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Abstract

The management of perishable product supply chains requires rapid
distribution and flexible pricing to reduce waste and maintain
profitability. Cross-docking networks with a zero-inventory approach
provide an effective response to this need. The present study aims to
design a multi-objective mixed-integer linear programming (MILP)
model for a three-level perishable product supply chain network,
considering cross-docking operations, freshness-dependent dynamic
pricing, and a bulk-purchase discount policy. This research is based on
mathematical modeling, and for validation, sample problems of
different sizes were randomly generated. The model was solved and
analyzed using the exact augmented epsilon-constraint (AUGMECON)
method for small-scale problems and the Non-dominated Sorting
Genetic Algorithm (NSGA-I1) and Multi-Objective Particle Swarm
Optimization (MOPSO) metaheuristic algorithms, with parameter
tuning using the Taguchi method, for large-scale problems. Their
performance was evaluated and ranked using the TOPSIS multi-criteria
decision-making method. The findings indicate a significant trade-off
between total profit maximization and operational risk minimization
(including fleet breakdown and product spoilage risks), evaluated via
measurable and interpretable metrics. While MOPSO exhibits superior
performance regarding absolute objective values (higher profit, lower
risk) and computational efficiency, NSGA-II provides better diversity
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and a wider Pareto front. Consequently, TOPSIS ranks NSGA-I11 higher
due to its comprehensive solution-space coverage, highlighting the
distinct suitability of each algorithm for operational versus strategic
decision-making.

Keywords: Perishable products supply chain, Cross-docking, Dynamic
pricing, Multi-objective optimization, Operational risk, Meta-heuristic
algorithms.

Introduction

Efficient management of perishable supply chains represents a
formidable challenge in operations research due to inherent constraints
such as strict shelf-life limitations, progressive quality degradation, and
delivery delays, which frequently precipitate substantial spoilage rates
and financial losses. Consequently, the adoption of zero-inventory
cross-docking strategies, synchronized with freshness-dependent
dynamic pricing and volume-based discount schemes, offers an
integrated framework to balance profitability against product integrity.
Despite substantial existing literature, the simultaneous integration of
cross-docking routing, dynamic pricing, and purchasing policies—
while accounting for stochastic operational risks, such as fleet
breakdowns and spoilage consequences—remains under-researched
within three-echelon networks. This study addresses these critical gaps
by developing a comprehensive multi-objective mixed-integer linear
programming (MOMILP) model designed to optimize material flow,
heterogeneous fleet scheduling, and economic performance. By
synthesizing these complex logistical components, this research
provides a robust analytical foundation for decision-makers navigating
the intricate trade-offs between supply chain responsiveness,
sustainability, and fiscal viability.

Methodology

This study employs a Multi-Objective Mixed-Integer Linear
Programming (MOMILP) framework for a three-echelon supply chain
consisting of suppliers, a central cross-docking facility, and customers
over a defined discrete multi-period planning horizon. The model
balances two conflicting objective functions. The first objective
maximizes total net profit, derived from revenue streams generated by
dynamic pricing linked to product freshness, while deducting



procurement costs—factoring in volume-based cumulative step
discounts across the planning horizon—as well as transportation,
handling, spoilage, shortage penalties, and soft time-window violations.
The second objective minimizes total operational risk, modeled as a
weighted composite function representing the aggregate risk of spoilage
and route-related uncertainties in inbound and outbound transport.
Assumptions include deterministic demand with lost sales allowed and
fixed shelf-life decay dynamics, where products are systematically
categorized into ABC sensitivity classes (e.g., highly perishable Class
A, moderate Class B, and low-decay Class C) governed by distinct
deterioration weight coefficients. The operational flow coordinates
cross-dock door assignments and vehicle routing under strict physical
loading capacity constraints of a heterogeneous fleet for both inbound
and outbound vehicles, alongside time-sensitive penalty-based soft time
windows. Given the NP-hard complexity of this integrated problem, a
two-tier solution methodology was established: small-scale problems
were validated using the Augmented e€\epsilone-Constraint
(AUGMECON) method in GAMS/CPLEX to ensure structural model
integrity. For medium-to-large-scale instances, two meta-heuristic
algorithms—Non-dominated Sorting Genetic Algorithm (NSGA-II)
and Multi-Objective Particle Swarm Optimization (MOPSO)—were
utilized. NSGA-II applied Simulated Binary Crossover (SBX) and
polynomial mutation, while MOPSO implemented an external archive
for non-dominated solutions. Algorithmic parameters were calibrated
using the Taguchi Design of Experiments (DOE) via Signal-to-Noise
(S/N) ratios and Modified Overall Response (MOR) metrics. The
comparative quality was assessed using standard multi-objective
metrics (NPF, MID, SM, DM) and ranked via TOPSIS.

Findings

Computational experiments reveal that the proposed model effectively
navigates the inherent trade-off between maximizing economic returns
and curtailing logistics risks. In small problem sizes, the meta-heuristics
verified high reliability against AUGMECON, exhibiting an optimality
gap of under 8%. In medium- and large-scale scenarios, the algorithms
displayed marked behavioral divergences. MOPSO consistently
established superior economic returns by generating higher net profit
margins and lower operational risks, while operating with significantly
faster CPU execution runtimes (converging roughly 60% faster than
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NSGA-II). Conversely, NSGA-II exhibited distinct superiority in
global search exploration and solution diversity, yielding significantly
broader Pareto fronts (elevated NPF and DM values) which provide
management with a richer spectrum of balanced trade-off options. The
TOPSIS evaluation validated that MOPSO ranks highest for high-
frequency operational execution due to its swift convergence and
economic returns, whereas NSGA-II remains the preferred tool for
exploratory strategic assessments. Sensitivity analysis confirmed that
shorter shelf-life horizons trigger steep dynamic price depreciation and
exponential risk spikes, making rapid cross-dock throughput
imperative. Expanding the product variety portfolio yielded a more
substantial positive marginal profit effect than expanding single-
product volumes. Furthermore, strict purchase discount thresholds
effectively prevent inventory obsolescence and preserve supply chain
profitability.

Discussion and Conclusion

This research contributes a comprehensive modeling architecture
unifying lean logistics and revenue management. The findings establish
that harmonizing cross-dock operations with quality-based dynamic
pricing decreases perishable waste by 20% to 30% while securing
sustainable profitability. The framework bridges strategic volume
procurement with tactical door-docking and fleet scheduling,
demonstrating how ignoring operational transit and deterioration risks
during bulk purchasing can negate discount advantages.

Managerial implications:

First, at the operational dispatch level, distribution managers are
strongly advised to implement MOPSO-based scheduling engines,
capitalizing directly on its rapid algorithmic solving speed and proven
economic profitability in real-time door assignments and dispatching.
Second, at the strategic level, procurement executives and supply chain
planners should leverage NSGA-II’s extensive Pareto frontiers as a
Decision Support System (DSS) to evaluate trade-offs between bulk
purchasing discounts and spoilage risks. Future research directions
include addressing stochastic demand fluctuations  using
Distributionally Robust Optimization (DRO) and incorporating fleet
greenhouse gas emissions to extend the framework toward sustainable
green supply chain standards.
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