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CrossMark

This study aims to develop a mixed-integer linear optimization model for dynamic
pricing in multi-channel supply chains while explicitly incorporating the behavior of
strategic customers. A nonlinear dynamic pricing model was formulated to capture
multiple sales channels, strategic and non-strategic customer classes, transportation
modes, capacity constraints, daily price fluctuation limits, utility thresholds, and
market-share requirements. The nonlinearities were addressed using separable
quadratic transformation, piecewise linear approximation, and auxiliary variables,
resulting in a solvable mixed-integer linear program. The model was validated using
GAMS and the CPLEX solver. To handle large-scale instances, three metaheuristic
algorithms—Genetic Algorithm (GA), Particle Swarm Optimization (PSO), and Grey
Wolf Optimizer (GWO)—were designed, tuned, and benchmarked. The results
indicate that the proposed model efficiently predicts optimal prices, realized demand,
and sales volumes across time periods, significantly improving overall supply chain
profitability. Sensitivity analysis revealed that transportation capacity, price sensitivity
parameters, and base utility values are the most influential factors on profit. Among
the solution methods, GWO produced the highest-quality solutions, with less than
0.02% deviation from the exact GAMS results, although it required slightly longer
computation times compared to GA and PSO. The findings demonstrate that
integrating strategic customer behavior with multi-channel dynamic pricing requires a
comprehensive mathematical framework. The proposed model effectively captures the
interplay among price, demand, utility, and supply constraints, providing a robust
decision-support tool for firms operating in volatile markets. Furthermore,
metaheuristic methods—especially GWO—offer reliable and scalable solutions for
large real-world applications.

Keywords: Dynamic pricing; Multi-channel supply chain; Strategic customers; Genetic
Algorithm; Particle Swarm Optimization; Grey Wolf Optimizer
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Extended Abstract

Introduction

Dynamic pricing in multi-channel supply chains has become a central strategic tool for firms
facing increasingly volatile markets, diverse customer preferences, and differentiated service levels across
sales platforms. The complexity of modern supply networks—comprising online marketplaces, offline
retail, direct manufacturer channels, and third-party platforms—necessitates pricing mechanisms capable
of responding to real-time fluctuations in demand, operational constraints, and consumer behavior. Prior
research emphasizes that multi-channel environments create interdependencies between channels,
requiring pricing rules that account for cross-channel demand interactions, market power imbalances, and
varying cost structures (Cai et al., 2019). Furthermore, dynamic market conditions such as holiday seasons,
peak travel windows, and unexpected shocks amplify the need for responsive pricing strategies capable
of reallocating demand across channels (Raju et al., 2025).

A critical dimension added to this complexity is the presence of strategic customers—consumers
who actively anticipate future prices, compare options across channels, and adjust purchasing timing to
maximize perceived utility. Studies show that these consumers behave far differently from non-strategic
buyers and frequently delay purchases or switch channels to exploit expected price drops (He et al., 2023;
Yan et al., 2022). Multi-period pricing is therefore required to account not only for current demand but also
for anticipated consumer reactions. Such behavior has been shown to influence revenue outcomes
significantly, making traditional static pricing approaches insufficient in predicting actual demand (Li et
al., 2015). This implies that dynamic pricing models must embed forward-looking components, utility
thresholds, and differentiated demand elasticities to accurately represent real market conditions.

Additionally, prior literature highlights the importance of channel power and contract structures in
shaping pricing decisions. For example, research in pharmaceutical and retail systems demonstrates that
stronger channels often impose higher margins or control pricing dynamics to their advantage, while
weaker channels rely on differentiation or discounting to remain competitive (Ram et al., 2024; Wen et al.,
2025). Competitive pricing models in dual-channel settings further show that manufacturer—retailer
conflicts, asymmetric information, and heterogeneous cost structures alter equilibrium prices and impact
total supply chain profitability (Chen et al., 2022; Li & Mizuno, 2022). These insights reinforce the need for
pricing frameworks that incorporate channel heterogeneity and market power asymmetry.

Environmental sustainability and green consumer preferences add another layer of complexity to
pricing. Recent works reveal that low-carbon and environmentally conscious consumers increasingly
influence channel choice and willingness to pay (Das et al., 2023; Song et al., 2023). In contexts such as food
supply chains or systems offering sustainable alternatives, green preference has been shown to alter both
elasticities and equilibrium pricing in dual-channel models (Musavi et al., 2022). Therefore, pricing systems
must integrate utility parameters reflective of diverse consumer groups—green, strategic, and traditional.

In terms of methodological evolution, optimization models for pricing have transitioned from
simple analytical forms toward sophisticated computational approaches that incorporate uncertainty,
multi-level decision structures, and robust or fuzzy parameters. Robust-fuzzy optimization has proven
particularly suitable for complex supply networks with uncertain demand and price-sensitive customers
(Ghahremani-Nahr & Ghaderi, 2022; Ghahremani-Nahr et al., 2025). Meanwhile, machine learning approaches
are increasingly used to estimate dynamic demand patterns and improve predictive accuracy in multi-
channel environments (Ghaffari et al., 2025). Still, despite these advances, many existing models fail to
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simultaneously integrate strategic customer behavior, multi-channel price elasticity, capacity constraints,
and utility-threshold purchase decisions into a unified operational framework.

To solve large-scale dynamic pricing problems, scholars have explored the use of heuristic and
metaheuristic optimization algorithms such as Genetic Algorithms (GA), Particle Swarm Optimization
(PSO), and Grey Wolf Optimizer (GWO). GA-based optimization, grounded in evolutionary theory, offers
strong global search capabilities and avoids local optima (Sivanandam & Deepa, 2008). PSO is praised for
its fast convergence and suitability for continuous search spaces (Wang et al., 2018). GWO, inspired by
grey wolf hunting behavior, has recently demonstrated exceptional performance in identifying near-
optimal solutions in complex optimization landscapes (Modak et al., 2025). These methods have shown
advantages over classical solvers, particularly when problems include nonlinearity, mixed-integer
variables, and multidimensional constraints.

Given the above, the literature consistently calls for pricing models that integrate (1) multi-channel
demand interactions, (2) strategic customer behavior, (3) capacity and price-bound constraints, and (4)
metaheuristic solution frameworks to handle real-world computational complexity. Addressing these
gaps, the present study develops a mathematically rigorous, linearized dynamic pricing model for multi-
channel supply chains that incorporates threshold utilities, channel-specific base utilities, differentiated
elasticities for strategic and non-strategic consumers, and day-to-day price fluctuation limits, while
evaluating the performance of GA, PSO, and GWO in solving the large-scale model. This integrated view
aligns directly with previous research calling for unified, operational, and computationally tractable
frameworks for dynamic pricing in modern supply chains (Hong et al., 2020; Hu et al., 2023; Kaul, 2023; Ma
et al., 2020; Wang et al., 2021; Yeh et al., 2022).

Methods and Materials

The study constructs a multi-period dynamic pricing model for a multi-channel supply chain that
includes transportation modes, customer service classes (strategic and non-strategic), and two distinct
sales channels. A nonlinear mixed-integer formulation incorporating utility-threshold demand functions,
price elasticities, daily price fluctuation limits, and channel-specific base utilities was developed. To
address nonlinearity, separable quadratic transformations and piecewise linear approximations were
applied, enabling reformulation into a mixed-integer linear program.

The model was validated using a small-scale numerical example solved by the GAMS/CPLEX
optimizer. To evaluate performance in large problem sizes, three metaheuristic algorithms—GA, PSO,
and GWO—were implemented. Parameter tuning was performed using a Taguchi-based design, and each
algorithm was executed on fifteen numerical instances of increasing dimensionality. Performance was
assessed based on total profit optimization and computational time.

Findings

The model successfully predicted optimal prices, realized demand, and sales quantities across time
periods. In the validation using GAMS, the model produced a total profit of 83,736 units. Analysis
revealed that strategic customers were assigned higher optimal prices than non-strategic customers, yet
they still exhibited higher average demand, producing a mean sales volume of 46.03 units versus 30.29
units for non-strategic buyers. Strategic customers also generated higher average optimal prices (66.08
versus 57.29).
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Sensitivity analysis showed that increasing transportation capacity led to substantial improvements
in total profit, with a 30% capacity increase yielding a 6.24% rise in profit. Reducing price sensitivity
(elasticity) significantly increased profitability—particularly among strategic customers—while increases
in base utility parameters resulted in dramatic profit growth of up to 33.48%.

In large-scale problem instances, all three algorithms achieved high-quality results. GWO
consistently produced the best solutions, with its results deviating less than 0.02% from the optimal GAMS
benchmark. PSO achieved the lowest computational time, while GA performed competitively,
occasionally finding the exact optimal solution. Statistical t-test analysis indicated no significant
difference in mean profit among the three algorithms, despite GWO outperforming others on average.

Discussion and Conclusion

The results confirm that dynamic pricing in multi-channel environments requires simultaneous
consideration of strategic customer behavior, channel heterogeneity, and operational constraints. The
model demonstrated strong predictive capacity in estimating realized demand, identifying optimal prices,
and balancing supply constraints. The significantly higher purchased quantities and prices among strategic
customers highlight their central role in revenue generation and underscore the need for differentiated
pricing strategies.

The sensitivity findings indicate that operational levers such as capacity management and
consumer utility enhancement can be as influential as price adjustments in improving profitability. This
underscores the managerial relevance of integrating service quality, platform experience, and channel
design into pricing decisions.

Finally, the comparative performance of metaheuristic algorithms illustrates their value for solving
real-world large-scale pricing problems. GWO’s superior accuracy and PSO’s computational efficiency
suggest that organizations can deploy these approaches depending on whether solution quality or runtime
IS prioritized.

Overall, the study presents a unified, operational dynamic pricing framework capable of
addressing the multifaceted challenges of contemporary multi-channel supply chains, and offers
computationally feasible methods suitable for industry-scale application.
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