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Extended Abstract

Introduction

Optimal control of customer dynamics is a key tool in marketing for analyzing customer
behavior and developing personalized strategies to maintain and increase customer
engagement over time (Castillo et al., 2021). Companies spend a significant portion of their
revenue (10 to 20 percent) on marketing, and optimizing these resources is of great
importance (Rosa et al., 2018). One of the main challenges in this area is customer churn,
which incurs high costs for reacquisition (Ortakci & Seker, 2024). Although decision-
making in marketing resource allocation is complex, it has historically been carried out
using simple rules (Gupta & Steenburgh, 2008).Referral programs, unlike word-of-mouth
advertising, allow marketers to control the content of the message (Berman, 2016), but
research on resource allocation to these programs is still limited (Rosa et al., 2018). In the
past, the primary goal of models was profit maximization (Shawky et al., 2020), but newer
models focus on customer value maximization (Foroudi et al., 2018).The use of artificial
intelligence in marketing, forecasting, sales, and performance management is rapidly
increasing, providing organizations with the ability to adapt quickly to market changes
(Ledro et al., 2023). Machine learning algorithms and neural networks have also been
applied in data analysis, especially customer behavior time-series data, and solving
complex numerical problems, including differential and integral equations (Mehrkanoon
& Suykens, 2015)

Related Research

Islam et al. (2024) proposed a hybrid framework for supplier selection and order allocation,
which includes deep learning, principal component analysis (PCA), and optimization. The
proposed model showed better performance in demand forecasting compared to traditional
methods such as the SARIMA model and gradient-boosted machine (GBM).

Ortakci and Seker (2024) focused on customer retention and churn prevention using a
combination of machine learning methods such as decision trees, random forests, and
support vector machines. Their results showed that using these models, service prices can

' PhD Candidate, Industrial Management (Production and Operations), Department of Management, Yazd Branch, Islamic

Azad University, Yazd

hamid.emadi7@gmail.com

2Assistant Professor, Department of Industrial Management, Yazd Branch, Islamic Azad University, Yazd, Iran
sadeghian@iauyazd.ac.ir

3 Assistant Professor, Department of Industrial Management, Yazd Branch, Islamic Azad University, Yazd
moz.rabbani@iau.ac.ir

4 Associate Professor, Department of Industrial Management, Yazd Branch, Islamic Azad University, Yazd, Iran
denavi2000@yahoo.com


mailto:hamid.emadi7@gmail.com
mailto:sadeghian@iauyazd.ac.ir
mailto:moz.rabbani@iau.ac.ir
mailto:denavi2000@yahoo.com

\id")-ﬁg o uJL;..Z R JL ‘(J'l); Co pde pwkige LSML'.LA.%/Y

be estimated in a personalized manner, increasing the profitability of companies by up to
36%.

Ledro et al. (2023) examined the integration of artificial intelligence in customer
relationship management (Al-CRM) and concluded that success in this area requires
strategic planning and continuous adaptation to environmental changes.

These studies emphasize that the use of artificial intelligence and machine learning
techniques can play a significant role in improving business processes, optimizing supplier
selection, demand forecasting, and customer retention.

Research Methodology

In this study, the dynamics of three types of customers (referral, permanent, potential) are
examined using a nonlinear, non-autonomous differential model as an optimal control
problem. To estimate the unknown components of the model, the "Least Squares Support
Vector Regression (LSSVR)" machine learning algorithm is employed, which estimates
the parameters by solving a second-degree objective function with nonlinear constraints.
Finally, the problem is reduced to an algebraic system and solved using methods such as

the conjugate gradient method.

Approximation of the Function using LSSVR

The LSSVR algorithm creates a nonlinear regression model for supervised data by
mapping to the feature space and solving a linear system. The objective function is obtained
in a closed form for estimating the objective function through the Karush-Kuhn-Tucker
conditions, which includes weight vectors, kernel functions, and dual variables. The kernel
function chosen in this paper is of the polynomial type, which is suitable for interpolating
complex functions.

Marketing Modeling
Derivatives in the differential equations are used to describe the rate of changes in
customers, and the model is designed as a dynamic system. The function space structure is
considered in the form of C*(Q) and L?*(Q2), which allows the use of machine learning
techniques for approximating functions and solving the model.

Variables

e Customers: R(t), C(t), P(t)

e Controls: uy, uz

e Parameters: A1, A2.0l, a2, B, v

Research Findings

In this paper, a mathematical model based on a non-autonomous system of differential
equations is presented to analyze customer population dynamics in marketing strategies.
The model considers three categories of customers (potential, permanent, and referral) and
simulates their changes over time. The primary objective of the model is to optimally



allocate the advertising budget using the Least Squares Support Vector Regression (SVM-
LS) algorithm, where an objective function is employed to minimize advertising costs and
optimize the number of customers in each category.

The model is optimized using numerical methods such as the NLPSolve algorithm in
Maple to solve the nonlinear differential equations. Numerical simulation results show the
optimal impact of budget allocation on customer population changes. With this model,
advertising strategies can be designed in a way that maximizes the impact on customer
acquisition and retention.

The simulations demonstrate that by precisely adjusting conversion rates and optimally
allocating resources, significant changes can be made in the number of potential and
permanent customers, while minimizing advertising costs. These results have many
applications in optimizing marketing and advertising strategies across various industries,
especially in e-commerce.

By using this model, companies and organizations can be helped to make better decisions
in advertising budget allocation, ultimately avoiding additional costs and increasing
profitability

Discussion and Conciuson

In this study, a customer dynamics model based on optimal control was proposed using
Least Squares Support Vector Regression (LS-SVR) with a polynomial kernel. The model
accurately approximated nonlinear differential equations and successfully predicted the
behavior of three customer segments—Iloyal, potential, and referred—with high precision.
Numerical analysis showed that optimized marketing policies led to an increase in loyal
customers, a decrease in potential customers, and an upward-fluctuating trend in referred
customers.

A key contribution of this research is demonstrating the capability of machine learning
methods in solving control problems involving dynamic and complex data. The model’s
clear structure, expert validation, and strong algorithmic convergence make it highly
suitable for marketing applications and strategic decision-making. Additionally, it can be
employed in customer behavior analysis, advertising policy design, retention rate
improvement, and customer experience enhancement across various industries.

this study has several limitations:

e Control variables were not analyzed independently;

e The model is based on smooth, continuous customer behavior and does not capture
sudden fluctuations;

e Parameter tuning is time-consuming and sensitive to data;

e The computational complexity requires powerful processing resources;

e The model has low interpretability for non-expert users.
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To address these limitations and enhance the model in future research, the following
directions are suggested:

o Employ intelligent optimization algorithms such as PSO and Genetic Algorithms
for more efficient parameter tuning;

o Implement the model on real and diverse market data to improve generalizability;

e Use parallel or GPU-based processing to accelerate execution time;

e Compare model performance with deep neural networks and other advanced
machine learning methods;

o Develop tools to enhance interpretability and understanding of model outputs for
non-specialist managers.

This research provides a practical and reliable foundation for designing intelligent
marketing decision-support systems and holds great potential in real-world applications,
particularly in competitive and data-driven markets.

Keywords: Optimal control, customer dynamics, machine learning, polynomial kernel
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