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HIGHLIGHTS

GRAPHICAL ABSTRACT

® Data-Driven GMDH Model: Replaces
FEA with high accuracy and
significant computational time
reduction for predicting response of
mechanical system.
® Sensitivity and
Analysis: Ranking input parameters

Uncertainty

(strain rate and impact energy) and
confirming model robustness with
uncertainty bandwidth of 0.2167,
facilitating  Al-based design in
automotive and aerospace industries.
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This study introduces a data-driven surrogate model based on the Group
Method of Data Handling (GMDH) approach, which utilizes artificial neural
networks to replace computationally intensive engineering methods such as
Finite Element Analysis (FEA), thereby enhancing simulation system
efficiency. The approach was developed by focusing on the nonlinear
relationships between dimensionless input parameters—including system
characteristics (geometry and material properties), operational conditions
(impact energy and strain rate)—and the primary output, namely the
permanent deformation-to-thickness ratio of the sheet. An experimental
dataset comprising 65 data points was compiled from actual tests
employing hydrodynamic processes to apply loading. The GMDH network,
with a 12-layer architecture and 120 parameters, was trained after data
standardization and splitting into training (67%) and test (33%) sets. Its
performance was evaluated using metrics such as RMSE (0.884), MAE
(0.711), MAPE (6.673%), R2 (0.989), and the Willmott index (0.997), which
demonstrate high accuracy, absence of overfitting, and a significant
reduction in computational time (to seconds versus hours for FEA), thereby
improving efficiency in industrial system management. Intrinsic sensitivity
analysis, local sensitivity analysis (based on elasticity and partial
derivatives), and uncertainty analysis with a confidence band of 0.2167
ranked the importance of input parameters and highlighted the dominant
role of operational factors in system optimization. The research innovations
include the integration of laboratory data for holistic real-system modeling,
provision of input-output mapping, and reduction of simulation costs,
making the model suitable for industrial applications in manufacturing
process optimization and productivity enhancement in automotive
industries, and taking a step toward Al-driven design in systems
engineering.
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1. Introduction

In engineering, predicting the dynamic response of
metal sheets under impact loads is a key challenge in
industries like automotive, aerospace, and defense.
Traditional finite element analysis (FEA), while
effective, is computationally expensive for complex
dynamic simulations. Data-driven machine learning
approaches, particularly artificial neural networks
(ANNs), have emerged as efficient surrogate models.
Trained on FEA or experimental data, ANNs can
quickly predict outputs like stress and deformation
without solving complex equations for each scenario,
significantly reducing computational time while
maintaining high accuracy. Recent studies
demonstrate the success of ANN-based surrogate
models in predicting the elastoplastic behavior of
metallic materials under dynamic conditions
(Harfoush et al., 2021; Zhu et al., 2021; Trinchero et
al., 2018; Liu et al., 2025; Becker et al., 2022; Amiri et
al., 2021). Multi-scale frameworks, such as FEANN,
use physics-informed neural networks to replace
microscopic FEA, drastically cutting costs while
preserving precision for complex materials. In high-
speed impact applications, these surrogate models
can predict structural responses with high accuracy
(often with errors below 5% compared to FEA) and
reduce computation time substantially.

Despite their advantages, challenges remain,
including the need for high-quality training data,
overfitting risks, and limited generalization to
unseen conditions. Integrating ANNs with physics-
informed neural networks (PINNs), which embed
physical laws directly into the learning process, is a
promising solution to enhance robustness and
physical consistency. The innovation of the current
research lies in several key contributions:

e Direct integration of high strain-rate
experimental data obtained for both
circular and rectangular sheets to build a
fully data-driven surrogate model.

e Development of a direct "process input —
dynamic plastic response” mapping. This
allows design engineers to select optimal
sheet thickness, material, and permissible
energy before conducting physical tests.

e Significant reduction in analysis cost and
time compared to repeatedly running
computationally intensive, explicit dynamic
FEA simulations, which is particularly
burdensome due to the two-phase nature of
the problem.

e A step toward "Al-based design" for
hydrodynamic forming and related impact
manufacturing processes.

2. Methodology

The research methodology adopts a data-driven
approach using Artificial Neural Networks (ANNs) as
surrogate models to replace computationally

expensive traditional simulations for predicting
structural behavior, offering high accuracy and
instant predictions after training. Specifically, the
study utilizes the Group Method of Data Handling
(GMDH), a self-organizing neural network algorithm
developed by Ivakhnenko. Unlike standard ANNs
with predefined architectures, GMDH automatically
determines both its optimal structure and
parameters through an evolutionary process, akin to
natural selection. It builds a layered network from
simple polynomial neurons, using a validation set as
an "external criterion" to select the fittest models at
each layer and to stop growth before overfitting
occurs (Ivakhnenko & Ivakhnenko, 1995)

The key outcome is a transparent, explicit
polynomial equation (instead of a black-box model)
that balances high predictive power with
interpretability. The workflow involves:

e Partitioning data into training, validation,
and test sets.

e [Iteratively generating and selecting neuron
layers based on validation performance.

e Stopping automatically when validation
error begins to increase, finalizing the
optimal model.

The implementation focuses on identifying a system
based on its inputs and outputs, resulting in an
approximate mathematical function (a polynomial).
The core mathematical formulation describes the
network's neurons and the least-squares method for
determining their coefficients, utilizing Singular
Value Decomposition (SVD) to solve the resulting
systems of equations. Random sampling with a fixed
seed was used for reproducible data splitting into
training and testing sets, ensuring unbiased
representation and preventing overfitting.

The input and output variables for the network are
derived from a dimensional analysis of the governing
mechanical equations for a plate under dynamic
loading. Starting from the force -equilibrium
equations for a plate element and incorporating
membrane forces and strain rate sensitivity, a non-
dimensional governing equation is derived. This
analysis reveals that the dynamic plastic response of
the plate depends on key non-dimensional groups
related to geometry, loading intensity, and strain
rate effects. Consequently, the maximum permanent
deflection ratio is expressed as a function of these
three non-dimensional st-groups for both
rectangular and circular plates, providing a
physically-informed basis for the model's inputs and
output.

Sensitivity analysis for the GMDH model can be
performed either intrinsically during model building,
as the self-organizing algorithm inherently selects
and ranks influential variables, or locally after
training by evaluating output changes due to small
input perturbations or calculating analytical partial
derivatives.
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The dataset, drawn from prior experimental studies,
includes results for both circular and rectangular
plates made of mild steel and aluminum alloy with
various thicknesses (1, 2, and 3 mm) (Babaei et al,,
2017a; Babaei et al, 2015a). The mechanical
properties (static yield stress and density) for each
material and plate shape are provided. The impact
energy is calculated via potential energy formula.

3. Results and Discussion
3.1. Network Architecture

The dataset consisted of 65 data points with three
input st-groups (i1, 7t2, 73) and one output (7to).
Data was standardized (mean=0, variance=1) and
randomly split (seed=1) into training (67%, 43 data)
and testing (33%, 22 data) sets. A GMDH network
was implemented, prioritizing accuracy over
simplicity by preserving the top 3 polynomials per
layer. The resulting model evolved into a 12-layer
feedforward network with a total of 120 parameters,
incorporating all three inputs. The architecture uses
quadratic Ivakhnenko polynomials in each layer to
create Partial Descriptions (PDs). The final output is
derived from the best-performing PD in the last
layer.

3.2. Network Performance Evaluation

The model's performance was evaluated using
standard metrics. Key results are summarized below
for the full dataset (n=65), the training set (n=43),
and the test set (n=22). The model meets the
specified requirement of a MAPE below 7%. The high
R2 and R values (all >0.988), along with a Willmott
Index (WI) of 0.997, indicate excellent correlation
and agreement with the data. The low and consistent
CRM values show minimal systematic bias. The
negligible performance difference between the
training and test sets indicates excellent
generalization with no overfitting.

3.3. Sensitivity Analysis

Two sensitivity analysis methods were employed:

1. Intrinsic Sensitivity: This analysis, based
on the final network's dependency tree,
revealed the following relative importance
for the input parameters: 713 (0.414) > 72
(0.314) > 1 (0.271). This indicates its
(related to strain rate effects) is the most
influential input.

2. Post-training Local Sensitivity (Elasticity
Analysis): This method evaluated the
model's output responsiveness to small
input changes after training.

o 1z Mean Elasticity = 0.0446 (weak
positive effect).

o 2: Mean Elasticity = 0.4937 (moderate
positive effect).

o gzt Mean Elasticity = -1.0442 (strong
negative effect). A 1% increase in 73 leads
to a ~1.04% decrease in the output ito,
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confirming its role as the dominant
suppressor in the system.
Both analyses consistently identify 53 as the most
critical input variable influencing the model's
predictions.

3.4. Error Analysis

An error distribution analysis categorized the
absolute relative errors:
e Training Set: 74% of predictions had <10%
error, 95% had <20% error.
e Test Set: 73% of predictions had <10%
error, 91% had <20% error.
e  Full Dataset: 74% had <10% error, 94% had
<20% error.
The close alignment between training and test error
profiles confirms the model's robustness and lack of
overfitting. A small percentage of points (~5-9%)
exhibited errors >20%, often in the lower range of
the output variable, suggesting areas for potential
model refinement.

3.5. Uncertainty Analysis

A comprehensive uncertainty assessment was
conducted:

e The mean prediction error was -0.0349,
indicating a  negligible  systematic
underestimation. The standard deviation of
errors was 0.8911.

e The 95% confidence interval (CI) for the
mean error was [-0.2516, 0.1818]. Since this
interval includes zero, the slight bias is not
statistically significant.

e The Uncertainty Band Width (WUB) was
calculated as +0.2167. This relatively
narrow band indicates high prediction
stability and reliability.

e A histogram and statistical tests (Shapiro-
Wwilk  p=0.798, Kolmogorov-Smirnov
p=0.964) confirmed that the prediction
errors follow an approximately normal
distribution, supporting the model's
statistical robustness.

In summary, the developed GMDH model
successfully maps the non-dimensional inputs to the
output with high accuracy (MAPE <7%), excellent
generalization, and quantifiable reliability. The
strain-rate-related parameter (7t3) is identified as the
most influential input.

4, Conclusions

The results of this research confirm that the GMDH
model, as an advanced data-driven approach, offers
superior performance in predicting the dynamic
plastic response of metal sheets under impact
loading. With an average accuracy exceeding 93%
(based on a MAPE of less than 7% and an R2 close to
1), it serves as an efficient alternative to
computationally intensive methods such as FEA. The
integration of dimensional analysis for non-
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dimensionalizing the governing equations (e.g.,
dynamic  equilibrium equations considering
membrane effects and strain rate based on the
Cowper-Symonds model) and the utilization of real
experimental data from hydrodynamic forming tests
not only enhanced the model's generalizability but
also enabled fast and accurate prediction under real
conditions. Various sensitivity analyses—including
intrinsic analysis based on the network dependency
tree (with a relative importance of 0.414 for the
strain rate parameter), local analysis revealing
strong inverse elasticity for the loading parameter,
and partial derivatives analysis demonstrating the
dominant negative influence of strain rate—
highlighted the critical role of parameters related to
high strain rate and impact energy, providing
guidance for design optimization.

Furthermore, error and uncertainty analysis, with
approximately normally distributed residuals, a low
uncertainty bandwidth  (0.2167), and high
cumulative frequency (94% of predictions with less
than 20% error), confirmed the model's robustness
and reliability on wunseen data. Despite
computational advantages (up to 99% reduction in
time) and high accuracy, challenges such as
sensitivity to outliers in low-output regions and the
need for more data for more complex materials
persist. These can be addressed by integrating
advanced techniques like Physics-Informed Neural
Networks (PINNs) or data augmentation.

In conclusion, this innovative model, by reducing
reliance on heavy simulations and enabling the
exploration of a larger design space, takes a
significant step toward intelligent, Al-based design
in hydrodynamic and impact forming processes. It is
recommended that future research extends this
model to composite materials, multi-stage loading,
or integration with real-time simulations to broaden
its industrial applications in automotive, aerospace,
and defense industries.
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! Finite element analysis (FEA)

2 Artificial Neural Network (ANN)
? Surrogate models

* Physics-constrained
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2,5 5 sog)s Slets aals Y Jguar

9>

$°9)9

lado

g T3 T, Ty
YIAYYY NIY Y/ass- AFYITYYY S
Yols-. f/Yvay \YPIANFNY AR ES SN0
VE/-YYY YI\YAF YAIYYYO \ARldid24 oeles
FAINFS VFY A NSVZZE \Y¥VO-AVA - AA ol
AYYA? ARYA! YY/IAPYY YO-UYALN Shso 3l il
3959 Sloyekie O (S (Shanon ¥ Jgur

Table 4. Pairwise correlation between input variables

p-value 30y p-value S W ko i
Voo Bx) o) SIVYYYOF BIAS +x) o~ (SEVA0 -
VAR <IVAB- Y- Y/AYEx) - AYYOYY T3 — Ty
Bfs + et o~ YEEVE AIYSAxY - A¥YEAYa 3 — 15

@ lwgie U cind gl )0 jhopé gla Siren
3wt sl S ogdg,5 a5 ol ol lixe
P plizes Ll wins mudgi 1) Sie (spd S
Z9 ot Sl eyl bl wilgiee e
FB as3g)9 cnl 5l Gloyen osliiul conlply aiS” ol 2
Seoa S glray Joe oy sl g ol g
Sy oy JoSe iR oS5 5l wshie (6395
sgeosls Soale olgiiny by, &5 Ll 1 e
OIS WS Ll Silgee i ) (e yee Ly, 5 o)l
Sleaie S5 K olpieay Byo Siwwed o ybe
s Sl olol ol glag pSama 5 oad 4l
Ao 5l ogdce plxl Jao (miwliel g (S
59 omb sdgyy sl VIF polie 55 aseasis
= 1.739) &l Jsd b
olis &S (my=1131  ar, = 1911

Cewdds 0390

‘.\h»)Lsn
alple )l 352 assg s e 5S> Sad heanis
acgerme o shiandiz o 6395 ur (Sly Eox

A 2l ceslie 3le e Sl (5955 Sl e

oy g s Y
Sl (6 yloxo —V-Y

aS Cewl oolo alads O Jold saidslyl cols dcgeze

DS o 2 0 My (95 93 9T a1y lasogyg

asls Folo ¥ Joux (o sbbesly 4 axg L
0 T U ol dis Glaozg > 5 oo,y Sl
5 0 Slpite Gm (Swly b))l shied
Lol wlsioe o T hrensiz jon pas 5l Lol
Db Jae a4 5,155 Sledlbl 895 b ooyl (55lbL
ol (F Jguz) ad owyn 63955 m (Smon
b (Sly i 6l D9 (Ko e yile
5 S lpSy (Sly o sy Gl (Shen
Oemzred 338 ,5 dulbre Sl i pas 4 S Jipglie
Tomlls g Jele ey (hmeaniz o3l Gl
Syt 9) VIE> 5 polie 5 il (Stcod Olgisay
shreani> alis flgea (VIF> 10 gl Scce
Grom @l Glae b aiS s argi LB
5O g oo odlive lawgie d> o Kiean 509,
s Lrsgie b G Sinrad iz b o5 >
55,9 45 a2 o olid  Sion oSl (LS jsbay
2l odly Jilaw 5o a9) aitens K0Sy 5l Jitens SLlS
aS wads Skl Jligee Jb e o Ll e
o515 0 6 kbl b ol>  aseadois 4 e Silgn
3929 «ilw e Sl 5l 0ad ced csslie el

! Multicollinearity
? Variance Inflation Factor (VIF)
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Figure 1. The Mermaid diagram for the dependency tree of the GMDH network in the present study.
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Table 5. The performance of the suggested model
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Figure 2. Plotting prediction data versus actual.
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Table 7. The results of elasticity-based sensitivity
analysis
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! Partial Derivative Sensitivity Analysis (PDSA)
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Figure 3. The results of partial derivative sensitivity
analysis versus 74 for the conducted GMDH model.
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Figure 4. The results of partial derivative sensitivity
analysis versus 1, for the conducted GMDH model.
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Figure 5. The results of partial derivative sensitivity
analysis versus 3 for the conducted GMDH model.
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Table 8. The results of the partial derivative
sensitivity analysis (PDSA)
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Table 9. The results of error analysis
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threshold of error.
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Table 10. Results of stability and robustness analysis of the model
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Figure 7. Histogram of prediction errors and overlaid normal distribution.
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Table 11. Normality test results
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