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ABgstrRACT

Food security is one of the critical environmental, economic, and political challenges of the early twenty-first
century. This analysis defines global food security and examines its remaining challenges and emerging opportunities.
Population growth, urbanization, income convergence, changing diets, and biofuel mandates are projected to drive
substantial increases in food, feed, fiber, and fuel demand, with these collectively exceeding 50% on a calorimetric basis
and 70% by value over the next three decades in a no-policy baseline scenario. Climate change, declining soil health,
water scarcity, and invasive species are anticipated to cause simultaneous declines in crop- and livestock-system
productivity across all regions, as well as increased risk of sensitive production systems exceeding tipping points. Failed
states, political turmotl, conflict, and socio-economic fragility in a broad swath of the equatorial belt associate tightly
with biological and environmental constraints.

Despite the myriad uncertainties, enormous opportunities are also visible for both food-system stabilization and for
moving toward a more integrated, biobased economy that engages with energy, water, and non-renewable resource
questions. On balance, opportunities for farming systems to contribute to broader global economic, environmental, and
equity objectives appear to have strengthened (M Antle et al., 2017) ; such wide-ranging contributions suggest that a
deeper understanding of farming-systems concepts and analytical frameworks will set a foundation for rapidly
advancing the debate, thereby defining emerging and alternative future scenarios and illuminating connections
among issues. Attention to farming-systems approaches likewise dovetails with a parallel push toward sustainable
agricultural intensification, or producing significantly more food, feed, fibre, and fuel while bholding environmental

impact within bounds.
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1. Introduction

Every human being has the right to food and to be free from hunger. Food security is achieved when all
people have at all times physical, social and economic access to sufficient, safe and nutritious food to meet their
dietary needs and food preferences for an active and healthy life (M. Antle et al., 2017). Four critical dimensions—
availability, access, utilization and stability—determine food insecurity. Although worldwide food and nutrition
security has improved significantly over the past few decades, alarming trends are being seen in every region,
especially in Africa, where food and nutrition security indicators demonstrate significant deterioration. As the world
is experiencing rapid population growth, urbanization and climate change, efforts must be boosted to make food
supply systems more resilient. Global and regional assessments of vulnerability to food insecurity and a better
understanding of food production-food security relationships are key inputs for addressing this global challenge of

food security (S Paul et al., 2010).
2. Global Food Security: Challenges and Opportunities

Food security is an existential issue for societies globally. The problem is complex and multidimensional.
Food security is the ability of individuals or groups to obtain food with adequate quality, safety, and nutrition (Barry
Cole et al., 2018). It can also encompass broader definitions of having enough food (i.e., quantity, quality, safety,
nutritional value) or freedom from hunger. Three primary dimensions characterize food security: availability
(supply), access (affordability), and utilization (quality, safety, and nutritional value). Specialization or domination
in seed breeding or hybrid development has decreased rice yield. There is a record absence of breeding efforts to find
more productive rice cultivars in Pakistan and sedentary cultivation (instead of rotation) of wheat and cotton has
contributed to the decreased wheat yield. Also, the government policy to promote production of wheat as staple
food and the accompanying agri-technology and price support are absent (every year less than 1 million Rs. to
Punjab Province) (P. Singh & B. Gupta).
Global population is estimated to reach 10 billion and by the year 2100 the global population will surpass 12 billion
(U.N.,2019). Current food management practices are considered adequate to feed a global population of 12 billion.
However, it is necessary to increase resources for food management practices, agriculture, and for research on bio-
safety, food safety, and standardization of food chain components (P. Singh & Gupta; U.N., 2019). With population
increasing day by day, it is necessary to conserve the country’s food at a maximum for future generations. Also there
are different diseases developing from different pesticides and food chemicals. Future world will be dangerous

without proper food and medicine.
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3. Conceptual Foundations of Next-Generation Farming

Throughout this document, the term next-generation farming encompasses farming systems that utilize
advanced technologies and practices to increase productivity, reduce resource waste, manage risk, enhance resilience,
or achieve similar objectives. These systems implement digitally enabled precision agriculture, data-driven decision-
supportsystems, controlled environment agriculture, renewable energy integration, and other practices that capture,
analyse, and utilize real-time information about agricultural operations, the surrounding environment, or the
broader food system. The term describes farm and food-system innovations that are perceived as emerging or
disruptive in regard to conventional farming. Next-generation farming is becoming increasingly prominent,
motivated by climate, demographic, pandemic, and geopolitical shocks that threaten food systems globally, even as
the debate continues concerning the definition and impact of next-generation or digital agriculture (M. Antle et al.,
2017). The concepts questioning the classification of digital technologies as next-generation systems in mature
agriculture suggest a broader classification might help capture diverse facets of the topic and its cross-disciplinary
linkages.

Regardless of the description, the challenges reflect systemic tensions between intentions and outcomes, enhancing
productivity while conserving resources, securing food availability while respecting consumer preferences,
promoting crop diversity while improving farm incomes, enabling rapid adoption while preventing excessive
transition or disconnect. Solutions prioritizing one dimension over another remain important, and subsequent
sections address productivity systems, resource-saving and circular systems, resilience or reliability systems,
sustainability-supporting systems, renewable energy systems, supply-chain or logistics systems, and modelling
systems. Rigorous rethinking is required to grasp the systemic landscape and identify perspectives not adequately

considered among next-generation farming agendas.
4. Precision Agriculture and Sensorized Farming

All components of cultivation, from tillage to harvesting to transport, have a broadly uniform spatial
signature. Nevertheless, advances in sensing technologies capture rich information about these spatially-frame
dimensions and densely sample these attributes of the farm as well as climatic effects outside the farm. The concept
of precision agriculture couples these observations with geo-spatial analysis methods. Spatial distributions of
attributes such as soil properties, crop canopy cover, and yield emerge from the information and are analyzed and
rendered in the application of variable-rate, geo-spatial management of the resources habitat. Once a digital map of
the target crop has been assessed, a digital farm-lot map is developed to capture all crops cultivated in the farm
including target, non-target and fallow crops. Management conditions of these are widely different. This is based on
the understanding that all crops have common spectral features as a function of canopy cover, hence the task is cast

as a multi-instance learning task. An example selection algorithm is proposed for selecting a diverse yet representative
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subset of pixels for building the maps together with an online multi-instance learning strategy of maps generation
(Kojo Gyamfi et al., 2024).

High-resolution spectral and spatial observations taken from farms are fused with weather, soil, pest and local harvest
data and machine-learning models are employed to predict yield and select targeted resources management strategies
based on the yield prediction. The selected management decision rule is again converted into a digital map and
outputted to the variable-rate controller attached to the farm equipment to carry out the corresponding
management action. These have been demonstrated to achieve 12-20%, 5-25% yield increase and up to 67% resources

reduction at the farm level through various case studies targeting rice, rubber and vegetables crops (Taylor, 2018).
5. Digital Farming and Data-Driven Decision Making

Agriculture modernization is critically important to meet the global demand for food, fibers, and biofuels
while preventing irreversible environmental degradation. Decision support systems integrated with software and
hardware-based information and communication technology enable producers and agricultural supply chain actors
to make evidence-based decisions while also gathering, integrating, managing, and utilizing diverse forms of data
collected from different sources. Digital data from remote sensing technologies, earth observation systems, soil and
crop sensors, climate data, and agricultural management systems allow factor-based evaluation of agricultural
systems, products, and processes.

Platforms and applications are needed for integration across agriculture sectors, supply chain stages, and geographic
regions so that data—petabytes of it forecasted to be collected annually—remains accessible, comparable, traceable,
reusable, and interoperable (Roscher et al., 2023). Data governance ensures privacy, security, ownership, and
exchangeability while artificial intelligence (AI) and machine learning (ML) facilitate the analysis of large datasets
and the automation of decision processes. Decision support systems customized with Al and ML workflows provide
scalable solutions for issue clarification, integrated assessment based on available evidence and application of
alternative scenarios, and real-time updates on parameters vital for operational clarity (Nasirahmadi & Hensel,

2022).
6. Controlled Environment Agriculture and Vertical Farming

Controlled Environment Agriculture (CEA) is an advanced indoor farming technique that enables
uninterrupted and predictable cultivation of crops by maintaining constant environment conditions, which is less
susceptible to climate change and other external factors. Ventilation, humidity, light intensity, and quality,
irrigation, temperature, and nutrient feed remain under control and can be adjusted accordingly to obtain specific
outcomes. Hydroponic, aeroponic, or nutrient film technique are usually adopted as substrate-free growing
methods in CEA. These approaches deliver nutrients and oxygen directly to roots, where residual water can

evaporate, resulting in reduced water consumption compared with soil-grown crops (Despommier, 2019). CEA
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presents an alternative to standard greenhouses based on simple architectural solutions, incorporating only a
stackable structure.

Vertical farming is a sustainable model of controlled-environment agriculture (CEA), in which crops are grown in
stacked layers or integrated into other structures. The CEA allows for environmental control of light, humidity,
temperature, and nutrients in a completely closed system. Accordingly, climate-related risks, such as unpredictable
rainfall, floods, soaring temperatures, and prolonged droughts, can be alleviated (Gargaro et al., 2023). Controlled-
environment production has hence emerged as an important candidate to increase global food production without
excessive pressure on natural resources and the environment. Nevertheless, crop topologies are still dominantly

monocultures, limiting vertical integration and consequently stacking.
7. Breeding Innovations and Genomics for Resilience

Socio-economic pressures are straining the global food supply system, threatening food security for billions.
Rising human populations and increasing per capita demand for protein and other foods create formidable
challenges for food security. Increased competition for land, water, and other finite natural resources, as well as the
impacts of climate change, constrain production system expansion, while the ability to significantly diminish food
losses and wastage, although desirable, remains limited. As current agricultural food systems often exhibit an
accelerating downward trajectory in production system resilience and suitability, farming innovation methods—
stretching from crop genomics to modelling of system trade-offs—are urgently needed (Abberton et al., 2016).
Special emphasis is required to mitigate climate and climate-related shocks expected over the next few decades.
Breeding systems have significant lag times; crop genomic innovations are thus critical.
Stress-tolerant abiotic target traits include drought tolerance, salinity tolerance, flooding tolerance and nutrient
stress. Enhanced pest and disease resistance traits, particularly for emerging threats, are critical. Coupled with relay
novel-farming practices, genomics-assisted breeding innovation can help deliver rapid, large, and system-wide

improvements needed across crop types (1. Lammerts van Bueren et al., 2018).
8. Sustainable Resource Management: Water, Soil, and Nutrients

Inefficient water use contributes to low crop productivity and diminished returns (P Wani et al., 2018).
Global plant production consumes over 70% of freshwater withdrawals. As a result of global warming, the decline
of glaciers negatively affects surface and groundwater and, consequently, crop production. Water availability can be
augmented through rainwater harvesting, soil moisture conservation, irrigation, and recycling.
Soil health is essential to sustainable agriculture. Soil degradation reduces soil fertility and biodiversity, hinders plant
growth, and raises food demand to maintain productivity. Integrated nutrient management, with an emphasis on

recycling farm residues, animal dung, and wastewater, could improve soil health.
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Fertile and productive land is a limited resource in most regions. Circular resource flows, consisting of nutrient and

organic matter recycling between urban and rural areas, would lower operational costs.
9. Renewable Energy Integration and Emissions Reduction

Next-generation farming systems rely on four energy sources: grid electricity, fossil fuels, biogas, and
renewable energy (RE). Energy and related emissions vary by deployment mode: off-grid systems (self-standing
power generators) versus on- and micro-grid systems (grid-aided generators). Self-standing generators can operate
either at the farm gate for energy-smart logistics or to produce energy for sale. Emission inventories demand decent
estimation of associated life-cycle emissions. Off-grid systems satistfying local power needs require open-access

agricultural-specific logistics models to deliver (Kazimierczuk et al., 2023) (Brown et al., 2012).
10. Supply Chain Resilience and Food System Architecture

Food systems comprise interconnected networks of activities that transform materials, currencies, and
human needs into food and beverages for consumption (MacFall et al., 2015). They cut across and influence every
aspect of society, yet remain remarkably opaque: hidden from view until they fail, when they become a focal point
in media and political discourse. Resilience is defined as the capacity of a system to anticipate, absorb, adapt to,
and/or transform in response to both shocks and stressors. The global food system is characterized by undesirable
and dysfunctional resilience (H. Oliver et al., 2018). Local and regional supply chains have become increasingly
disconnected from the global supply chain through both specialization and volatility, and hence they often exist in
isolation. Redundancy in logistics is not an adequate mitigation strategy for transboundary disruptions arising from
either acute or chronic disturbances, such as those associated with geopolitics, pandemics, and climate change.
Addressing these issues requires an integrated food-system architecture capable of viewing security and resilience
across multiple interconnected geographic scales.

Three complementary approaches contribute to an understanding of architecture for global food systems: (1)
logistics, (2) risk assessment, and (3) redundancy and coupling. The logistics perspective focuses on the design of
food-system networks that connect diversified food systems across multiple geographic scales, at the local, regional,
and long-distance levels. The risk-assessment approach seeks to identify critical control points in the system where
disturbances could generate widespread failure, to ensure those points are protected in contingency planning. The
redundancy-and-coupling point involves ensuring multiple interconnects exist between the local hub and global
supply and at least one interconnection between the regional node and global link describes each supply-and-
demand partner through a succinct profile matrix that clearly depicts the item, quantity, quality, and geographic

start and finish points of exchanges that comprise local and regional loads.
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11. Policy, Governance, and Ethical Considerations

The difficulties in realizing the benefits of Next-Generation Farming systems arise not just from economic,
technical, or social constraints. More primitive hurdles are presented by the misalignment of existing policy
instruments, governance structures, and ethical principles to guide deployment by producers and firms, by resulting
inequalities and asset monopolization, and by dilemmas in ownership, liability, and safety concerning curated
knowledge and biotechnological innovations.

Translating the knowledge from academic research or private-sector innovation into farm practice requires
adjustable authorities and procedures to authorize the flexibility necessary for access to markets and investment in
complementary assets. Public financing or risk-sharing arrangements are necessary to help offset farmers’ evaluations
of the anticipated private benefits.

The latest knowledge from progressive farmers should be fed upstream into private companies to broaden the scope
of their inquiries in product development without monopolizing control of the outputs leading to a fork in the
development pathways. That dissemination often poses conflict-of-interest issues that can interfere with the
resolution. Framing and conducting the experimental work independently of the private-sector inquiries can serve

to alleviate some of that tension. (Christian Rose & Chilvers, 2018)
12. Socioeconomic Impacts and Adoption Barriers

The use of new farming technologies—digital farming, sensorized farming, controlled environment
agriculture, and breeding innovations—ofters promise in addressing the global food security challenge. Yet the
socioeconomic impacts and barriers that may hinder widespread adoption are not fully understood. Examining the
experiences of field sites in Africa, Asia, and Latin America allows for a deeper understanding of these implications.
The adoption of technologies with low capital expenditure can improve farmers’ livelihoods, while those requiring
high initial investments may increase inequalities. Technology diffusion is influenced by the existing agricultural
environment, the direction of change, investment requirements, and adaptation to location and scale. Factors that
impede or encourage on-farm technology adoption are becoming increasingly well-documented (Islam et al., 2016)

; (M. Nguru et al., 2021).
13. Case Studies: Regional Implementations and Lessons Learned

Global agriculture faces the challenge of meeting the food demand of an increasing human population,
projected to exceed nine billion by 2050 (Timler et al., 2015). At the same time, climate change, urbanization, land
degradation, loss of biodiversity, social inferiority, and economic turmoil hamper agricultural productivity and food
system resilience, especially in developing economies (de Roo et al., 2017). Furthermore, inequity and unequal

exploitation of resources contradict sustainable development goals and hamper national progress. The urgent need
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for transformative actions has stimulated investment and research into alternative farming systems capable of

addressing these pressing issues.
14. Future Research Agendas and Funding Priorities

Next-generation farming systems that ensure adequate food supply without negative socio-economic
impacts and environmental degradation are urgently needed to address the increasing number of food-insecure
people. An appeal to the broader community for continued attention to next-generation farming systems called
upon funding agencies to help implement this call by prioritizing the following research questions: What agricultural
intensification mechanisms are effective in megacities? How can localized farming systems satisfy crowding-out
effects? What innovative breeding technologies help segregate desirable and undesirable traits rapidly for efficient
crop variety development? Which forms of controlled environment agriculture (CEA) and vertical farming remain
economically viable in and around low-demand megacities? How can technology adaptation and adoption between
medium-sized and large-sized enterprises be reconciled? What hybrid forms of colocation enable food, feed, energy,
and medicine interactions for resource circularity? Which crop and animal innovations alleviate food-security
concerns in a time-variable environment? Against which cost-benefit criteria should comprehensive food systems be
assessed beyond farm-gate expenses and greenhouse gas emissions? What operational-level models support collective
farming activities among smallholders? How can circular transition of on-farm materials be achieved through waste
collection innovations? Which legal frameworks and supporting policies facilitate, and subsequently slow down
implementation of, CEA and vertical farming? What bottom-up strategies and governance arrangements help build
small and medium-sized enterprises while preventing command-and-control approaches from destroying bottom-
up momentum? Beyond input-output approaches on material flows, how can the contribution of circular resource
flows to socio-economic performance be further uncovered? How do energy-smart decisions across on-farm, off-
farm, and logistical operations jointly determine energy intensity and greenhouse gas emissions across the entire food
system? Where, when, and how should circular resource flows be established and maintained throughout the food-
value chain without sacrificing economic viability? What incentive structures and policies stimulate the sustainable
recycling of waste products generated off the farm? Which composite indicators for sustainability incorporate bio-
physical measures into the existing frameworks? What alternative forms of partnership can utilize outputs from large
multi-national enterprises without captivity? What infrastructural and affordability requirements need to be
satisfied, and what infrastructure-sharing patterns help to diffuse energy-smart innovations? How do off-farm, on-
farm, and logistical decisions jointly yield energy intensity and life-cycle greenhouse gas emissions across the entire
food system? Which hybrid institutional arrangements properly combine local top-down initiatives with the needed
coordination of multiple stakeholders from the government, private sector, and civil societies? How do on-farm

material flows change over time throughout the circularity process, and how do off-farm material flows bag
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compounds the result? What hybrid combinations of CEA with either digital farming or automation significantly
boost resource-use efficiency with minimal energy consumption? Which hybrid forms of CEA co-locating oxygen-
or algae-producing activities complement CEA by opening entirely new products? What prep-guideline for either
digital farming or circular transition enhances sustainability performances most suitably, yet remains accessible amid

scarce capital in time? (Rivera-Ferre et al., 2013)
15. Conclusion

Global food security is under threat. The burgeoning global population, rising equitability, and emerging
preferences for nutritious foods are increasing demand for food, while climate change, the availability of arable land,
and demand for biofuel are reducing potential supply. Continuing with currently dominant farming systems is
therefore insufficient. Next-generation farming systems are urgently needed to achieve global food security by 2050.
These systems are interconnected technological, organizational, and institutional innovations designed to leverage
cutting-edge science and engineering. Precision agriculture—various technologies that enable efficient and effective
farming—intractably shapes next-generation farming systems. Target regions for precision agriculture vary
depending on agro-ecological conditions, socio-economic factors, supply-chain prerequisites, and the maturity of
digital-technology deployment. Six such systems—sensorized farming, digital farming, controlled-environment
agriculture, breeding innovations, sustainable resource management, and renewable energy integration—are of
particular importance. Their preparatory state, Chinese leadership, and complementary roles render them relevant
to a wide range of global contexts (M. Antle et al., 2017) ; (Grassini et al., 2017).
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