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Abstract

Migration of manpower in the health sector, in addition to reducing
health services, has malicious consequences in the social and
economic scope of developing countries such as Iran. Therefore,
accurate modeling of the decision-making behavior of this cortex
requires advanced analytical approaches to represent complexities
and social interactions. This research aimed at designing and
validating a data factor in order to simulate the behavior of human
resource migration. In this research, secondary data was used by
the Iranian Immigration Observatory in 1402, titled "National Elite
Immigration Survey and Factors Affecting Health Investment
Departure"” through a standard questionnaire. The research method
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consists of a combination framework in which 384 consolidated
samples were used for training and the learning algorithm of the
random forest machine acts as transducer of behavioral factors to
extract nonlinear decision-making rules directly from wisdom data.
Then, the output of this model, as the possibility of migration of
each factor, was entered into the factor of the factor, by comparing
it with an optimal decision threshold, the final action of
immigration or lack of migration. The results showed that the data
factor's model in predicting the intention of immigration was
significantly reduced the theoretical rulers based on logistic
regression. Also, analyzes confirmed that key variables of age,
work experience, and social network effects had a nonlinear and
fundamental role in the formation of the final decision.

1. Introduction

Migration has always been a fundamental element in human history,
representing an individual's decision to relocate from one place to
another. While such relocation is a personal choice, it results from a
unique combination of contextual conditions (Kniveton & Smith,
2011). Preserving human capital is among the most critical challenges
for developing countries. Migration of the healthcare workforce is
particularly significant due to its profound impacts on both the
economy and public health. These migrations reduce the quality of
medical services and impose financial and temporal burdens on
patients. In Iran, the most evident negative consequences include
declining access and quality of healthcare in rural and public sectors,
as well as the loss of experienced faculty and workforce (Valizadeh et
al., 2016; Asadi et al., 2018).

Given the importance and complexity of healthcare workforce
migration, rigorous scientific investigation is essential. Many
proposed solutions have been temporary and reactive in nature.
Migration literature discusses policies for managing migration
(Carling, 2011), and legal mechanisms exist to restrict it. However,
evaluation reveals that such policies generally fail (De Luca et al.,
2022). Thus, when migration cannot be controlled legally, advanced
analytical models are required.

The foundations of agent-based modeling (ABM) are influenced
by Herbert Simon and Thomas Schelling (Chen et al., 2016). ABM
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enables detailed analysis and simulation of diverse scenarios,
representing cognition and interactions directly, and exploring
nonlinear dynamics (Salgado & Gilbert, 2013; Badham et al., 2018).
Unlike linear models, it accommodates heterogeneous expectations
and bottom-up dynamics, uncovering rare but impactful scenarios
(Tah, 2005; Lu, 2016; Khodabandelu & Park, 2021).

Traditional migration models face three limitations: inability to
represent decision-making complexity, reliance on oversimplified
assumptions, and lack of empirical calibration (Simon, 1956; Filatova
et al., 2013). ABM, while powerful, struggles with defining migrant
behavior precisely (Klabunde & Willekens). Data-driven approaches
using machine learning overcome these limits, extracting behavioral
rules directly from empirical data. For example, in Burkina Faso,
algorithms predicted migration decisions based on individual and
social features, with improved accuracy when incorporating neighbor
migration effects (Turgut & Bozdag, 2023). Such models can also
simulate responses to political changes and be calibrated with survey
data (De Luca et al., 2022).

In response to these challenges and Iran’s healthcare workforce
crisis, this study proposes a hybrid ABM-ML approach. Machine
learning uncovers hidden patterns in real data, enhancing predictive
accuracy and enabling interpretability of feature contributions
(Lundberg & Lee, 2017; Grimm et al., 2020; Tolk et al., 2022).

Given the bottom-up nature of migration decisions, simulation
capability, and flexibility, ABM is highly effective. Since no
substantial study in Iran has applied this method to healthcare
migration, the present research develops and validates a machine
learning—based agent model to predict migration decisions under
diverse stimuli. Findings are expected to assist policymakers,
universities, and the healthcare workforce in understanding
environmental influences on migration decisions. The central research
question is: to what extent can such a model improve the prediction of
total healthcare workforce migration?

2. Literature Review
In this section, the history of human migration in the health sector and
the modeling of the bottleneck factor are examined.
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3. Methodology

Summary of the Main Steps:

1) Feature Extraction: Variables influencing agent behavior are
identified through a literature review and extracted from
available data for subsequent machine learning training and
agent-based modeling.

2) Initial Agent-Based Model Design: Agents, environment,
behaviors, and interactions are defined, and a conceptual model
is outlined using the overview protocol.

3) Machine Learning Model Development: Prepared training data are
used to design and train a model (e.g., Random Forest) that
predicts migration probability based on individual and
contextual features such as age, education, and marital status.
The model is optimized and evaluated to improve predictive
accuracy.

4) Agent-Based Model Implementation: The machine learning output
(migration probability) is integrated into the agent-based
simulation. Each agent begins with an initial probability, which
Is compared against an optimal decision threshold to determine
final migration outcomes.

5) Validation: The calibrated threshold enables the prediction of the
number of migrants. Model outputs are compared with actual
survey data to assess accuracy.

4. Results

Figure 1 shows that the most influential features are age, work
experience, and working in metropolitan areas. These are followed by
marital status, number of migrated friends, and education level
(associate's or bachelor’s). Other features, such as gender, graduation
status, working in provincial centers, and advanced education, also
contribute meaningfully but rank lower in importance.

Table 4 compares the performance of data-driven and theory-driven
behavioral models, showing higher AUC and accuracy for the
Random Forest model despite longer training time.
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Figure 1. Feature importance chart in order of SHAP value
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Table 4. Final validation and performance comparison of behavioral

models
Training Testing
Model e Accuracy time time
ROC | Score
(seconds) (seconds)
Random Forest
Model (Data-Driven | 0.8205 | 0.6364 | 0.7155 0.2000 0.0500
Model)
Logistic Regression
(Theory-Driven 0.7782 | 0.7258 | 0.7069 0.0300 0.0200
Model)
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5. Discussion

The data-driven ABM outperformed the theory-driven model,
confirming the nonlinear nature of migration decisions. SHAP
analysis highlighted age, experience, and social networks as key
drivers. Sensitivity to migration probability suggests strong push
factors in the domestic environment. The model’s static design limits
its ability to capture temporal dynamics and feedback effects.

6. Conclusion

This study introduced a hybrid ABM-ML framework to simulate
healthcare migration behavior in Iran. The model offers a powerful
tool for policymakers, emphasizing the need to retain mid-career
professionals. Future work should incorporate dynamic modeling and
real-time migration data to enhance predictive accuracy.

Keywords: Agent-based modeling, Machine learning, Migration,
Human resources, Health sector.
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Threshold optimization for migration intention model (RandomForest)
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® Optimal T=0.4362 (F1=0.9974)
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Sensitivity of Predicted Migration Intent to Threshold (RandomForest)
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