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This study focuses on profit optimization in maize weed control under interval
uncertainty, aiming to enhance maize yield. The objective is to identify an
optimal balance between crops and weed dynamics to maximize producers'
economic benefits. To achieve this goal, a dose—response function for herbicides
and the population dynamics of weeds (such as the invasive Amaranthus
retroflexus) were first modeled. Then, considering factors such as planting
method, climatic conditions, and pest pressure, the final crop yield was
computed. This problem is formulated as an optimal control problem with an
interval-valued profit function, using dynamic programming. Dynamic systems
are a technique that applies principles of feedback engineering and control
theory to simulation, enabling the understanding of complex patterns in causal
relationships within systems. Simulation results with the atrazine herbicide show
that optimal application rates lead to a stable reduction in the weed seed bank
and a significant increase in long-term profitability. Optimal solutions are
presented based on the LU (Lower-Upper) ordering relation, which introduces a
novel concept of partial ordering in interval spaces via convex, bounded
functions associated with intervals. The results suggest that dynamic
programming for intelligent weed management significantly improves
productivity and long-term economic returns. Therefore, it can serve as an
effective tool for decision-making under economic uncertainty in sustainable
agriculture.
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Introduction

Agriculture is recognized as a major pillar of global food security, yet it is constantly threatened by
various biological constraints, particularly weed invasions. Weeds act as aggressive and opportunistic
competitors for essential agricultural resources. This competition directly leads to significant reductions
in crop yield and quality, as weeds often have higher nutrient uptake efficiencies than domesticated
crops such as maize (Cousens, 1985). In maize cultivation, uncontrolled weed growth can result in
devastating economic losses for farmers, reducing potential harvests by more than half if left unchecked.
Beyond the immediate financial impact, the widespread spread of weeds threatens the sustainability of
agricultural production on a macro-scale. Historically, weed management has evolved from traditional
manual methods to complex chemical and biological interventions. However, the inherent complexity
of ecosystems and market fluctuations has made selecting the optimal control strategy an ongoing
challenge (Seefeldt et al., 1995).

Effective weed management is fundamentally a matter of profitability analysis and economic
optimization. Decisions about herbicide application rates should be based not only on technical
efficiency, but also on the goal of maximizing the producer’s net profit in the long run (Jones and Cacho,
2000). Unfortunately, this process is accompanied by numerous uncertainties, such as crop price
fluctuations and climate change. Traditional deterministic models often fail to capture the range of
possible outcomes in such an environment. These stochastic factors necessitate the development of
robust analytical frameworks. This research addresses this gap by proposing an interval-optimal control
model for corn weed management that balances weed suppression with economic sustainability under
uncertain conditions (Leal et al., 2021).

Methodology

The core of this research involves modeling the dynamics of weed populations and their responses to
atrazine doses. To quantify this relationship, a dose-response function was implemented using a log-
logistic model. This model is known for its high accuracy in representing the sigmoidal relationship
between herbicide concentration and weed population mortality (Seefeldt et al., 1995; Lacerda and
Victoria Filho, 2004). The state of the system is defined by the density of the weed seed bank in the soil,
and a dynamic state equation governs its transition from one season to the next. This equation includes
factors such as natural seed mortality, germination rate, and atrazine-induced mortality rate (Pandey and
Madd, 1990).

The optimization problem is formulated as an optimal control over a finite time interval, based on the
mathematical principles of optimal processes (Pontryagin, 2018). The main objective is to maximize the
discounted net profit for the corn producer. To account for uncertainties, parameters such as corn market
price and operating cost are represented as closed intervals (ranges), allowing a range of possible values
to be included in the model without the need for probability distributions (Leal et al., 2021; Leal et al.,
2022). To solve this system, dynamic programming techniques, which are essential in natural resource
applications (Bellman, 1957; Kennedy, 2012), were used. These techniques were combined with the LU
ordinal relation, which provides a partial ordering for interval spaces, so that strategies can be compared
based on “worst-case” (lower bound) and “best-case” (upper bound) scenarios. The simulation path
identifies the optimal herbicide doses that minimize seed bank density and maximize profit.

Results and Discussion

The simulation showed that applying optimized interval doses results in a sustained reduction in the
weed seed bank over time. One of the most important findings is that using optimal LU solutions enables
the producer to achieve a significant increase in profitability even in the face of high market uncertainty.
The model suggests a strategic approach: using higher initial doses to quickly deplete the seed bank,
followed by gradual dose reductions in subsequent years (Jones and Cacho, 2000). This results in a field
with lower weed pressure and requiring fewer chemical inputs over time. This intelligent management
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keeps chemical use at the minimum level required for economic security, which is in line with the
principles of precision agriculture (Kim et al., 2006).

Scenario analysis showed that the model provides a strong buffer against economic shocks. Even in the
“pessimistic” scenario (low crop price and high pesticide cost), the lower bound of the profit margin
under the optimal strategy was significantly higher than that of the conventional fixed-dose methods.
Incorporating feedback loops into the dynamic system enables real-time adjustments based on actual
weed density at the start of each season, thereby preventing the overuse of chemicals (Kennedy, 2012).
This avoids environmental degradation and maximizes financial returns. The evolution of the seed bank
and profitability metrics clearly shows that the optimal interval control approach leads to a more resilient
agricultural system. The model provides a roadmap for long-term economic sustainability in maize
production and offers a scientific solution to the challenges of modern agriculture. The proposed
framework is an efficient tool for sustainable decision-making, ensuring that agriculture remains
profitable despite future uncertainties (Santin-Montagna, 2011).
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