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Objective This study aims to develop and evaluate two machine learning models,
namely Extreme Learning Machine (ELM) and eXtreme Gradient Boosting (XGBoost),
incorporating Bayesian Optimization and cross-validation techniques, for the
prediction of the discharge coefficient (Cd) of semicircular side weirs.

Method: The modeling process is based on a dataset comprising 233 experimental
observations sourced from two independent studies, encompassing both geometric
and hydraulic parameters. Bayesian Optimization was implemented using five-fold
cross-validation on the training set. For each parameter combination, the root mean
square error (RMSE) was computed, and once the objective function (RMSE) reached
a satisfactory threshold, the corresponding parameter set was selected as the final
model structure. The optimized model was subsequently validated using the test
dataset, and its predictive performance was compared against baseline models.

Results: The results indicated that the XGBoost model achieved higher predictive
accuracy with a coefficient of determination (R?) of 0.99 for the training set and 0.92
for the test set, outperforming the ELM model, which yielded R? values of 0.91 and
0.879 for the respective datasets. Sensitivity analysis using Sobol, Morris, Entropy-
based, and SHAP methods consistently identified the HT/P ratio (hydraulic head to
weir height) as the most influential input parameter in predicting Cd. Specifically,
Sobol analysis revealed that nearly the entire variance in the model output could be
attributed to this single parameter, with negligible interaction effects from other
variables.

Conclusions: All sensitivity analysis techniques confirmed the robustness and
reliability of the developed models. The integration of machine learning algorithms
with Bayesian Optimization proves to be an effective and powerful framework for
flow modeling in hydraulic systems.
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Introduction

Dams, as critical hydraulic structures, consist of key components including the dam body,
drainage systems, and most notably, spillways, which serve as primary outlets for flood
discharge. When the capacity to release floodwaters is limited, the choice of spillway type
becomes essential to optimize both discharge efficiency and construction costs. Among the
various options, labyrinth spillways—with non-linear crest geometries—have proven to be
highly effective in enhancing discharge capacity while managing upstream water levels during
flood events. By significantly increasing the effective crest length over a fixed width, these
geometries, such as triangular, trapezoidal, semicircular, and polygonal plans, outperform
traditional linear (rectangular) spillways.

Recent research efforts have focused on understanding the influence of hydraulic and
geometric parameters on discharge coefficient (Cd) and velocity distribution in these
structures. Numerous machine learning approaches have been employed to predict Cd, with
Support Vector Machines (SVM), Artificial Neural Networks (ANN), and Extreme Learning
Machines (ELM) demonstrating promising accuracy and adaptability. In particular, studies
have shown the superior predictive performance of hybrid models such as SVR-ISADE,
GASVM, and ANFIS-FFA compared to classical regression methods. The semicircular l[abyrinth
weir (SCLW) is of particular interest due to its high energy dissipation and superior discharge
capabilities—achieving up to 4.5 times the efficiency of linear weirs. Sensitivity analyses
across multiple studies have highlighted the hydraulic head-to-weir height ratio (HT/P) as the
most influential parameter affecting Cd. Despite the complex physical behavior of SCLWs,
data-driven and Al-based models have shown remarkable precision in Cd estimation.

This study develops novel predictive models for the discharge coefficient of harmonic
semicircular labyrinth weirs using XGBoost and Extreme Learning Machines (ELM). It further
quantifies the effect of non-dimensional variables on Cd and aims to bridge existing research
gaps by integrating and analyzing experimental data from two previous investigations.

Method
In this study, a comprehensive modeling framework is developed to predict the discharge
coefficient (Cd) of semicircular labyrinth weirs using advanced machine learning techniques
and sensitivity analysis methods. The first stage involves dimensional analysis and data
compilation. The discharge coefficient is calculated from physical experiments using
dimensional parameters such as the number of weir cycles (N), radius of curvature (R), crest
height (P), and channel width (B). The effects of fluid density, viscosity, and surface tension
are deemed negligible due to turbulent flow and sufficient hydraulic head, following
guidelines by Rao & Shakla (1971). Using dimensional analysis, the governing relationship is
simplified to a functional form involving non-dimensional parameters: H/P, L/P, B/P, R/P, and
N. A dataset of 233 experimental results was compiled from prior studies (Namazi &
Mozaffari, 2023; Yildiz et al., 2024), covering multiple configurations of weir height and the
number of cycles. 75% of the data was used for training and 25% for testing the machine
learning models. Descriptive statistics and histograms of input variables confirm weak linear
correlations with Cd, justifying the use of nonlinear models such as Extreme Learning
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Machine (ELM) and XGBoost. The ELM model, comprising an input layer, hidden neurons with
random weights, and a single output node for Cd, was trained with Bayesian Optimization to
identify optimal structure (number of neurons and activation function). Conversely, XGBoost
builds an ensemble of regression trees sequentially, where each tree reduces the residuals
of the previous one. The model's objective function incorporates both prediction loss and a
regularization term to avoid overfitting. For feature importance assessment, four global
sensitivity analysis techniques were implemented. The Morris method computes mean
absolute elementary effects to detect influential variables. Sobol’s method decomposes
output variance into first-order and total sensitivity indices. Entropy-based analysis calculates
mutual information to evaluate nonlinear dependencies. Lastly, the SHAP method applies
cooperative game theory to quantify each input's contribution to model prediction.

Results
Results consistently identify HT/P (relative total head to crest height) as the most
influential parameter across all sensitivity methods. Sobol indices indicate that nearly all
output variance is explained by HT/P alone. The entropy method assigns HT/P a normalized
importance of 0.87, and the Morris u* score further supports its dominant role. This multi-
method framework demonstrates the potential of hybrid machine learning and dimensional
analysis to model complex hydraulic behaviors in labyrinth weirs, offering reliable predictive
tools for engineering design.

Conclusions

Accurate prediction of the discharge coefficient (Cd) in semicircular harmonic weirs is
crucial for the optimal design and performance of hydraulic systems. Due to the complex
relationship between Cd and its influencing parameters, empirical equations face limitations.
In this study, two hybrid machine learning models—ELM and XGBoost—were developed and
optimized using Bayesian Optimization to model Cd. Feature importance analysis was
conducted using four sensitivity methods to determine the relative influence of input
variables. Among the approaches, combining XGBoost with SHAP-based sampling
demonstrated the most stable and precise Cd predictions, offering narrower uncertainty
bands and greater resistance to noise. However, despite XGBoost’s advanced structure and
tunable parameters, ELM outperformed it in terms of accuracy. The Taylor diagram showed
greater distance of XGBoost from the reference point compared to ELM in both training and
testing sets, highlighting its lower prediction precision. These results can guide model
selection and sensitivity analysis in future uncertainty-based studies.
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