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KEYWORDS ABSTRACT
Brownian demand; One of the key issues in contemporary economics and inventory management is the determination
Perishable items; of the economic production quantity for perishable products. This problem holds particular
Economic production system; significance due to challenges such as product deterioration, imperfect production, stochastic
Monte Carlo simulation; demand, and its dependency on price, which complicate optimal decision-making in real-world
Gradient descent. supply chains.

In this research, the economic production quantity problem for perishable items under stochastic
demand is examined, incorporating realistic assumptions including a constant deterioration rate
for products, rework of defective items, full backordering of shortages, demand dependency on
selling price under Brownian motion behavior, and an exponentially declining production rate to
simulate the progressive deterioration of production equipment over time.

In this problem, the production system manufactures perishable products, a portion of which are
defective due to imperfect processes. The system performs rework on defective items to convert
them back to perfect-quality products, while also accounting for the gradual decline in production
rate resulting from equipment aging. To maximize long-run average profit and prevent excessive
costs associated with holding, shortages, and deterioration, the production lot size, backorder level,
cycle parameters, and dynamic pricing policy must be optimally determined through joint
optimization.

For this purpose, a comprehensive nonlinear stochastic mathematical model is developed with an
infinite planning horizon to capture long-term behavior. The model is solved using a hybrid
approach combining Monte Carlo simulation for handling stochastic elements and gradient
descent for efficient optimization and is executed with a numerical example to demonstrate its
applicability. Numerical results indicate that the production decline rate and non-reworkable
defective items exert the most significant negative impact on profitability, whereas demand price
elasticity dominates the deterioration rate in influencing optimal policies, and gradual price
reduction in price-sensitive markets substantially increases profit by stimulating demand and
mitigating losses from deterioration.

Extended Abstract

1. Introduction and Research Gap

Economic Production Quantity (EPQ) models for perishable items remain highly fragmented. Most studies adopt
simplifying assumptions such as constant production rates, demand that is independent of selling price, non-
perishable products, partial backordering, or complete absence of rework processes for defective items. Based on the

D espite considerable progress in stochastic inventory and production modelling over the past two decades, existing
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comprehensive literature review presented in this study, no prior research has successfully integrated the following six realistic
features into a single unified framework; constant deterioration with a separate holding cost for deteriorated units, stochastic
demand that is both random and explicitly price-sensitive under Brownian motion behavior, a gradually declining production
rate that reflects machinery aging over time, an imperfect production process generating defective items that can be reworked,
a full backordering policy with no lost sales, and dynamic pricing treated as a primary decision variable. This substantial
research gap severely limits the practical relevance of existing models for industries routinely facing simultaneous equipment
degradation, quality imperfections, intense demand volatility, and strong price competition.

2. Model Formulation

The proposed model describes the evolution of both perfect-quality and defective inventory levels while explicitly
accounting for a production rate that declines exponentially over time, a constant deterioration rate, a fixed proportion of
defective output, a rework process that restores defectives to perfect condition, and stochastic demand that depends on the
selling price and follows Brownian motion behavior. All unmet demand is fully backordered. The objective is to maximize the
long-run expected average profit per unit time by jointly determining the optimal production lot size, maximum allowable
backorder level, production cycle duration, and time-varying pricing policy over an infinite planning horizon.

3. Solution Methodology

Given the highly nonlinear and stochastic nature of the problem, closed-form analytical solutions are not feasible. Expected
profit is therefore estimated using Monte Carlo simulation, while continuous decision variables (pricing trajectory and
production cycle parameters) are optimized through a gradient descent algorithm that exploits analytical sensitivity information
where available. Extensive computational experiments demonstrate that the hybrid approach significantly outperforms pure
Monte Carlo simulation, delivering considerably faster convergence and consistently superior profit values across all tested
instances.

4. Numerical Results and Sensitivity Analysis

Extensive sensitivity analysis, conducted over a £50% variation range across all key parameters, consistently reveals that
the rate of production decline and the proportion of non-reworkable defective items exert the strongest negative impact on
profitability, thereby underscoring the critical importance of preventive maintenance programmes and rigorous quality control
initiatives. Demand price elasticity is found to dominate the deterioration rate in determining both the optimal pricing strategy
and overall profit level. In markets exhibiting high price sensitivity, adopting a gradual price reduction policy throughout the
production-rework cycle yields substantial profit gains. Finally, the proposed hybrid Monte Carlo—gradient descent approach
consistently outperforms standalone Monte Carlo simulation, delivering 8-12% higher average profit across all tested
scenarios.

5. Managerial Insights

The results offer clear, actionable guidance for practitioners in perishable-goods industries such as food processing,
pharmaceuticals, and fresh produce supply chains. Managers should prioritize investment in preventive maintenance
programmes to slow production decline and implement rigorous quality-improvement initiatives to minimize non-reworkable
defectives. In price-sensitive markets, adopting dynamic pricing strategies that progressively reduce prices during production
and rework cycle can effectively stimulate demand, compensate for deterioration losses, and substantially enhance profitability.

6. Conclusions and Future Research

This study presents a fully integrated EPQ framework that simultaneously captures constant deterioration with separate
deteriorated-unit holding cost, price-sensitive stochastic Brownian demand, gradually declining production rate, imperfect
production with rework capability, full backordering, and dynamic pricing as a core decision variable. The hybrid Monte Carlo—
gradient descent methodology, combined with thorough sensitivity analysis, provides a robust, realistic, and computationally
efficient decision-support tool for complex perishable supply chains facing multiple sources of uncertainty and operational
constraints. Future research may extend the model to multi-echelon supply chains with upstream uncertainty, incorporate
environmental considerations such as carbon taxation and green investment incentives, develop multi-product versions.
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Solution Algorithm 1: Pure Constrained Monte Carlo Random Search (Baseline Method)
Input: Model parameters

Output: Best feasible solution and maximum profit
best_profit «— —o
repeat many times:
generate p, ti, t2 uniformly in feasible ranges
enforce minimum gap between t: and t»
enforce minimum acceptable demand
compute all cycle variables analytically
if feasible then
calculate unit profit
update best solution if improved

return best observed solution and profit
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Solution Algorithm 2: Proposed Four-Layer Hybrid Global-Local Optimization (Main Method)
Input: Model parameters, bounds, constraints

Output: Globally optimal solution and maximum profit
Phase 1 — Global Search
execute constrained Differential Evolution
obtain elite solutions
Phase 2 — Multi-Start Local Refinement
construct diverse initial point set including:
» elite solutions from Phase 1
* precise base guess and controlled perturbations
« additional random feasible points
for each starting point:
primary solver: constrained SLSQP with tight tolerance
if failed — trust-region method
if failed — derivative-free Powell method
Phase 3 — Safety Fallback
if no valid high-quality solution obtained
execute Pure Monte Carlo as final rescue
Phase 4 — Global Selection
select solution with highest valid profit
compute complete cycle variables analytically

return optimal decision variables and maximum expected profit
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