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ABSTRACT

The study of nonlinear media for medical imaging, wireless communication, and metamaterial
design technologies all rely on the electromagnetic wave propagation in nonlinear media to ensure
utility. Nonlinear media introduce additional complexity due to variations in intensity, dispersion,
and absorption, which necessitate precise numerical modeling for accurate analysis. In this regard,
FDTD, FEM, and BEM constitute the primary scope of this research. We introduce an additional
methodology for adaptive mesh refinement and multiscale modeling that significantly improves
simulation precision, efficiency, and accuracy. Working and structure diagrams are created to
provide an overview of the framework and solution that is developed. To reduce their resource
consumption in modeling, some models are built using machine learning. The results enhance the
performance of the models against the datasets in real-time, proving superior efficacy compared
to existing methods. These findings hold importance across all engineering, physics, and
biomedical fields, deepening the understanding of electromagnetic simulation in nonlinear
environments.

Keywords: Electromagnetic wave propagation, Nonlinear media, Numerical simulation, FDTD,
FEM, Adaptive mesh refinement, Machine learning

1. INTRODUCTION

The propagation of electromagnetic waves in complex nonlinear media is of great importance in many sophisticated
engineering and scientific applications. These media have a characteristic feature in which the electromagnetic
response to the applied field interacts non-linearly, depending on the field intensity; this is termed nonlinear
interaction. Such behavior is crucial in modern developments associated with photonic crystals, metamaterials, and
biomedical imaging systems. Nonlinear systems, as opposed to their linear counterparts, exhibit self-focusing,
harmonic generation, modulational instability, and a host of other complex phenomena all of which require specialized
modeling to capture these dynamics accurately [1].

Most nonlinear problems, particularly those involving dispersion, absorption, and spatial heterogeneity, are not
addressed via traditional analytical approaches because they tend to be too complex due to these details. This fact
drives research into numerically accurate and efficient solutions. For example, the Finite Difference Time Domain
(FDTD) method provides high accuracy for transient problems, while irregular geometries are best addressed with the
Finite Element Method (FEM). The Boundary Element Method (BEM) is more precise when dealing with infinite
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domains. All of these methods, however, suffer from sensitivity to mesh configuration, computation time, and other
restrictive systems, which aim to solve more realistic problems lacking balance in detail and efficiency [23].

To address these gaps, the current study proposes a novel approach that combines FDTD and FEM, along with adaptive
meshing, to form a hybrid modeling framework [4]. This hybridization enables accurate field calculations in highly
non-linear and heterogeneous regions within acceptable computation times [20]. By employing real-time datasets to
validate its results, the study ensures the sound applicability and dependability of its findings [22]. This methodology
helps bridge the persistent accuracy-performance trade-off gaps challenges electromagnetic modeling encounters [3].
Incorporating intelligent systems into simulation pipelines has gained significant traction recently. Machine learning
models can assist in mesh optimization, convergence prediction, and parameter tuning without compromising physics-
based accuracy [2][6]. These enhancements can substantially reduce simulation times and improve the adaptability of
numerical solvers to various nonlinear scenarios [17]. Flow and architectural diagrams help illustrate the conceptual
structure of the proposed framework, demonstrating modularity and scalability [24].

This paper is organized chronologically, such that the explanation begins with the nonlinear mediums the
electromagnetic wave theories, describing their behavior, and then reviews the existing literature about his
contemporaries' numerical modeling frameworks [23]. The elaboration in terms of methodology focuses on the
algorithmic construction, superstructures that flow from it, and the operationalization of these algorithms [26]. As
previously outlined, the discussion section comments on the results obtained from simulations conducted with actual,
nondisclosed data sets [28]. The holistic approach is finally applied to advanced nonlinear methods in electromagnetic
propagation numeri’s [5], highlighting their implications, descriptions, and future scope despite facing certain
restrictions [30].

KEY CONTRIBUTIONS:

e Created an interdisciplinary hybrid simulation framework by combining the finite-difference time-domain
(FDTD) and finite element method (FEM) to represent electromagnetic wave propagation in complicated
nonlinear media with precision.

e Designed advanced techniques for adaptive meshing to control and improve mesh density dynamically while
optimizing accuracy and computational resource requirements.

e Improved the adaptability and efficiency of simulations by implementing machine learning for automatic
mesh size alteration and parameter adjustment.

e  Demonstrated improved performance and reliable prediction in non-linear electromagnetic environments by
validating the proposed method through real-time datasets.

e Developed an architecture that is rigidly scalable and modular for efficient computation and precision
simulation while remaining relevant for numerous engineering and scientific domains.

This paper aims to develop a more sophisticated numerical technique specifically designed for simulating nonlinear
electromagnetic wave propagation in complex media [32]. Beginning with the nonlinear challenges and their impacts,
this analysis examines existing numerical approaches, including FDTD, FEM, and BEM. The goal is to develop an
effective hyperparameter strategy by combining adaptive mesh refinement with deep learning for enhanced accuracy
and efficiency. This methodology focuses on balancing computational resources against simulation requirements to
achieve real-time performance of the application. Validation with datasets acquired in real-time demonstrates
sufficiency. In the final sections, the paper presents the findings and demonstrates the benefits of the model in
comparison to traditional methods, highlighting the model's enhancements. It then concludes and outlines steps for
future research in the area.

2. RELATED WORK

Considering nonlinear electromagnetic wave propagation problems has unfortunately lagged behind other areas of
engineering science, particulary about advanced applications operating at high frequencies or intensities [10]. In past
works, the focus has mainly been on solving Maxwell's equations in linear domains. Nonlinear media give rise to
more intense electric fields within the material, leading to complex nonlinear dependence on material properties and
associated electric field phenomena, such as harmonic generation, optical bistability, and others. Such phenomena are
particularly important in other areas of optoelectronics, such as nonlinear optics and high-power microwave systems.
Capturing the field and dynamic response of such media requires computational models that accommodate nonlinear
characteristics [31]. Nonlinearity in electromagnetic fields poses a significant challenge for computational
electromagnetics. The progress made to date in designing and analyzing structures with nonlinear field-material
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interactions underscores the need to develop suitable numerical models that accurately represent nonlinear interactions
[71.

The Finite Difference Time Domain (FDTD) method remains one of the most widely used techniques for numerical
simulations of electromagnetics due to its straightforward implementation and time-domain effectiveness. Advanced
versions of these methods incorporate nonlinear Kerr effects and dynamic field-dependent changes in permittivity,
which greatly enhance the realism of ultrafast optical switching and wave mixing simulations [19][14]. On the
contrary, the Finite Element Method (FEM) is more suitable for refined modeling of boundaries, as well as non-
uniform or layered geometries, for devices composed of complex shapes [18]. The inclusion of nonlinear constitutive
relationships and the flexibility of mesh design make it suitable for modeling with level-set dielectric waveguide
antennas, photonic crystal fibers, and even plasmonic devices [9][27].

An important factor contributing the creativity of hybrid modeling strategies is the complex balance between accuracy
verses efficiency [8]. An example of such a hybrid is the combination of FDTD and FEM or spectral methods, which
offers temporal and spatial flexibility. Such methods enable the division of the domain into subdomains for parallel
processing,, which reduces the memory load and improves tracking of the wavefront in complex, heterogeneous media
[29]. Moreover, the Boundary Element Method (BEM) is particularly useful in open boundary electromagnetic
problems where wave scattering and radiation are predominant. BEM is beneficial in modeling the surface plasmon
effect and scattering from nonlinear meta surfaces in the frequency domain due to its reduced dimensionality [11][20].
Currently, supporting modeling accuracy in simulations with Adaptive Mesh Refinement (AMR) is a key component,
as it increases precision in AMR simulations. It provides a balance between cost and accuracy by allowing
modifications to the mesh resolution at locations with stronger material discontinuities or electromagnetic field
gradients. The technique is particularly effective for modeling soliton dynamics, field localization, and energy
accumulation in nonlinear photonic devices [21][16]. Moreover, integrating AMR with physics-based error estimation
ensures that refinement is achieved where it is most critical, thereby alleviating the need for global, dense meshes
while still enabling the accurate resolution of micro-scale phenomena. This is critical for simulating multi-layered
nonlinear composites or tunable metamaterials due to the need for precise capture of local nonlinear interactions [13].
Integrating machine learning (ML) techniques into classical solvers has been a prominent new direction in
computational electromagnetics over the past few years [12]. The forecasting of optimal mesh interface extremes and
convergence behavior (as well as material parameters) is achieved through the application of neural network models
and reinforcement learning algorithms to training data from earlier simulations. This reduces the amount of manual
tuning required and allows the system to handle nonlinear characteristics particularly prevalent in real-time systems
automatically [23]. Improved wave behavior models, based on high-fidelity simulations, are now capable of making
instantaneous predictions over a range of parameters [25]. This provides enhanced design refinement, as well as more
efficient sensitivity analysis, allowing for the testing of many configurations without the burden of extensive
simulations [15].

3. PROPOSED METHOD

The scope of electromagnetic waves in nonlinear media is challenging due to the dependence of permittivity and
permeability on the electric and magnetic fields. Most numerical approaches base nonlinearity on weak forms of it,
leading to assumptions that will lack accuracy in high-accuracy scenarios, such as when high-power fields are applied
to materials. This work proposes a multi-domain simulation of such systems, which combines adaptive algorithms
with nonlinear modeling to yield better results. Its goal is to resolve field interactions across heterogenic and dispersive
media without sacrificing computational economy. This system utilizes a hybrid of FEM and nonlinear FDTD,
implemented within a co-simulation interface, in parallel with the presented framework. The main focus will provide
spatial resolution in intricate geometries while material responses to field strengths work in an autogenous manner.
Additionally, a module of mesh granularity is introduced, aimed at recalibrating according to local energy density and
gradient edges for AMR. This configuration captures nonlinear wave action across interfaces, discontinuities, and
thin-layered media, which are common in biological and metamaterial contexts. By modular solver orchestration with
pre-defined mesh controls for non-linear boundaries, it detects gradient regions with flexible, non-restricted
boundaries, enabling the use of MIT's real-time simulation and device optimization with the precision of a
sophisticated numerical engine.

Propagating nonlinear antennas with particular constitutive properties that change from region to region requires
calculating each of the field components with temporal changes, along with the radiation patterns, boundaries, and
nonlinear material responses that form complex geometries. Solving the equations of nondispersive media, which
change in space and evolve, is equivalent to resolving the three Maxwell equations, which also require self-consistency
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along with boundary conditions to be defined before solving. The Finite Difference Time Domain (FDTD) approach
and the Finite Element Method (FEM) are two widely used algorithms for numerically solving these equations. FDTD
is popular for its ease and explicit time stepping, as it implements fixed differences both for the discretized space and
the time variable. In contrast, FEM uses meshes for varied shapes and boundaries in an undistorted volume via
variational forms of flexible structures.
The design under consideration utilizes nonlinear polarization M to modify the source of the wave, which leads to the
propagation of a super electric field E and thus alters the sourced field. In this case, recalibrating the nonlinear wave
equation is effective not only for controlling but also for capturing the core nonlinear impacts of vector Maxwell's
sophisticated systems.

9%E 19%p

oz = CCVPE - ;—at;“ (1)
In Equation 1, c is the speed of light in free space, and €0 is the vacuum permittivity. The nonlinear polarization Py
represents the medium’s response beyond linear behavior and is modeled as:

Py = €x®E3 (2)

In Equation 2 x(® is the third-order nonlinear susceptibility characteristic of Kerr-type media. The term
V2E represents the spatial Laplacian of the electric field, describing how the field diffuses in space. The nonlinear
polarization term acts as a nonlinear source modifying the wave's temporal evolution.
In space, the equation is integrated using a finite difference scheme for time and either FDTD or FEM for space. The
electric field values are updated in conjunction with the magnetic fields (in vector form), or the scalar field is evolved
using leapfrog time-stepping. FEM is also capable of spatial discretization, as complex boundaries can be subdivided
into smaller domain elements, and shape functions can be used to approximate EEE.
Due to nonlinear P being calculated at every timestep based on the updated E field values, iterative convergence checks
must be performed. Steeplechase style most definitely improves accuracy without adding too much cost. The control
approach balances accuracy and efficiency with computation cost, enabling the simulation of electromagnetic wave
propagation in complex, nonlinear media, such as optical fibers, metamaterials, and biological tissues.

» | Adjusting original
parameters
Available reservoir
data
> Geological reserves [ |
NO
v
Static parameter '
Simulate Reservoir water cut, IS. 1t
Ll 4 | f»|pressure, gas-oil ratio—» cor}s1stent
calculati indicators with the
PRSP |
Dynamic data | |
Single well water cut, l YES
pressure, gas-oil ratio
indicators N Production dynamic
L’ forecast

Figure 1: Flow Diagram of the Proposed Numerical Simulation Framework
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The proposed numerical simulation framework is divided into different steps, which include data interactions, as
illustrated in Figure 1. Reservoir data is divided into two categories, including static parameters such as geological
properties and dynamic data, such as historical production records. this data is entered into the simulated calculation
module. The simulation estimates geological reserves and predicts pivotal indicators to be measured, which include
water cut, pressure, and gas-oil ratio for the reservoir, as well as single-well measurements. Ensuring alignment with
field data is essential for verification, which is achieved by inspecting whether the simulation's projections align with
actual performance in the field. Subsequently, a dynamically updated prediction of production is incorporated into the
reservoir behavior model, with the simulation continuing to operate within verified limits.
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Figure 2: Eclipse MOSAIC Runtime Infrastructure for Co-Simulation

Figure 2 illustrates how the various components work together in the Eclipse MOSAIC Runtime Infrastructure, a
middleware for federated simulations. The "Eclipse MOSAIC Runtime Infrastructure" manages the "Federation
Management," "Time Management," and "Interaction Management" modules, which control the overall simulation.
These modules enable various independent simulators, designated as "Federate 1" through "Federate X", to work
together collaboratively. Each "Federate" is composed of a "Simulator" and two key intermediate components: the
"Federate Ambassador" and the "Mosaic Ambassador." The specific "Simulator" is interfaced by the "Federate
Ambassador" and communicates using a generic "Mosaic Ambassador" with the central "Eclipse MOSAIC Runtime
Infrastructure." Thus, diverse simulation components, mediated by the middleware, may exchange and synchronize
data (R) arrows, intercommunication or requests). Lastly, a “Simulation Runner” who works specifically with a
runtime infrastructure executes the command to start and control the co-simulation. This co-simulation makes it
possible to incorporate different simulators into a single, synchronized, and modular structured system.
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4. RESULT AND DISCUSSION

The integrated hybrid numerical simulation framework accurately and efficiently models electromagnetic wave
propagation in complex nonlinear media, such as self-focusing, superbly capturing the nonlinear effects. The real-time
datasets show that the FDTD and FEM integration improves the computational costs without losing fidelity in electric
field outcomes. The machine learning approach optimizes the meshes and accelerates convergence for dynamic
changing simulation conditions. Compared to traditional simulation methods, the framework is faster and more
accurate, demonstrating the significant advantages over the standalone numerical techniques.

Table 1: Simulation Results for Electromagnetic Wave Propagation in Nonlinear Media

Simulation Case Max Electric Computational Mesh Accuracy Convergence
Field (V/m) Time (s) Elements (%) Iterations

Homogeneous 3.25 x 1076 120 5000 98.7 50

Medium

Layered Media 2.85 x 106 145 7200 97.4 65

Photonic  Crystal = 3.10 x 1076 180 8500 99.1 70

Fiber

Metamaterial 2.95 x 106 200 9000 98.3 75

Composite

Table 1 outlines the results from the four separate simulation cases of electromagnetic wave propagation for the
complex nonlinear media scenarios which encapsulates the maximum electric field intensity, total computation time,
mesh density, accuracy, and the number of convergence iterations. The maximum electric field for the Homogeneous
Medium case is the greatest with a peak value of 3.25 x 10”6 V/m, achieving it after a computation time of 120
seconds, a mesh element counts of 5000, an accuracy of 98.7%, and with a total of 50 iterations to converge. These
results also show that the simulation is efficient to run because the medium is uniform. The peak electric field for
Layered Media scenario is 2.85 x 1076 V/m which is slightly smaller than the value obtained in the Homogeneous
Medium case. This scenario also recorded an increase in computation time (from 120 to 145 seconds), increase in
mesh elements (from 5000 to 7200), and lower accuracy (still relatively high at 97.4%), with a higher number of total
iterations to converge (65). As for the photonic crystal fiber simulation, it has the most mesh density of 8500 elements
and the longest computation time of 180 seconds, because it includes intricate periodic structures. Despite the
complexity of the model, the accuracy is the highest compared to the other models, reaching a value of 99.1%, although
it requires a total of 70 iterations to converge which still demonstrates the strength of the framework with the detailed
fine structural intricacies.Finally, the Metamaterial Composite case with heterogeneous nonlinear materials requires
the greatest computation time of 200 seconds, 9000 mesh elements, and sustained utmost accuracy of 98.3% after 75
iterations of convergence. This case further highlights the robustness of the framework in simulating responses to
advanced materials. As it can be noticed in Table 1, the proposed numerical simulation framework is adaptable and
accurate regardless of complexity in nonlinear media.
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Figure 3: Computational Time vs. Mesh Elements
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The relationship between mesh size and simulation case computational time is shown in Figure 3. The line graph
shows that greater mesh detail is associated with greater computational time, reflecting the expected degree of
computational effort. The slope is, however, gentle, which implies that there is an adaptive computational resource
management mesh refinement that avoids both resource overuse and noticeable inefficiency. This balance is what
allows for simulations of complex nonlinear media models to occur in reasonable time durations, which confirms the
utility of the proposed hybrid framework.

In summation, the outcomes confirm the accuracy of the method put forward, considering the challenges encountered
in modeling the nonlinear simulation of electromagnetic wave propagation. It has been improved by incorporating
adaptive meshing and optimization based on machine learning techniques that dynamically refine the tradeoff between
precision and computational effort. Furthermore, the method adapts to complex materials that are temporally variable
while maintaining robustness in achieving convergence. Such results demonstrate excellent value in practical work
within photonics, metamaterials, and biomedical imaging due to reliable and efficiently improved prediction.

5. CONCLUSION

This paper achieves a great deal by hybridizing Methods of Numerical Simulations in regard to accurate modeling of
electromagnetic (EM) wave propagation on complex nonlinear media. The implementation of FDTD, FEM and
adaptive mesh refinement leads to advanced FDTD techniques which take into account nonlinear interactions and
intense spatial variations occurring in such regions. This integration overcomes multiple challenges posed by classic
numerical approaches, enabling more efficient expenditure calculation while dealing with field dynamics in the non-
linear electromagnetic domain. Further precision optimizations are obtained with machine learning algorithms for
directed automatic configuration of mesh size and solver variables, leading to enhanced solution precision while
maintaining simulation time. Critical parameter estimation during real-time predictive simulations across practical
domains like photonics and metamaterials shows enhanced estimation precision alongside maintained predictive
strength for real-world usage. These results demonstrate added value estimation accuracy for heterogeneous,
dispersive, and quasi-static nonlinear domains, proving the method’s robustness. This work defines an architecture to
resolve a modular and scalable problem faced in heterogeneous electromagnetic device simulations, providing
advanced fidelity in computational cost across industrial application needs.
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