation processes, ensuring compliance with standards, enhancing user
experience, and contributing to overall sustainability. We highlight the essential role of
AI-driven decision support systems in innovatively addressing the complex demands of
animal feed formulation. This work aims to extend the knowledge base and further efforts
to establish a resilient and sustainable system through a comprehensive review of current
technologies and focus on future trends. The emphasis lies in recognizing the potential
of formulation techniques to impact the environment and enhance animal quality and
performance positively. We conclude with actionable insights for improving animal feed
production by examining and connecting formulation models and decision support tools,
as shown in Figure 2. The anticipated outcome is a more informed and sustainable decision-
making process, contributing significantly to global efforts in climate change mitigation
and environmental stewardship in animal production agriculture.

4. Conclusions

In future studies, integrating computer vision technology into feed rationing processes
holds immense potential. Computer vision systems can accurately analyze factors such as
animal behavior, body condition, and feed consumption patterns to optimize feed-rationing
strategies. By leveraging machine learning algorithms, these systems can continuously learn
and adapt, ensuring precise and tailored feeding programs for livestock. This approach
enhances efficiency, minimizes feed wastage, and promotes better animal health and
welfare. Additionally, computer vision technology enables real-time monitoring and
feedback, facilitating informed decision-making and driving advancements in sustainable
feed formulation practices.

This paper emphasizes the following key points:

1. The livestock industry faces the complex task of meeting global demands while
mitigating environmental impacts.

2. AI emerges as a solution to optimize the formulation process and ensure compliance
with regulatory standards.

3. AI technologies could elevate the user experience and provide practical solutions
for a resilient and sustainable future in animal feed formulation and the overall
sustainability of animal agriculture.

4. The core emphasis lies in recognizing the potential of formulation techniques to
positively impact the environment and enhance the overall quality and performance
of animals.

5. Integrating AI-driven solutions emerges as an innovation, guiding the livestock
industry toward a future of efficiency, precision, and sustainability.
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